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Water clarity trends in three upper Great Lakes, Lakes Superior, Michigan, and Huron, were assessed via satellite
imagery from1998 to 2012. Light attenuation coefficients (Kd490) from SeaWiFS and AquaMODIS satellites com-
pared favorablywith in situmeasurements. Significant temporal and spatial trends and differences in Kd490 were
noted within all three of the lakes. Lake-wide average Kd490 for Lake Superior did not exhibit any changes be-
tween 1998 and 2012. Annual Kd490 values for Lake Huron, however, showed a significant negative trend during
the study period using both SeaWiFS and MODIS datasets. Similarly, annual Kd490 values of Lake Michigan de-
clined between 1998 and 2010. Only in the offshore waters (N90 m depth) of northern Lake Michigan did
Kd490 increase but just after 2007. Photic depth increased significantly in both Lake Michigan (≃5 m), and Lake
Huron (≃10 m) when comparing annual Kd490 for pre- (1998–2001) and post-dreissenid mussel (2006–2010).
At seasonal level, significant decreases in Kd490 in lakes Michigan and Huron were mainly noted for the spring/
fall/wintermixing periods. After these recent changes inwater clarity, lake-wide photic depths in lakesMichigan
and Huron superseded Lake Superior; thus, making Lake Superior no longer the clearest Great Lake. Several fac-
tors (e.g. filtering activities of quaggamussels, phosphorus abatement, climate change, etc.) are likely responsible
for these large changes.

© 2016 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Keywords:
Remote sensing
SeaWiFS
MODIS
Laurentian Great Lakes
Kd490
Quagga mussels
Introduction

The Laurentian Great Lakes are the largest freshwater system in
North America and contain over 20% of the world's surface freshwater
(Cayton et al., 2006). Surprisingly, many system-wide and ecosystem
related processes in these lakes are not fully understood. Moreover,
these lakes have been subject to many climatic and environmental
changes. While a major decline in total ice coverage for Great Lake
(71%) has been observed between 1973 and 2010 (Wang et al., 2011),
nutrient loading into the Great Lakes (i.e. phosphorus) has decreased
for all the lakes, including the upper lakes, (Lake Superior, Lake Michi-
gan and Lake Huron (Dolan and Chapra, 2012)) with least change in
loading observed in Lake Superior. Concurrently, many non-indigenous
species have become established in the Great Lakes (Mills et al., 1993;
Vanderploeg et al., 2002).

Among themost significant non-indigenous species in terms of eco-
logical impact are zebra mussels (Dreissena polymorpha) and quagga
mussels (Dreissena rostriformis bugensis). Quagga mussel impacts have
been noted in many regions of the upper Great Lakes (Fahnenstiel et
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al., 2010b; Kerfoot et al., 2010; Nalepa and Fahnenstiel, 1995; Nalepa
et al., 2010). Chlorophyll concentration and primary production in
Lake Michigan have exhibited major declines (Kerfoot et al., 2010;
Fahnenstiel et al., 2010a; Yousef et al., 2014) during the spring isother-
mal period which have been linked to quagga mussel populations. In
Lake Michigan, Fahnenstiel et al. (2010a) reports a 66% decline in chlo-
rophyll concentration and 50% decline in primary production between
1998 and 2008. Kerfoot et al. (2010) also observed an increase in
water transparency. Similarly, Yousef et al. (2014) documented signifi-
cant increase in spring water clarity of mid-depth region in Lake Mich-
igan between 1998 and 2010. Changes in Lake Michigan productivity
were temporally and spatially consistent with quagga mussel filtration
activities (Fahnenstiel et al., 2010a; Yousef et al., 2014). Lake wide
changes are not limited to Lake Michigan. Researchers have observed
significant decline in chlorophyll concentrations in Lake Huron between
1998 and 2006 (Barbiero et al., 2011). These changes have been attrib-
uted to a combination of nutrient loading reduction in phosphorus and
quagga mussels. In addition, the overall water clarity status of these
lakes and the year to year temporal and spatial variability (e.g. different
basins, or nearshore vs. offshore) are uncertain on a lake-wide scale.

Remote sensing provides frequent snapshots of the Great Lakes and
captures lake-wide events (e.g. spring algal bloom in southern Lake
Michigan; Mortimer, 1988; Lesht et al., 2002; Kerfoot et al., 2008,
.V. All rights reserved.
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2010). But, validation and verification of direct satellite-derived prod-
ucts are the primary steps necessary before any attempt to interpret
spatial and temporal changes in satellite-derived imagery. In regard to
water clarity and photic depth, Kd490 has routinely been used to esti-
mate total light availability in water column (Lee et al., 2005; Morel et
al., 2007). Kd490 is the extinction coefficient of the 490 nm wavelength
of visible light. Gordon and McCluney (1975) found that Kd490 was
the deepest penetrating wavelength and best suited to predict the
depth of the photic zone in the sea. Also, more relevant to the Great
Lakes, our in situ data from the upper Great Lakes suggested that
490 nm wavelength was the deepest penetrating wavelength
(Shuchman et al., 2013). Finally, Kd490 is linearly related to KdPAR,
which represent the extinction of PAR (photosynthetically available ra-
diation) irradiance in the water column (Morel et al., 2007).

Here, we evaluate the relation of the light-attenuation coefficient
(Kd490) in the upper Great Lakes to satellite imagery products directly
available for the Sea-viewing Wide Field-of-View Sensor (SeaWiFS)
and Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua).
It should be noted that satellite-derived algorithms for Kd490 are mainly
designed for oceanic conditions, and their performance had to be tested
for Great Lakes. Spatiotemporal analysis of Kd490 should also reveal
Fig. 1. Three Upper Great Lakes with their sub-basins and depth zones. The color legends repres
circles represent the location of ground truth sites. The hatched areas (Duluth harbor area, Lake
(m−1) analysis due to optical complexity and lack of in situ data. (For interpretation of the refere
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important information about the lake-wide heterogeneity of this vari-
able. Using Kd490, we have documented the long-term trend of under-
water light climate for the upper Great Lakes. We also compared the
temporal trends of water clarity in the upper Great Lakes and hypothe-
sized that significant difference in water clarity trends would be found
in Lake Michigan and likely Huron, but not for Lake Superior.

Methods

In situ Kd490

In situ Kd490measurementsweremade using a Satlantic profiling ra-
diometer (http://satlantic.com/profiler). These samples were collected
at various locations (Fig. 1) over the span of a few years. Lake Huron
was sampled during the June of 2006, 2008, and 2010. Lake Michigan's
dataset was collected during June of 2008 and 2010, and Lakes
Superior's samples were collected during the August of 2007
(Shuchman et al., 2013). The Satlantic Profiling multi-channel Radiom-
eter (SPMR) and the Multi-channel Surface Reference (SMSR) instru-
ment package recorded downwelling irradiance (ES, ED) and
upwelling radiance (LU) through the water column at predetermined
ent depth zone for each lake, and the line crossing lakes divide them into sub-basins. Black
Superior; Green bay, LakeMichigan; Saginaw Bay, Lake Huron) were removed from Kd490
nces to colour in this figure legend, the reader is referred to theweb version of this article.)
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depth intervals and wavelengths (between 350 and 800 nm at 2 nm in-
tervals). The instrument was deployed through the water column until
reaching 1% of surface light was reached (euphotic zone depth). From
the collected data, Kd can be determined for every wavelength at each
depth level by calculating the loss of irradiance from the previous
depth level. Gordon and McCluney (1975) demonstrated that 90% of
the remote sensing radiance originates from the first optical depth (or
the depth that Kd490 is ~37% of its surface value). Consequently, the re-
mote sensing Kd490 values are calculated for the first optical depth
(Mueller, 2000). Regarding in situ Kd490 measurements, however, two
points areworthmentioning. Firstly, various factors (such as deep chlo-
rophyll layer or DCL, sediment plumes and resuspension, etc.) can alter
the attenuation of light (Kd490) at different depths. Secondly, and in
contrast to remote sensing Kd490, in situ Kd490 was routinely measured
to 1% of surface light. Therefore, to ensure that in situ Kd490 is represen-
tative of the entirewater columnand is also comparable to remote sens-
ing Kd490, the following procedure was implemented. At each in situ
station, Kd490 values were vertically averaged for all the replicate mea-
surements to produce average Kd490 to the euphotic depth. These values
were then used to find the first optical depth (depth of 37% of surface
light) for each station for each measurement (Werdell and Bailey,
2005). Mean optical depth of each station was then calculated by aver-
aging all available optical depth estimates. Finally, the average in situ
Kd490 for the first optical depth was compared with remote sensing
Kd490.

Kd490 validation

NASA's (National Aeronautics and Space Administration) SeaWiFS
and MODIS algorithms (KD2S and KD2M, respectively) were used to
convert remote sensing reflectance (Rrs) to Kd490. KD2S and KD2M
are developed from empirical relationships between satellite reflec-
tance and in situ Kd490 measurements (Mueller, 2000). Clouds and
lake ice were masked (using OceanColor meteorological ancillary
data) before any further processing. Furthermore, very nearshore pixels
(2 km band around the shoreline) were removed to avoid the effects of
Rayleigh scattering from the land and shoreline. Validation of the Kd490
estimates was performed by comparing the average value of a
3 × 3 pixel (~3 km × 3 km) window for coincident or near-coincident
(~1 day) remote sensing Kd490 versus in situ Kd490 measurements
using model II linear regression (lmodel2 package in R).

Kd490 spatial analysis and euphotic depth

Time series datasets of each of theupperGreat Lakeswere construct-
ed for bothMODIS (2003−2012) and SeaWiFS (1998 to 2010). TheDu-
luth Harbor area, Thunder Bay, Black Bay, and Nipigon Bay in Lake
Superior, Green Bay in Lake Michigan, and Saginaw Bay in Lake Huron
were excluded from our analysis due to both the lack of in situ Kd490
measurements and the optical complexity of these waters (Fig. 1).
Each of the upper Great Lakes were further divided into sub-region ba-
sins and depth zones to investigate spatial variability of Kd490.

Lake Superior was divided into western basin (WB), eastern basin
(EB), and the western arm (WA) of the western basin (Fig. 1). Each
basin was further divided into three depth zones: 0–30 m (nearshore),
30–150 m (mid-depth), and N150 m (offshore) depth zones (Sierszen
et al., 2011). Lake Huron was divided into northern (including North
Channel and Georgian Bay) and southern basins (Fig. 1) with each
basin further broken down into three depth zones: 0–30m (nearshore),
30–60 (mid-depth), and N60 m (offshore; Nalepa et al., 2007). Finally,
Lake Michigan was divided into northern and southern basins (Fig. 1)
with each basin divided into three depth zones: 0–30 m (nearshore),
30–90 m (mid-depth), and N90 m (offshore; Nalepa et al., 2010;
Yousef et al., 2014).

To understand themagnitude of temporal changes inwater clarity of
each of the upper Great Lakes, annual lake-wide Kd490 values (only for
Please cite this article as: Yousef, F., et al., Water clarity of the Upper Gr
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SeaWiFS) were divided into two time blocks; pre- (1998–2002) and
post-dreissenid mussels (2006–2010). These time blocks are selected
based on the density of dreissenid mussels (after Nalepa et al., 2007,
2010). Although dreissenids were present in lakes Michigan and
Huron prior to 2002, they were in an early stage of invasion with low
numbers compared to our post-dreissenid period. The Kd490 values for
each of these time blockswere combined and averaged andfinally com-
pared to one another using t-test for each lake. Additionally, annual
mean Kd490 was compared among the lakes for the pre- and post-mus-
sel time blocks using t-test. Euphotic depth (depth where 1.0% of the
surface irradiance is available) was also derived from Kd490 values.
The value of photic depth is given by 4.6/Kd490 (Kirk, 1994) andwas cal-
culated at the yearly level for the lake-wide results.

Finally, to grasp the spatiotemporal changes in water clarity, we
used both simple linear regression model and segmented linear regres-
sion (SLR; R package) model for all three lakes (including basins and
depth zones) at yearly andmonthly levels.While bothmodels are excel-
lent first approaches to small datasets, SLR further helps to capture
break points and changes in the slope of the trend line. Results from
SLR are presented only for those datasets that had a significant break
point or change in the trend (or slope of the fitted model). Here in this
study, the slope of the linear regressionmodels is used in order to detect
meaningful/significant break points. To determine if the slope of the lin-
ear trend is meaningful (either negative or positive), we used F-test to
compare the slope of the linear fit against slope = 0 (indicative of no
trend). While the sign of the slope (negative or positive) shows the
type of trend (decreasing or increasing), the F-test determines whether
the slope is significantly different from zero. Furthermore, ANOVA test
was employed to investigate the Kd490 differences among depth zones
of each lake (e.g., comparing 0–30 m vs. 30–90 m, 0–30 m vs. N90 m,
and 30–90 m vs. N90 for Lake Michigan) at annual level.

Results

Kd490 validation

Comparisons between remote sensing Kd490 retrieval algorithms
and in situ Kd490 values yielded encouraging results. All comparisons
were highly significant with slopes near one. SeaWiFS predictions,
when compared with in situ Kd490 exhibited a better linear relationship
than MODIS predictions (SeaWiFS, slope = 0.85; MODIS, slope = 0.76;
Fig. 2) but had poorer fit (SeaWiFS, R2 = 0.72, n = 21; MODIS, R2 =
0.88, n = 32); however their slopes were not significantly different.

Pre- and post-mussel Kd490 analysis

The results of pre- and post-mussel comparisons of the lake-wide
Kd490 were significant for both lakes Michigan and Huron (p b 0.01).
Kd490 for Lake Huron exhibited a decline of 0.02 m−1 (from 0.112 in
pre- to 0.091 in post-mussel period) whereas Kd490 values for Lake
Michigan dropped 0.013m−1 (from 0.121 in pre- to 0.108 in post-mus-
sel period). Lake Superior, in contrast, remained unchanged during the
same period (p N 0.05) with Kd490 values of 0.11 m−1 (Table 1). Conse-
quently, mean annual euphotic depth in Lake Huron significantly in-
creased from 41 ± 5 m in 1998–2002 to 51 ± 4 m for 2006–2010. In
Lake Michigan, mean annual euphotic depth changed from 38 ± 3 m
in 1998–2002 to 43 ± 2 m for 2006–2010 (Table 1). Mean annual eu-
photic depth for Lake Superior photic remained 42 ± 2 m between
1998 and 2012.

Comparing the annual mean Kd490 among lakes for pre- and post-
mussel periods, lakes Michigan and Huron become significantly clearer
than Lake Superior during thepost-mussel period. LakeMichigan exhib-
ited significantly higher Kd490 values than Lake Superior during the pre-
mussel era (0.121, and 0.111, respectively; p=0.004). However, when
comparing the post-mussel Kd490 values between these two lakes, the
pattern switched, and Lake Michigan had significantly lower Kd490
eat Lakes: Tracking changes between 1998–2012, J. Great Lakes Res.
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Fig. 2. Comparison between in situ Kd490 (m−1) and remote sensing Kd490. SeaWiFS
(lower panel), having a slope closer to 1, represented the in situ data better than MODIS
(upper panel), even though SeaWiFS had a poorer fit compared with MODIS (R2 = 0.72,
and 0.87, respectively). Model II simple linear regression was used to compare satellite
estimates with in situ measurements.

Fig. 3. Lake-wide yearly estimates of Kd490 (m−1) for a) Lake Superior, b) Lake Michigan,
and c) Lake Huron using MODIS and SeaWiFS imagery. Simple linear regression fit results
are presented in Table 2. Right y-axis presents the annual euphotic depth in meters.
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values (0.108, and 0.117, respectively; p = 0.02). Similar comparison
between Lake Huron and Lake Superior showed that while Kd490 values
for these two lakes were similar during pre-mussel period (0.112, and
0.111, respectively; p = 0.43), Lake Huron had significantly lower
Kd490 values than Lake Superior for post-mussel period (0.091, and
0.117, respectively; p = 0.0001). Finally, when comparing Lake Michi-
gan and Lake Huron, annual Kd490 values for Lake Huron were signifi-
cantly lower than Lake Michigan values during both time periods
(pre-mussels, 0.121, and 0.112, p = 0.003; post-mussel, 0.108, and
0.091, p = 0.001, respectively).

Kd490 trend analysis

At the lake-wide scale, annual mean Kd490 varied significantly over
time among the lakes. Looking at the results of linear regression
model, Kd490 values exhibited no significant trend for Lake Superior be-
tween 1998 and 2012 (Fig. 3a; SeaWiFS, slope = 0.0007, R2 = 0.14;
MODIS, slope = 0.0003, R2 = −0.03, Table 2). The yearly mean value
of Kd490 for Lake Superior was 0.11 m−1 for SeaWiFS and 0.10 m−1

for MODIS. In contrast, for Lake Michigan, the SeaWiFS mean annual
Kd490 exhibited significant negative trend (Fig. 3b; SeaWiFS,
slope = −0.002, R2 = 0.41) although the MODIS Kd490 trend was not
significant (MODIS, slope = −0.0008, R2 = 0.17). At monthly level
Table 1
Pre-establishment of dreissenid mussels and post-mussel yearly mean values of Kd490

(m−1) and euphotic depth (m; ±2SD) for three Upper Great Lakes from SeaWiFS
(1998–2010). Asterisks represent significant differences between means (* = significant,
p b 0.01).

Lake
Pre-mussels (1998–2002) Post-mussels (2006–2010)
Mean
Kd490

Mean euphotic
depth

Mean
Kd490

Mean euphotic
depth

Superior 0.11 42 ± 2 0.11 42 ± 2
Michigan* 0.121 38 ± 3 0.108 43 ± 2
Huron* 0.112 41 ± 5 0.091 51 ± 4
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for Lake Michigan, significant negative trends in both SeaWiFS and
MODIS values were foundmostly during the late winter/springmonths
(SeaWiFS, February, March, April, May, June, and August had significant
negative trends; MODIS, April and May had significant negative trends;
Fig. 4, and Table 3).

For Lake Huron, annual lake-wide Kd490 values exhibited significant
negative trends for both datasets (Fig. 3c; SeaWiFS, slope = −0.002,
R2 = 0.64; MODIS, slope = −0.001, R2 = 0.36; Table 2). At monthly
level, these declines were primarily driven by decreases in Kd490 during
winter and spring as significant negative trends were found in January,
Table 2
Linearfit parameters to lake-wideKd490 (m−1) at yearly level for upper Great Lakes. Aster-
isks represent significant negative trends (p b 0.05). Statistical information are results of
simple linear regressionmodelsfitted to data points for SeaWiFS (1998–2010) andMODIS
(2003–2012) sensors.

Lake Sensor Slope p value Adj. R-sqr.

Superior
SeaWIFS 0.0007 0.11 0.14
MODIS 0.0003 0.41 −0.03

Michigan
SeaWiFS* −0.002 0.01 0.41
MODIS −0.0008 0.13 0.17

Huron
SeaWiFS* −0.002 0.0006 0.64
MODIS* −0.001 0.04 0.36

eat Lakes: Tracking changes between 1998–2012, J. Great Lakes Res.
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Fig. 4. Lake-wide monthly average Kd490 (m−1) for three upper Great Lakes. Data from both satellite missions (SeaWiFS= circles, andMODIS= triangles) are presented here. For linear
regression results and significant trends, refer to Table 3.
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March, April, May for SeaWiFS and April, May and June for MODIS (Fig.
4, and Table 3).

Sub-basins

For each lake, significant differences were noted among spatial re-
gions, either by depth zone and/or basin. For Lake Superior water clarity
did not exhibit significant temporal trends in any large spatial regions,
depth or basin (p N 0.05) for the time period of observation; however,
the WA values for Kd490 were significantly higher than those of the
WB and EB for both SeaWiFS and MODIS. The WB and EB were similar
(SeaWiFS and MODIS means for WA, WB, and EB; 0.33 and 0.24 m−1,
0.10 and 0.09 m−1, and 0.13 and 0.1 m−1, respectively; Fig. 5a and d).
Moreover, Kd490 values were significantly different among depth re-
gions (means, 0–30 m = 0.29 and 0.23 m−1, 30–150 m = 0.14 and
0.12 m−1, and N150 m 0.10 and 0.09 m−1, respectively; Table 4) with
highest values in nearshore areas (0–30 m) and lowest in offshore re-
gions (N150 m).
Table 3
Linear fit parameters to lake-wide Kd490 (m−1) at monthly level for lakes Michigan and
Huron. Only results with slopes significantly different from zero are presented here.

Lake/satellite Month Slope p value

Michigan/SeaWiFS

February −0.003 0.004
March −0.002 0.03
April −0.006 0.0002
May −0.006 0.003
June −0.004 0.003
August −0.003 0.01

Michigan/MODIS
April −0.003 0.0004
May −0.003 0.01

Huron/SeaWiFS

January −0.002 0.01
March −0.004 0.003
April −0.005 0.0001
May −0.003 0.02
October −0.002 0.009
November −0.006 0.0004

Huron/MODIS
April −0.002 0.008
May −0.003 0.007
Jun −0.004 0.03
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The southern basin of Lake Michigan exhibited significant negative
trends in Kd490 for both SeaWiFS and MODIS values (slopes, −0.0017
and −0.0013, p value = 0.003, 0.014, respectively); whereas SeaWiFS
andMODIS values for the northern basin did not exhibit significant neg-
ative trends (slopes, −0.0012 and −0.0003, p value = 0.13, 0.59, re-
spectively). However, mean SeaWiFS and MODIS values for both
basins were not significantly different during the study period (north-
ern = 0.11 and 0.10 m−1 and southern = 0.11 and 0.10 m−1). For the
southern basin, a significant temporal negative trend in Kd490 were
noted for both SeaWiFS and MODIS values for the 30–90 m and
N90 m depth regions (slopes, 30–90 m = −0.0017 and −0.0014;
N90 m, −0.0016, −0.0015) but not for the nearshore b30 m region
(slopes, −0.0010 and 0.0012). Kd490 values of specific depth regions
in the northern basin did not exhibit any significant trend during the
study period (slopes, b30 m −0.0001 and 0.0006; 30–90 m, −0.0018
and −0.0005: N90 m, −0.0004; Fig. 5b and e), with the exception of
the SeaWiFS N90 m region (slopes = −0.0014). Also, for the northern
basin N90 m region, SLR model determined a significant break point
after 2007 where Kd490 showed an upward trend (SeaWiFS,
breakpoint = 2007, p = 0.02, slope1 = −0.003, slope2 = 0.005).
Mean Kd490 values for the nearshore region (0–30 m) across the entire
lake were significantly different from those in the two deeper regions
(30–90 m and N90 m) for both SeaWiFS and MODIS values (means,
0–30 m = 0.14 and 0.12 m−1, 30–90 m = 0.12 and 0.10 m−1,
N90 m = 0.11 and 0.09 m−1).

Even though basin-wide yearly trends did not exhibit significant de-
clines in Kd490 for the northern basin of LakeMichigan, a few significant
monthly negative trendswere noted primarily during thewinter/spring
periods for all depth zones (0–30 m, Feb and April-SeaWiFS; 30–90 m,
Feb., April, and May-SeaWiFS, April-MODIS; N90 m, Feb., April, May,
Jun, and Aug-SeaWiFS, April and May-MODIS). For the southern basin,
the most significant negative trends also were noted during the win-
ter/spring period (0–30 m, March, and April-SeaWiFS; 30–90 m, Feb.,
March, April, May, and Aug-SeaWiFS, April-MODIS; N90 m, March,
April, May, June, and Aug-SeaWiFS; April and May-MODIS, Table 3).

For LakeHuron, similar negative trends in SeaWiFS andMODIS Kd490
valueswere noted for bothnorthern and southernbasins (slopes, north-
ern = −0.0020 and −0.0015 m−1, southern = −0.0032 and
eat Lakes: Tracking changes between 1998–2012, J. Great Lakes Res.
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Fig. 5. Lake-wide annual Kd490 (m−1) estimates for sub-regions (sub-basins anddepth zones of a, d) Lake Superior, b, e) LakeMichigan, and c, f) LakeHuron fromSeaWiFS (toppanels) and
MODIS (bottom panels). Simple linear regression model was fitted to each sub-region dataset. Note scale changes on the y-axis.
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−0.0014m−1) andmean values from both basinswere not significant-
ly different (means, northern = 0.11 and 0.09 m−1, southern = 0.10
and 0.08m−1). While the 0–30m depth region exhibited no significant
negative trends in both SeaWiFS and MODIS Kd490 values during the
study period, significant negative trends were noted for both SeaWiFS
and MODIS values from the 30–60m and N60 m depth regions (slopes,
30–60 m = −0.0027 and −0.0015, N60 m = −0.0024 and −0.0014;
Fig. 5c and f). Additionally, Kd490 values from the nearshore region (0–
30 m) were significantly different from the two deeper regions (30–
60m and N60m), but values from the two deeper regionswere not sig-
nificantly different from each other (means, 0–30 m = 0.15 and
0.12 m−1, 30–60 m = 0.10 and 0.09 m−1, N60 m = 0.09 and
0.08 m−1; Table 4).

Similar to Lake Michigan, most of the monthly negative trends in
Lake Huron Kd490 valueswere found primarily during thewinter/spring
and fall months in both basins and mostly in deeper depth zones. Only
one significant negative trend in Kd490 values was noted for the 0–
Table 4
Annual mean Kd490 (m−1) values of three depth zones from SeaWiFS (1998–2010) and
MODIS (2003–2012) sensors.

SeaWiFS MODIS

Lake Superior
0–30 m 30–150 m N150 m 0–30 m 30–150 m N150 m
0.29 0.14 0.1 0.23 0.12 0.09

Lake Michigan
0–30 m 30–90 m N90 m 0–30 m 30–90 m N90 m
0.14 0.12 0.11 0.12 0.1 0.09

Lake Huron
0–30 30–60 m N60 m 0–30 30–60 m N60 m
0.15 0.1 0.09 0.12 0.09 0.08
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30 m depth zone for any month (southern region March-SeaWiFS).
For the 30–60 m region, monthly negative trends in SeaWiFS values
were noted for both basins during January, March, April and November,
but only in southern basin in May and in northern basin in October
(Table 3). MODIS values in the 30–60 m region exhibited negative
slopes in both basins during April, May and June. For the N60 m region,
significant negative trends in Kd490 values were noted in both basins
during January, March, April, May, October and November (SeaWiFS)
and April, May and June (MODIS).

Although trends in SeaWiFS and MODIS values were statistically
similar most of the time, actual SeaWiFS and MODIS values were not
similar for the period of overlapping measurements (2002−2010).
SeaWiFS Kd490 values were 10.5% higher than MODIS values (paired t-
test, p = 0.01) when yearly values from all three lakes were compared
for the 2002–2010 period. The relationship between SeaWiFS and
MODIS Kd490 values was similar among years, with the possible excep-
tion of 2008 when the difference was slightly larger. If 2008 values are
excluded, the SeaWiFS values were still significantly higher than
MODIS values (p = 0.09; SeaWiFS 10% higher than MODIS).

Discussion

In this paper, the validity and applicability of satellite Kd490 products
were examined for the Great Lakes. Comparison of satellite Kd490 values
with in situmeasurementswas necessary validation prior to using them
to assess water clarity and overall water quality in the upper Great
Lakes. Given recent changes in phytoplankton abundance and produc-
tivity in the upper Great Lakes (Fahnenstiel et al., 2010a; Evans et al.,
eat Lakes: Tracking changes between 1998–2012, J. Great Lakes Res.
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2011; Yousef et al., 2014), recent lake-wide trends inwater clarity are of
much interest. In addition, this work can be used as a reference for fu-
ture applications of Kd490 in Great Lakeswater quality studies. Nonethe-
less, it should be noted that there are some uncertainties associated
with nearshore estimates of Kd490 which could be related to false bot-
tom reflectance (hence falsely higher Kd recordings), greater heteroge-
neity within the water column due to sediment re-suspension, and/or
atmospheric mis-correction nearshore. Even though there are some ap-
proaches to correct some of these problems (e.g., removing pixels close
to shoreline), nonetheless, the nearshore estimates, particularly those
near river mouths, should be treated with care.

NASA satellite-derived Kd490 values can be used to characterize
water column clarity and photic zone depth in the upper Great Lakes.
Good agreement was found between in situ Kd490 and satellite Kd490
for both sensors (SeaWiFS and MODIS). Comparisons for both satel-
lite-derived Kd490with in situ and satellite-derived values showed slight
underestimates of Kd490 (10–15%), and therefore predicted greater
water clarity relative to in situ measurements, but the trends in Kd490
values were robust as no yearly bias was noted over the study period.
Similar good agreement between satellite products and in situmeasures
of water clarity exist in marine environments (Mueller, 2000; Werdell
and Bailey, 2005). Binding et al. (2007) reported good agreement be-
tween SeaWiFS and Coastal Zone Color Scanner (CZCS) 555 nm water
leaving irradiance and Secchi disk depths in Lake Erie.

In this study, we excluded several embayments (Green bay, Saginaw
Bay, etc.) from our analysis due to their complex optical nature and lack
of sufficient in situ data. Problems such as sediment resuspension, lake
bottom return (as a result of extremely clearwater in nearshore region),
and river plumes severely change the optical properties of water in
these regions and hence hinder the successful application of many sat-
ellite driven products. In order to address this problem, future studies
should focus on application of hyperspectral imagery in these environ-
ments. Similarly, application/adaptation of existing coastal ocean algo-
rithms, which are designed for similar environments, could be equally
advantageous. Finally, and with no doubt, additional in situ samples
from these regions are necessary. Currently, the lack of frequent in
situ observations in these nearshore waters are evident in the Great
Lakes region, and future efforts should allocate proper and equal sam-
pling effort toward these embayments.

Although slightly different, predicted Kd490 (slopes andmeans) from
SeaWiFS and MODIS were statistically similar for each of the upper
Great Lakes. It should be noted that the two sensors were different in
some band-settings and operational intervals. While the two overlap
during the period between 2003 and 2010, SeaWiFS existed prior to
MODIS (since 1998) and MODIS is still operating after SeaWiFS failed
in 2010. Moreover, the observed differences between the two sensors
are not specific to the Great Lakes. Morel et al. (2007) noted the differ-
ences between Kd490 products from SeaWiFS, MODIS and MERIS. The
sources of these differences are native differences among band settings,
calibration and sensor drift and the nature of the linear empirical algo-
rithms used to calculate Kd490.

Noteworthy trends in Kd490 were found for lakes Huron and Michi-
gan during the study period (1998–2012). Kd490 values can be easily
converted to euphotic zone (Kirk, 1994), and euphotic zone depths
are a more universally available measure of water quality. Euphotic
depths of both lakes Michigan and Huron increased significantly during
the study period from 1998 to 2010. Unlike lakes Huron and Michigan,
no significant changes were noted in Lake Superior for the same time
period.

Because phytoplankton are one of themain light absorbing factors in
the Great Lakes (Perkins et al., 2013), recent trends in euphotic zone
depth in lakes Michigan and Huron are not surprising given recent
changes in phytoplankton abundance. In the case of southern Lake
Michigan, various researchers (Fahnenstiel et al., 2010a, 2010b;
Kerfoot et al., 2010; Mida et al., 2010), have reported large declines in
phytoplankton and a dramatic decline in primary production during
Please cite this article as: Yousef, F., et al., Water clarity of the Upper Gr
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the spring isothermal period. Fahnenstiel et al. (2010a) reported a de-
cline in spring chlorophyll concentration (66%) and primary production
(70%). Similarly, Kerfoot et al. (2010) found 56–78% decline in spring
chlorophyll a concentration between 2001 and 2008 using shipboard
measurements and SeaWiFS estimates. The reported declines were lim-
ited to isothermal periods (Pothoven and Fahnenstiel, 2013) and sum-
mer values in Lake Michigan have remained unchanged. Similar
declines in phytoplankton abundance have been observed in Lake
Huron after 1998–2002 period where Barbiero et al. (2011) reports a
40–50% decline in chlorophyll concentration during the spring period
using SeaWiFS imagery.

In Lake Michigan, researchers have associated recent changes in
phytoplankton to filtering role of quaggamussels (Dreissena rostriformis
bugensis). This association was based on temporal coherence between
the observed changes and physical characteristics of the water column
as well as experiments comparing filtering rates and growth rates
(Nalepa et al., 2010; Vanderploeg et al., 2010; Fahnenstiel et al.,
2010a). Quagga mussels arrived in Lake Michigan around 2000 and
were distributed throughout the entire lake by 2005. Isothermal condi-
tions during winter and spring allows complete vertical mixing of the
lake (Kerfoot et al., 2010), which in turn gives mussels (while residing
on lake bed) continuous access to the entire water column. Similarly,
Yousef et al. (2014) found spatial correlation between mussel density
and changes in bio-optical properties of the southern region of Lake
Michigan, and noted a more significant decline at mid-depths, some-
thing that was also noted here.

Our results are consistent with previous observations on declines in
phytoplankton abundance and Kd490 (Fahnenstiel et al., 2010a; Yousef
et al., 2014, Rowe et al., 2015). First, larger declines were noted during
the winter/spring isothermal period when mussels are in contact with
complete water column. Second, Kd490 trends were consistent with
known densities of mussels. The largest declines in Kd490 were found
in the mid-depth region which is the area of greatest mussel densities
(Nalepa et al., 2010). In the region 0–30 m where zebra mussels were
already established in themid 1990s (Nalepa et al., 2008), no significant
changes in Kd490 were found from 1998 to 2012. Finally, Kd490 in the
N90m region varied between the north and south basins wheremussel
densities were lowest and variable (Nalepa et al., 2010; Rowe et al.,
2015). In the southern basin, where mussel densities were increasing
in the N90m region, significant decreases in Kd490 were found; howev-
er in the northern basin N90 m region an increase in Kd490 was noted.
This could be in response to the recent decline in mussel densities ob-
served in this region (Rowe et al., 2015). Moreover, spring values
(April and May) in Lake Michigan declined more in mid-depth (30–
90m)waters than in offshore (N90m)waterswhich is similar to the re-
sults noted by Yousef et al. (2014) for the southern basin of Lake
Michigan.

Even though changes were larger in Lake Huron, the link between
water clarity increases andmussel filtrating activities may not be as de-
finitive as Lake Michigan. In support of the role of mussels, most of the
declines in Kd490 were limited tomid-depth and offshore waters during
the isothermal condition (winter, spring and fall). However, Barbiero et
al. (2011) suggest that the observed changes in Lake Huron is only par-
tially related to quaggamussel's filtration activities. This conclusionwas
based on lower densities of quagga mussels in Lake Huron as compared
to LakeMichigan. However, because Lake Huron had lower phytoplank-
ton abundance than LakeMichigan prior to quaggamussel colonization
and perhaps since it is shallower than Lake Michigan, lower densities of
mussels may have a larger impact expressed on an areal basis. Without
more information on filtering rates in Lake Huron, it is difficult to con-
clusively link recent declines to mussels. The linkage between mussel
filtering impacts and changes inwater clarity in LakeHuron can be com-
plicated due to limited knowledge of quaggamussel densities, unknown
mussel filtering rates, and complex physical mixing where water can
travel many kilometers in the generation time of phytoplankton. Even
though mussel filtration impacts are still probably the best explanation
eat Lakes: Tracking changes between 1998–2012, J. Great Lakes Res.
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for the recent increases in water clarity noted in Lake Huron, other fac-
tors should be considered.

Phosphorus (P) loading is another possible important factor that
could explain the recent changes in Great Lakes Kd and chlorophyll.
However, observed P loading trends in the upper Great Lakes remains
controversial but results suggest a greater possible role for phosphorus
in Lake Huron compared to the other two upper lakes. While Robertson
and Saad (2011) and Dolan and Chapra (2012) both observed signifi-
cant decline in P loading into Lake Huron, neither study found a signifi-
cant decline in P loading for LakeMichigan since 1980. Thus, the relative
roles of phosphorus loading vs. mussel filtration may be lake specific,
andmerits further investigation for Lake Huron. Other factors (e.g., zoo-
plankton grazing, decrease in carbonate precipitation, and climate
change) that might be responsible for the increases in water clarity in
lakes Michigan and Huron over the study period do not have as much
support as mussel filtration and P loading and are unlikely to be impor-
tant (Fahnenstiel et al., 2010a).

Lake-wide analysis of water optical properties also revealed signifi-
cant spatial variability in all three lakes. These results further challenges
the effectiveness of extrapolations made from observations at spatially
limited stations to lake-wide conditions. Generally, and as was expect-
ed, water clarity was lower in nearshore regions of all the lakes and in-
creased offshore. Despite similar values for the two large regions of Lake
Superior, euphotic depth from the western armwere approximately an
order of magnitude less than those found in the two basins. Therefore,
spatial extrapolations, which are common in traditional limnological
studies, become very difficult and questionable in these large systems.
While a single monitoring station might capture the overall trend of
water related parameters, reliance on its results for calculation of
basinwide estimates (i.e. primary production in Lake Superior or its car-
bon budget)will be associatedwith high errors due to spatial variations.
This becomes more important when monitoring stations are in areas
that might be affected by factors such as shallow depth sediment resus-
pension, river plumes, coastal wetlands and embayments. Nonetheless,
in situ point values are highly complementary to remotely sensed esti-
mations and are essential for validation and calibration efforts.

Finally, one of themost startling and interesting result of this study is
that Lake Superior is no longer the clearest of the upper Great Lakes. In
fact, Lake Superior is now the third clearest water of the upper Great
Lakes as it was easily passed by lakes Michigan and Huron (Fig. 3b).
Water clarity in Lake Michigan, with the history of being mesotrophic
(Schelske and Stoermer, 1972), has now reached to values similar to
Lake Superior (Fig. 3c). This is a change of significant historical and eco-
logical importance. Historically, Lake Superior has been considered the
clearest lake among all the other Great Lakes (Bukata et al., 1995), and
that is no longer true. More important may be the ecological implica-
tions of the large increases inwater clarity in lakes Huron andMichigan.
Many invertebrate and vertebrate distributions and ecology may be
changedwith the large increases inwater clarity. Recently in LakeMich-
igan, Vanderploeg et al. (2012) reports that the increase in water clarity
has been positively correlatedwithBythotrephes longimanus abundance,
a predatory cladoceran. Meanwhile, increase in water clarity has been
negative correlated with the biomass of the Daphnia and Bosmina. This
is likely because Bythotrephes are visual predators and the increase in
light availability seems to have increased their foraging efficiency. Fur-
ther changes in the behavior of both invertebrates and vertebrates can
be expected in Lakes Huron and Michigan. All the above changes in
the physical and biological dynamics of the lake emphasize the need
for a more holistic approach in studying the Great Lakes. Remote sens-
ing compliment these field based studies and provide a reliable and
cost effective tool to grasp the “bigger picture”.
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