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Increases in Great Lake winds
and extreme events facilitate
interbasin coupling and reduce
water quality in Lake Erie

Aidin Jabbari*, Josef D. Ackerman'*’, Leon Boegman? & Yingming Zhao?

Climate change affects physical and biogeochemical processes in lakes. We show significant increases
in surface-water temperature (~ 0.5 °C decade™; >0.2% year!) and wave power (>1% year?; the
transport of energy by waves) associated with atmospheric phenomena (Atlantic Multidecadal
Oscillation and Multivariate El Nifio/Southern Oscillation) in the month of August between 1980

and 2018 in the Laurentian Great Lakes. A pattern in wave power, in response to extreme winds,

was identified as a proxy to predict interbasin coupling in Lake Erie. This involved the upwelling of
cold and hypoxic (dissolved oxygen <2 mg L) hypolimnetic water containing high total phosphorus
concentration from the seasonally stratified central basin into the normally well-mixed western
basin opposite to the eastward flow. Analysis of historical records indicate that hypoxic events due
to interbasin exchange have increased in the western basin over the last four decades (43% in the
last 10 years) thus affecting the water quality of the one of the world’s largest freshwater sources and
fisheries.

Climate change has increased water temperature and altered wind-driven water movements in aquatic systems'?.
This applies not only to the mean conditions®*, but also to the frequency of extreme events (i.e., near the upper
ends of the range of observed values®, > 80th percentile). For example, high air temperature or powerful winds*~®
has affected the behaviour of surface gravity waves'’. Understanding the changes in wind and wave climate
provides insight into the prediction and management of climate change impacts related to coastal dynamics,
such as coastal erosion and sediment budgets, water motions, and biological responses®!12, Several studies
on the impacts of climate change on oceanic waves'>"!* have been undertaken, including a recent study'® that
shows a 0.41% annual increase in global wave power (WP; the transport of energy by waves, which represents
the temporal variations of energy transferred from the atmosphere to the ocean surface motion over cumulative
periods of time!®!” (Eq. 2) due to stronger winds caused by increases in sea surface temperature. The oceanic
wave climate also responds to global atmospheric phenomena (e.g., El Nifio Southern Oscillation and the Atlantic
Multidecadal Oscillation), in which sea surface temperature modifies wind patterns and storm cyclogenesis'®'#-2.
A systematic long-term assessment of climate warming impacts on waves in lakes remains to be undertaken,
but should include winds, which are one of the principal sources of mechanical energy for lake circulation and
interbasin coupling (e.g., exchange)?!~2%.

The Laurentian Great Lakes, which consist of lakes Superior, Michigan, Huron, Erie, and Ontario (Fig. 1a),
are the largest group of freshwater lakes on Earth; they contain 21% of the world’s volume of fresh surface water.
These lakes have been affected by climate change in several ways including increased surface water temperature,
longer summer stratification related hypoxia (i.e., dissolved oxygen [DO] concentrations <2 mg L™! observed
in Lake Erie, Lake Superior (Green Bay) and Lake Michigan (Saginaw Bay)) as well as increased occurrence of
weather extremes and harmful algal blooms (HAB), which degrade water quality>”-**°. Lake Erie is the shallow-
est (average depth ~ 19 m) of the Great Lakes, has the shortest residence time (~ 3 years)’, and yet its watershed
is home to one-third of the total human population of the Great Lakes basin?!. Not surprisingly, it has a long
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Figure 1. Map of Great Lakes and stations in this study. (a) Map of the Laurentian Great Lakes with the location of
weather and wave buoys (red triangles) and the location of the western basin indicated in the outline. The grey and
black bars show the rate of increase in wave power during August (grey) and August during winds from the south
and southwest direction (black) between 1980 and 2018 (Supplementary Table 1). The length of the error bars shows
the standard error. The hatched grey bars indicate relationships that are not statistically significant (i.e., p>0.05);

all the black bars are significant (i.e., p <0.05). The red circle in Lake Erie is the location of the weather and wave
buoys near Port Stanley (Supplementary Table 1). (b) Western basin of Lake Erie with the location of the bottom
water temperature (LBT), dissolved oxygen (DO), and water current measurements in 2017** and 2018 (indicated

by +symbol; Sta. E: 41.9398'N, 82.5527°'W). The red triangle (41.677°N, 82.398°W; 9.8 m depth) is the weather and
wave Sta. NDBC 45005. The circle (42.01567°N, 82.58185°W; 4.1 m depth in Leamington, ON) is the location of the
water temperature time series measurements (1998-2018; no data for 2012) from the Ontario Ministry of Natural
Resources and Forestry (MNRF) and the squares are the locations of limnological records from biweekly sampling
cruises (bottom dissolved oxygen 2007-2018; total phosphorus 2000-2018) conducted in August by MNRF (W5:
41.8832°N, 82.613°W, W6: 41.8545°N, 82.7623°W, W7: 41.9907°N, 82.7633'W, and W8: 41.9865°N, 82.5758°W).
The dashed line in (b) indicates the boundary between the western and central basins. See Supplementary Table 2
for details of station locations and instruments used. (c) Schematic of the mechanism of upwelling and intrusion of
hypolimnetic water from the central basin to the western basin. Winds from the south and southwest direction cause
offshore surface currents (light blue) due to Ekman transport that result in coastal upwelling of hypolimnetic water
(dark blue), which is entrained in the alongshore surface current. Following relaxation of the winds, the upwelled
water sinks due to the pressure gradient and intrudes into the western basin due to the Coriolis effect (e.g., geostrophic
adjustment). All maps were obtained from the National Centers for Environmental Information (NCEI), National
Oceanographic and Atmospheric Administration (NOAA) (https://www.ngdc.noaa.gov/mgg/greatlakes/). (c) is
modified from https://www.ngdc.noaa.gov/mgg/greatlakes/erie.html with bathymetry contours provided in metres.
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history of eutrophication and hypoxia related to urbanization, industry, and agriculture*>?*. For example, the
largest HAB recorded in Lake Erie occurred in 2015 when the algal bloom spread ~ 200 kms across most of the
lake?”. Moreover, during a previous HAB in 2014, half a million people living around the southwestern basin of
the lake suffered a domestic water use ban due to hepatotoxins produced by the cyanobacterium Microcystis®.

Lake Erie is not uniform spatially, rather it consists of three interconnected basins (Fig. 1a) with dominant
wind forcing from synoptic high winds (5-10 days period) and diurnal sea breeze in the coastal and shallow
regions during summer?-*!. Thermal structure in the basins are different in the summertime. The relatively shal-
low western basin thermally stratifies diurnally or for short periods of calm and warm atmospheric conditions
(~4.5 days) that can result in hypoxia***? due to oxygen depletion from the mineralization of organic matter in
the hypolimnion and within the sediment. The deeper central and eastern basins stratify seasonally?"***4, which
in the former has increased in spatial extent since the mid-1990s; in recent times, this has been primarily due to
increased dissolved reactive phosphorus loads from agriculture®. Hypoxia, especially in the western basin, can
have significant negative impacts on fish distributions***” and benthic invertebrates including burrowing may-
flies in the genus Hexagenia®**. Whereas the eastward hydraulic flow from Detroit River into the central basin
is the dominant flow direction in the western basin, the intrusion of hypolimnetic water from the central basin
from south of Point Pelee (Fig. 1b) can cause episodic stratification in the western basin during August*>#%4!.
This occurs when high winds (>8 m s™') from the south and southwest that are the common wind directions
over the Great Lakes?, tilt the thermocline upward in the western and northern part of the central basin due to
Ekman transport of surface water southward?>**#>-45| As this hypolimnetic water upwells into shallower depths
it can be transported counter clockwise by the alongshore surface currents moving to the west*2 If there is a
calm period following the high winds, the upwelled water in the northwestern part of the central basin will flow
southward because of the pressure gradient and also in a clockwise direction (to the west) because of the Coriolis
effect, and so will intrude into the western basin (i.e., a geostrophic flow) opposite to the hydraulic flow from
the Detroit River (Fig. 1¢)***>%. This causes the rapid (on the order of hours) formation of a thermocline within
the northeastern portion of the western basin (Pelee Passage) due to the intrusion of low temperature bottom
water?>*2, which can also be hypoxic? or anoxic (i.e., DO~ 0) at the sediment surface?” and contain high soluble
reactive phosphorus concentrations (SRP; 0.02-0.05 mg L™")*~*. Low values of sediment oxygen uptake are
observed during these events in the western basin due to stratification and weak bottom shear and turbulence,
which results in thicker diffusive sublayer®.

Interbasin exchange has been observed in lakes with multiple basins elsewhere (e.g., Lake Geneva®, Nechako
Reservoir’') as well as in the Great Lakes region (e.g., Muskegon Bay®, Green Bay>’, Kempenfelt Bay**, Pere
Marquette River™). In Lake Michigan, for example, high winds can lead to coastal upwelling into Muskegon
Lake causing episodic hypoxia®. In case of Lake Erie, interbasin exchange was identified as the dominant cause
(63%) of hypoxia in the northeastern portion of the western basin during biweekly fishing trawls in August
over the past 30 years*>. However, there are no long-term continuous water quality observations to assess the
occurrence and historic trends in these hypoxic events. Extreme winds prevailing from upwelling favourable
directions (i.e., from the south and southwest) can generate strong surface waves and water currents through
momentum flux at the air-water interface. Therefore, WP can be used as an indicator or proxy (but not the cause)
of interbasin exchange. Here, we examine the historical trends in water temperature, winds and resultant waves
in the context of climate change in the summer in the Great Lakes (Fig. 1a) with an emphasis on the western
basin of Lake Erie (Fig. 1b). We examine data for August, which is the month when hypoxia is most likely to
occur in dimictic north temperate lakes before the fall turnover, and when large HAB have been observed in
the western basin of Lake Erie. August is also the time when the spatial extent of hypoxia in the central basin
is the largest and when the aforementioned upwelling into the western basin is likely to occur?#®*®, The data
examined are from buoys with the longest historical records (Fig. 1a and Table S1). We examine winds from the
south and southwest directions, which are the common wind directions over the Great Lakes during August, and
which are favourable for upwelling into the western basin of Lake Erie. The results show that the WP in Great
Lakes has increased in the past 40 years. A pattern in WP (a proxy for hypoxic upwelling events into the western
basin of Lake Erie) has also increased in frequency over this time, which has implications for the water quality
(e.g., dissolved oxygen and total phosphorus) of the lake. The increased frequency of interbasin upwelling was
confirmed using historical records of lake bottom water temperature (LBT), as well as dissolved oxygen and total
phosphorus concentrations. This is the first time that WP has been identified as an indicator of climate change-
driven biogeochemical responses in lakes.

Long-term trends in WP and LST in the Great Lakes. First, we investigate the historical trends in
average lake surface temperature (LST), wind, and waves in the Great Lakes during August. Results show that
LST and LST,, (hereinafter subscript "w” is used to denote the variables measured during upwelling favourable
winds from 180° to 270°, clockwise from north) have both increased significantly (p <0.05) by ~ 0.5 °C decade™
(>0.2% year™) since 1980, although lower trends were observed in lake Erie and Michigan (Figs. S1-S5 ((a)
and (b)) and Table S1). These changes in the LST correspond to a warming trend in air temperature (Tair); the
average Tair over the Great Lakes increased significantly by~0.4 + 0.2 (+ standard error) °C decade™ since
1980 (Fig. S6a,b). There was an associated significant increase in wind speed (W) over the Great Lakes during
August (W,) of ~0.4 £ 0.1 m s™! decade™! for winds from the south and southwest (Figs. S1-S5 ((c) and (d)) and
Table S1). Consequently, the wind stress associated with wind from the south and southwest over the water sur-
face of the Great Lakes (7, = 0.00120,, Wﬁ,, where p,ir=1.22 kg m™ is the density of air*’, and the wind speed is
measured 10 m above the water) increased significantly by 0.006 & 0.002 Pa decade™ during August (3.0 £ 0.9%
year™'; Figs. S1-S5 ((e) and (f)) and Table S1).
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Figure 2. Historical patterns in wave power in Great Lakes. 10 year moving average of wave power (WP)
during the August (a) and during August with the wind from south and southwest and (WP,;; b). The dashed
lines show the linear regression (statistical results provided in Table S1).

The effects of increased wind stress can also be seen in wave power, which is a function of the square of signifi-
cant wave height (the mean value of the largest third of the wave heights during typically 1 h, SWH) and the wave
period (Tp; ie, WP o Ty x SWHZ); and changes in wind are reflected in wave power (WP W24 and x W?
for developing and fully developed waves, respectively; see “Materials and methods”). The average SWH and
SWH,, in the Great Lakes during August have increased significantly by 0.03 + 0.02 and 0.04 & 0.03 m decade™,
respectively (i.e.,~ 1.0 & 0.8% and ~ 1.7 + 1.5% year™', respectively), and this is largely driven by the increase in
the frequency of extreme surface winds®® (Figs. SI—SS§ and h; WP responds to changes in mean values, but it is
more sensitive to extreme events because WP o« SWH?'¢). Consequently, the average WP and WP, in the Great
Lakes during August have increased by ~0.04 £ 0.02 and ~0.06 £ 0.03 kW m™! decade™, respectively (i.e.,~ 1.0
+0.6% and ~ 2.0 = 0.9% year™, respectively; Fig. 2). In Lake Erie, WP,, during August increased significantly by
0.02 £0.01 kW m™ decade™ (1.4 £ 0.2% year; Fig. 2 and Table S1; the increasing trend in WP=0.02 £ 0.02
or 0.5+ 0.1% was not statistically significant). It is relevant to note that these results are based on observations
from a single buoy per lake; the one with the longest available data records (Fig. 1a and Table S2). However, the
wind records and historical wave trends between buoys Sta. NDBC 45005 and Port Stanley in Lake Erie (Fig. 1a),
which are ~ 130 km apart, are consistent based on the available records. Specifically, wind speed and direction in
2018 have Pearson correlation coefficients, 7> 0.6 (Fig. S7a,b, respectively); W,, and WP,, are also correlated with
r=0.51 and 0.67, respectively, during August of 1990-2018 and the buoys show similar temporal increases in WP,
(~0.025+0.02 and 0.02+0.01 kW m™! decade™ in Port Stanley and Sta. NDBC 45005, respectively). The trends
in historical LST,, and WP, are related statistically (i.e., higher mutual information; Fig. S8) similar to the rela-
tionship described for global sea surface temperature and oceanic WP used as an indicator of climate change'.

The long-term variations in WP and LST may be related to the global atmospheric phenomena. The LST,,
anomaly in all the lakes show an increasing trend beginning in 1995 (Fig. S9a), which corresponds to the
switch from the negative mode of the Atlantic Multidecadal Oscillation (AMO) to the positive mode (associ-
ated with increased tropical cyclone activity and stronger westerly winds) between the 1980s and the early 2000s
(Fig. S9b)*¢. Both the WP,, and LST, anomaly are positively correlated with the AMO (r~0.50 and ~ 0.55, respec-
tively, since 1990). Similar to global oceanic wave power!®, peaks in WP,, in the Great Lakes are associated with
strong El Nifio years (i.e., Multivariate El Nifio/Southern Oscillation (MEI) greater than 1.5; Fig. S9¢,d), which
can contribute to the enhanced wind energy due to increased cyclonic events'®. MEI and WP,, in Great Lakes
are generally correlated by r>0.45 since 1990, however, the impacts of global atmospheric events on temperature
and water dynamics of Great Lakes requires further study.

Episodic hypoxic upwelling events in the western basin of Lake Erie. We used historical records
(Table S2) of long-term near-bottom water temperature (1998-2018) and dissolved oxygen (2007-2018) in the
northeastern portion of the western basin of Lake Erie as well as wave observations in the western portion of
the central basin (1980-2018 in Sta. NDBC 45005, Fig. 1) in August to determine the frequency of hypoxic
upwelling events and the impacts of these events on the total phosphorus concentration in the northeast portion
of the western basin. These analyses do not include the local hypoxia due to periods of calm and warm atmos-
pheric conditions that may occur annually® and, which are different than episodic upwelling events. Intrusion
of cold hypoxic hypolimnetic water from the central basin into the western basin, following high winds from
upwelling favourable directions, can cause a sudden drop (on the order of hours) in LBT and dissolved oxygen
(DO) when the hypolimnetic water in the central basin is hypoxic?’. The LBT time series in the western basin
from 2017 to 2018 show that LBT decreased more than 3 °C in less than 12 h during upwelling events; e.g., 9-16,
18-22 and 26-31 August 2018 at Sta E (Fig. 3b) and 24-29 August 2017 at Leamington and Sta E (Fig. S10b).
The records of LBT measured by the Ontario Ministry of Natural Resources and Forestry (MNRF) in August in
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Figure 3. Wave power and bottom water temperature during August 2018 in the western basin of Lake Erie.
(a) Time series of wave power (WP; black line), wave period (T}; magenta), and significant wave height (SWH;
blue) recorded at Sta. NDBC 45005. (b) Time series of dissolved oxygen (DO; red) and water temperature (LBT}
blue dashed-line) in Sta. E at 1 m above the bed and bottom water temperature in Leamington (blue solid-line)
in August 2018. The red triangles represent the observed hypoxic events in the western basin of Lake Erie.

The wave power of the waves from south and southwest (i.e., favourable for upwelling) are positive preceding
upwelling.

Leamington Ontario between 1998 and 2018 detected 23 events of intrusion of cold water, which are consistent
with upwelling (the blue symbols in Fig. 4a).

Using a simple assumption of direct-uniform flow of hypolimnetic water from the central basin, we estimate
that there is high probability that hypoxic water can intrude into the western basin when the hypoxic zone of the
central basin is less than ~ 12 km east of the Pelee Passage (i.e., the distance the hypolimnetic water travels with
an average bottom current speed of ~0.10 m s71*? over ~ 1.5 d*?). We used Zhou et al’s>® estimated spatial extent
of deep-water hypoxia in the central basin from 1987 to 2007 to predict the hypoxia of the upwelled hypolimnetic
water. Their results indicated a spatially limited hypoxic zone in 1989 and 2005, when upwelled waters into the
western basin would not be hypoxic as denoted in Fig. 4a.

Observations from the western portion of the central basin (Sta. NDBC 45005, Fig. 1) show that hypoxic
upwelling events in the western basin follow waves from the south and southwest direction with increased
WP; e.g., 8-9, 16-17 and 25-26 August 2018 (Fig. 3a) and 22-24 August 2017 (Fig. S10a). The significant wave
height and mean wave period during these periods was typically > 0.70 m and > 3 s, respectively (Figs. 3a and
S$10a). These strong waves were driven by extreme winds>8 m s™! from similar directions, which corresponds
to the ~ 80th percentile of wind speeds and is greater than the sum of the average and standard deviation of the
wind speed (~6 and 2 m s7, respectively). This wind threshold is consistent with Rao et al’s* wind speed that
led to upwelling, which resulted in a fish kill along the north shore of the central basin in 2012.

We used a least-square method to find a wave pattern (i.e., wave direction, duration, and power) that could
be applied to predict the number of upwelling events that could be hypoxic between 1998 and 2018 based on
LBT observations. A rapid decrease in the LBT at both Sta E and Leamington (12 km vs. 20 km from the Pelee
Passage, respectively) occurred during events in which the average WP was>0.44 kW m™ (i.e., 22-24 August
2017; Fig. S10a,b). The model predicted 25 upwelling events at Leamington (dark bars in Fig. 4a) of which 23
were observed (as stated above; no data were available for 2012; blue circles in Fig. 4a) for waves from south and
southwest that lasted for at least 15 h with an average wave power greater than 0.37 kW m™'. Of the 23 observed
events, the model predicted 21 events providing a root mean square error [RMSE] of 0.20 events. We validated the
model predictions using the biweekly DO measurements from MNRF cruises between 2007 and 2018, which hap-
pened to sample 17 of the 23 observed events of low LBT. We note, however, that two hypoxic upwelling events
were also recorded outside the study period, i.e., early September; this supports the study’s focus on August.
Hypoxic conditions (DO <2 mg L") were observed for 14 of these 17 upwelling events (82%). Importantly, there
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Figure 4. Number of hypoxic upwelling events in the western basin. (a) The number of hypoxic upwelling
events based on patterns in wave power at Sta. NDBC 45005 (dark grey: average WP,,>0.44 kW m™™, light grey:
0.37<WP,,<0.44 kW m™), and observed low bottom water temperature (Leamington; blue circles) and hypoxia
(Sta E, W5, W6, W7, and W3; red circles) in the western basin. The water temperature data in 1980 is from
Bartish*2. The red crossed circles indicate the years with limited hypoxic zones (1989 and 2005) in the central
basin from Zhou et al.*® analysis during 1987-2007 (no hypoxic zone was observed in 1996 and 2007). The red
dashed lines represent the 10-year moving average (10 yr MA) based on patterns in wave power. (b) soluble
reactive phosphorus (SRP) load: the SRP load to the water column of western basin during periods of mixing
(red bars) and the SRP load in upwelled water that flows back to the central basin during calmer conditions
(blue bars; negative). The dashed-red and dashed-blue lines are the 10-year moving average of the SRP load to
the water column of western basin and that which flows back to the central basin, respectively, and the solid-
black line is the 10-year moving average of the phosphorus load to the western basin in the upwelled water (sum
of dashed-red and dashed-blue lines). The black solid circles indicate August samples that had elevated TP (total
phosphorus) concentrations relative to mid-July to mid-September samples in a given year (standard deviate,
Ztp > 1). (c) Average + standard error Zp measured during upwelling events (n=11) and non-upwelling periods
(n=25) taken from 5 August-8 September between 2000 and 2018 (difference was statistically significant; see
text).

was no evidence of upwelling hypoxia in 2005, which is consistent with the limited spatial extent of hypoxia in
the central basin in that year®; unfortunately, there are no observations in the western basin for 1989.

We extended the wave power method to the wave records since 1980 to estimate the frequency of the hypoxic
upwelling events into the western basin. Figure 4a shows an increasing trend in the number of predicted
upwelling events; i.e., from 0.4 events year ! in 1980 to> 1.6 events year ! in 2018 based on a 10-year moving
average. Specifically, 21 of 49 (~ 43%) upwelling events in the last four decades have occurred in the past 10 years.
Thirty-two of these were strong events with WP>0.44 kW m™, 15 of which (~47%) occurred after 2009. Inter-
estingly, this pattern in wave power (i.e., waves from south and southwest that last for> 15 h with an average
WP>0.37 kW m™! from the historical data) was also observed in August 1980 (Fig. 4a), when the LBT dropped
following rapid formation of a thermocline, which at the time was attributed to the upwelling of hypolimnetic
water from the central basin***2. These results indicate that an increase in extreme winds from south and south-
west during August, over the last four decades, has resulted in more frequent upwelling from the central basin
into the western basin and consequently a greater number of episodic hypoxic events in that part of Lake Erie.

The effect of upwelling on phosphorus concentrations was examined through an analysis of the water col-
umn-average total phosphorus (TP) observations from biweekly cruises conducted by the MNRF at station
W5 (Fig. 1b). We examined the available data recorded between 15 July and 15 September from 2000 to 2018
(3-5 records year™'; 66 observations in total), which is a period in which linear patterns in TP vs. sampling date
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were not evident (p > >0.05). The z-score (standard deviate) was determined for the data within a given year
(Z1p = (TP — TPmean)/SD, where TPpean is the annual average of TP and SD is the standard deviation). Positive
Zrpvalues (i.e., TP > TPpean) were observed in 11 cases in which the sampling occurred < 3 days after upwelling
events, 30 of which were predicted in Fig. 4a. Six of these cases were among the seven occurrences of elevated
TP concentrations (Zrp > 1) observed during 5 August-8 September sampling (black solid circles in Fig. 4b).
Statistical comparison revealed that the average Zp was significantly higher during upwelling vs. non-upwelling
samples (i.e., 0.95+0.18, n=11 vs. - 0.26+0.12, n=25; ANOVA F, ;,=29.64, p<0.001; Fig. 4c). These results
indicate elevated TP in the northeastern portion of the western basin of Lake Erie following the upwelling events
of high phosphorus containing hypoxic water from the central basin.

Discussion and conclusions

The results of this study show an increase in wave power (WP; ~ 1.0 + 0.6% year™' between 1980 and 2018) dur-
ing August in the Great Lakes. Specifically, WP from the south and southwest, which are along the dominant
wind directions, increased by ~ 2.0 + 0.9% year™". These changes were associated with increasing significant wave
heights (1.7 + 1.5% year™) driven by increasing wind stress (~ 3.0 + 0.9% year™) and are likely to have a number
of effects, including higher sediment resuspension®. In Lake Erie, WP from the south and southwest, which are
along the SW-NE orientation of Lake Erie and are indicative of extreme high winds favourable for hypolimnetic
intrusion from the central basin into the western basin, have increased significantly by 1.4 + 0.2% year™* during
August and are associated with increasing wave heights and wind speed (Fig. S1 and Table S1). It is relevant to
note that the increase in wind speed during August has occurred as the seasonal (July to September) winds,
which drive the typical surface and internal seiches in lakes®, have calmed; in contrast to August, the wind speed
decreased in both July and September over this period (Fig. S11a,c). We note that the seasonal trend from 1980
to 2009 in Lake Erie Sta. NDBC 45005 (Fig. S11d; — 0.17 +£0.04 m s™! decade™, R*=0.33, p<0.001) is similar to
that reported for Lake Ontario (— 0.21+0.05 m s™! decade™!, R?=0.4, p<0.001)*. Whereas the Ekman transport
generated by wind momentum is the driver of upwelling in this system, it is interesting to note that wind stress
was only moderately predictive of upwelling events; i.e., winds from the south and southwest with an average
wind stress >0.09 Pa for at least 15 h predicts 11 out of 25 events (44%; RMSE = 1.35 events). The pattern in WP,
however, appears to be a better proxy (not the cause) of upwelling events than wind stress () likely because it
is a measure of the surface wind field integrated over the fetch (we note the similarity to the Wedderburn or
Lake number™, which generally applies to lakes with single basins and was not predictive for this study). Wave
power can be an indicator of water motions including significant wave height (SWH) and wave period (T}) as an
outcome of winds at a local scale (WP o« W">2), whereas the wind stress (t o¢ W"=2) is calculated from single
wind measurement and does not include information about water motion. WP is also more consistent than wind
stress between stations (Fig. S7¢,d); the correlation between buoys Sta. NDBC 45005 and Port Stanley in Lake
Erie (Fig. 1a; ~ 130 km apart) in August 2018 was r=0.74 for WP vs. r=0.62 for 7. Although the WP appears to
be an efficient tool to predict the upwelling events in the western basin of Lake Erie, a thorough understanding
of these events in large water bodies such as those comprising the Great Lakes, which includes complex physical
processes (e.g., highly dynamic and sloshing of thermocline, basin-scale internal waves and seiches), warrants
further investigation.

Historical records show that the sudden drops in LBT during hypoxic upwelling events in the northeastern
portion of the western basin of Lake Erie were preceded by increased WP in the upwelling favourable directions
in the western portion of the central basin. There are a number of ecological and water quality consequences of
this increased frequency of upwelled hypoxic bottom water. This includes potential impacts on the spatial dis-
tribution and population density of hypoxia-intolerant burrowing mayflies (Hexagenia spp.), which recolonized
the basin in the mid-1990s after a 40-year absence, due to hypoxia caused by eutrophication®. That recovery of
mayfly populations observed elsewhere in the western basin did not occur in our study region®. The subsequent
decline in the mayfly nymph population density between 1998 and 2013 has been reported to be due to hypoxia®.
Conversely, a more recent increase in the population density of year 1 mayfly nymphs in the western basin of
Lake Erie in 2014 following several years of reduced abundance is consistent with an absence of observed
hypoxia that year (Fig. 4a). In terms of the present study, we observed 2-7 days during upwelling events in which
the bottom DO <1.2 mg L™! (e.g., 9-16, 18-21 and 27-29 August 2018; Fig. 3b), which marks the onset of the
mortality of Hexagenia nymphs®'. During these events we observed 3-5 days of bottom DO <0.4 mg L™ (e.g.,
10-15 and 19-21 August 2018; Fig. 3b), which is below the DO concentration that results in 100% mortality
within 24 h®'. Hexagenia mayflies, which are native to the western basin, are an important food resource for
economically valuable Walleye and Yellow Perch and are considered a major indicator of the water quality and
ecological condition of the lake**. Episodic hypoxia also reduces the distribution of juvenile Walleye, Yellow Perch
and other species, which are components of the one of the world’s largest commercial freshwater fisheries®®”.
Hypoxia compresses fish habitat, resulting in lower fish density in the hypoxic zone, but higher fish densities
near the edges of these regions®”. This has affected the joint international management of fisheries in the western
basin because data from bottom trawls, which is used to assess fish stocks and set quotas, has excluded hypoxic
regions due to spatial bias since 2009*". The increasing frequency of episodic hypoxic events can have a significant
effect on ecological processes in the region.

In addition to nutrients, water temperature and dissolved oxygen are two of the main factors controlling bio-
geochemical reactions in the water column and lake sediments®*. This is another reason why hypoxic upwelling
events can have profound effects on the ecosystem of lakes. There are limited data on the flux of soluble reactive
phosphorus (SRP) from bottom sediments in the western basin of Lake Erie®. An average summertime diffusive
flux of ~1.12 mg SRP m~ day™' (range 0.64-1.53 mg SRP m~* day™') under anaerobic conditions vs. 1.50 mg
SRP m™2 day! under aerobic conditions using core incubation was reported in the northeastern portion of the
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western basin (~ 2.5 km south of Sta W7; Fig. 1b)®. This anaerobic SRP flux from the sediments is lower, but
comparable to the aerobic SRP flux, and less than the average anaerobic value determined for western basin
overall (i.e., 6.01 mg SRP m™2 day")®. The SRP flux from the sediment during hypoxic upwelling is, therefore,
unlikely to contribute meaningfully to the internal loading of phosphorus in the western basin.

Conversely, the SRP load in the upwelled hypoxic hypolimnetic water from the central basin can be con-
siderable; i.e., (~21+18) x 10* kg based on 0.035+0.015 mg SRP L% x ~2.0£0.5 m height** x ~305+207
km? area (an average spatial extent of hypoxic water in the western basin due to upwelling events based on
numerical simulations®). This represents <3.5% of the total volume of hypoxic water in the hypolimnion of
the central basin (i.e., an average of ~ 5000 km? area based on observations during 1987-2007°° x hypolimnion
thickness of > 3.5 m***. It can be estimated that the SRP load in the upwelled water to the western basin was
(~8.5+7.0)x 10* kg in 1980 and (~ 36 +30) x 10° kg in 2018, based on a 10-year moving average (solid black
line in Fig. 4b).

Upwelling stratification can occur in the western basin regardless of the initial conditions in the basin (i.e.,
thermally stratified or mixed). Nocturnal cooling, however, is not likely to mix the upwelled water because of
the strength of the stratification; i.e., the large temperature gradient between the upwelled water and the water
column temperature under neutral conditions. Mixing of the upwelled water is, however, predicted to occur
when winds >7 m s™! causing the advective mixing of the water column due to the movement of water®’. In this
case, the SRP introduced by the upwelling events can be mixed within the water column of the western basin
following the upwelling events (i.e., ~20% of occurrences; red bars) or it can flow back into the central basin
in the hydraulic flow (i.e., ~80% of occurrences; blue bar) (Fig. 4b). Based on this realization, the SRP load to
the water column in the western basin has increased from (~4.3+3.6) x 10° kg in 1980 to (~ 15+13) x 10° kg
in 2018, using a 10-year moving average (red dashed lines in Fig. 4b). The latter value is ~24% of the monthly
SRP load to the western basin between 2009 and 2013%. Given a water velocity of ~0.1 m s~ and ~ 25 km of
hypoxic extension in the east part of the western basin, it would take ~ 3 days for the high phosphorus water to
return to the central basin. It is likely that the elevated TP concentration circulating in the water column after
upwelling events, as confirmed by the field observations (Fig. 4b,c), influences water quality in the northeastern
portion of the western basin. This would be in addition to the well documented nutrient enrichment from the
Maumee and Detroit rivers at the western margin of the lake®. The increase in phosphorus due to upwelling
would, therefore, represent an additional contribution to the degradation of water quality as well as the growth
of HABs and nuisance algae® in the northeast portion of the western basin of lake Erie.

This study shows an increasing trend in the extreme wind events and its potential impacts on the water quality
(e.g., water temperature, dissolved oxygen and phosphorus) of a large lake with multiple basins. It is intriguing
to suggest that the frequency of analogous wind-induced events may be increasing in other large lakes with mul-
tiple basins (e.g., basins of Lake Geneva®, Lake Michigan—Muskegon Lake Bay®?, and Kempenfelt Bay of Lake
Simcoe™*), lake-rivermouth (e.g., Lake Michigan—Pere Marquette River™), or interconnected basins of reservoirs
(e.g., Knewstubb and Natalkuz Lakes in Nechako Reservoir®!). Clearly this is a subject that warrants further study.

Materials and methods

Wave power (WP). The transport of energy by waves, which represents the temporal variations of energy
transferred from the atmosphere to the ocean surface motion over cumulative periods of time is called wave
power (WP). Wave power for irregular waves can be calculated as a function of the spectral energy density func-
tion E(f, ), and the velocity at which the energy is propagating (or the group velocity) C(f, h) as'®6%”

wp = //ng(f,e) L C(f h)dfido W)

where f is the frequency, 0 is the direction of waves, h is the water depth. The group velocity is defined as
C= ﬁ (1 + % , where T, and L are the wave period and wavelength, respectively, and k = 27 /L is the
wavenumber. Using wave spectral parameters for an irregular sea-state, WP can be determined as

2
wp = P8 1 swi?, @)
64m
where SWH is the significant wave height (mean height of the highest third of the waves during typically 1 h)
and T, is the energy period that can be estimated as a factor o = 0.538 of mean wave period (T,)!"*”. Here, WP
was calculated using hourly measurements of SWH and T} in Great Lakes (Fig. 1a).

SWH and T} can be estimated by 0.0163X**W and 0.566X°*W’* at fetch X for developing waves, respec-
tively, and by 0.0248 W? and 0.728 W for fully developed waves, respectively®®). Therefore, due to Eq. (2), WP is
proportional to wind speed; i.e., WP oc W?* and oc W for developing and fully developed waves, respectively.
We used field measurements of SWH and TP for calculation of WP.

Wind stress (7) is calculated by

© = Capair W2, ®3)

where pgir= 1.22 kg m™ is the density of air and C; = 0.0012 is the drag coefficient”, and W is measured 10 m
above the surface.

Mutual information (MI). Here MI was calculated following Hoyos et al.* to measure the dependence
between lake surface temperature (LST,) and wave power WP,, in Lake Erie (Sta. NDBC 45005) during August
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between 1980 and 2018 (Fig. S8). Based on information theory, mutual information is a measure of the infor-
mation two variables X and Y share, which quantifies the level of their statistical independence!®®. Specifically,
MI quantifies the difference between the joint distribution of two variables and the product of their marginal
distributions, which are equal for independent variables. The entropy of X for a random event x is defined as

HX) =) p)logyp(x), (4)
where p(x) is the probability. The joint entropy of X and Y is given by
HX,Y) =) g(x.y)log,g(xy) (5)
where g, ) is the joint probability of x and y. The MI is calculated as
g(x.y)
MIKX,Y) =Y g(xy)log, 12 = H(X) + H(Y) — H(X, Y) (6)
2_g(oy)log, P4(y)

Therefore, for two independent variables X and Y that do not contain any information about each other, the
total entropy of their system (i.e., H(X, Y)) would be equal to the sum of their entropies (i.e., H(X) + H(Y))
resulting in MI(X,Y) = 0.

In Lake Erie, the product of the marginal distributions of LST, and WP,, (Fig. S8c) differs from their joint dis-
tribution (Fig. S8d), which can be quantified as MI of 1.6 for entropies of 3.2 in WP,, and 2.8 in LST,,. In addition,
their joint distribution shows that higher values are located along the diagonal confirming that the changes in
values of LST are closely related to changes in wave power (Fig. S8d). Our implementation was validated against
global wave power and sea surface temperature presented in Reguero et al.'°.

Measurements. We used the longest available buoy data in Great Lakes since 1980 that include weather,
wave, and surface water temperature (LST) (Fig. 1a). The data in the western basin of Lake Erie include time
series of bottom water temperature (LBT), dissolved oxygen, and currents in 2017 (23 to 31 August)?* and 2018
(1 to 31 August) at Sta E, time series of LBT in Leamington from the Ontario Ministry of Natural Resources and
Forestry (MNREF) since 1998, and historical limnological records (including bottom water oxygen, temperature,
total phosphorus) from biweekly cruises conducted in August by MNRF at stations W5, W6, W7, and W8 (see
Table S2). The total phosphorus were measured from the water samples collected at 1 m below surface and 2 m
above bottom (or 1 m above the thermocline when stratified) and halfway between, which were combined and
analyzed using standard methods (4500-P7°).

Statistical analysis. Linear regression and ANOVA (analysis of variation) techniques were applied to data
that were normally distributed and exhibited homogeneity of variation as examined under Shapiro-Wilks and
Levene’s tests, respectively.

Data availability
All the data and codes in this study can be obtained from the corresponding author upon the request of the
reviewers and will be available online after publication.

Received: 6 August 2020; Accepted: 23 February 2021
Published online: 11 March 2021

References
1. Hansen, J. et al. Global temperature change. Proc. Natl. Acad. Sci. 103, 14288-14293 (2006).
2. Stocker, T. E. et al. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change (Cambridge University Press, 2013). https://doi.org/10.5169/seals-39114
2

3. Huang, A,, Rao, Y. R. & Zhang, W. On recent trends in atmospheric and limnological variables in Lake Ontario. J. Clim. 25,
5807-5816 (2012).

4. Zhong, Y., Notaro, M., Vavrus, S. J. & Foster, M. J. Recent accelerated warming of the Laurentian Great Lakes: Physical drivers.
Limnol. Oceanogr. 61, 1762-1786 (2016).

5. Field, C. B. et al. Managing the risks of extreme events and disasters to advance climate change adaptation: Special report of the inter-
governmental panel on climate change. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation:
Special Report of the Intergovernmental Panel on Climate Change (2012).https://doi.org/10.1017/CB0O9781139177245.

6. Jennings, E. et al. Effects of weather-related episodic events in lakes: An analysis based on high-frequency data. Freshw. Biol. 57,
589-601 (2012).

7. Michalak, A. M. Study role of climate change in extreme threats to water quality. Nature 535, 349-352 (2016).

8. Benson, B. J. et al. Extreme events, trends, and variability in Northern Hemisphere lake-ice phenology (1855-2005). Clim. Change
112, 299-323 (2012).

9. Zhang, L., Zhao, Y., Hein-Griggs, D. & Ciborowski, J. . H. Projected monthly temperature changes of the Great Lakes Basin.
Environ. Res. 167, 453-467 (2018).

10. Wong, P. P. et al. Coastal systems and low-lying areas. In Climate Change 2014 Impacts, Adaptation and Vulnerability: Part A: Global
and Sectoral Aspects 361-409 (Cambridge University Press, 2015). https://doi.org/10.1017/CB0O9781107415379.010.

11. Storlazzi, C. D. et al. Most atolls will be uninhabitable by the mid-21st century because of sea-level rise exacerbating wave-driven
flooding. Sci. Adv. 4, 1-9 (2018).

12. Wang, X. L. & Swail, V. R. Changes of extreme wave heights in northern hemisphere oceans and related atmospheric circulation
regimes. J. Clim. 14, 2204-2221 (2001).

Scientific Reports|  (2021) 11:5733 | https://doi.org/10.1038/s41598-021-84961-9 nature portfolio


https://doi.org/10.5169/seals-391142
https://doi.org/10.5169/seals-391142
https://doi.org/10.1017/CBO9781139177245
https://doi.org/10.1017/CBO9781107415379.010

www.nature.com/scientificreports/

13. Sterl, A. & Caires, S. Climatology, variability and extrema of ocean waves: The web-based KNMI/ERA-40 wave atlas. Int. J. Climatol.
25,963-977 (2005).

14. Fan, Y, Held, I. M,, Lin, S. J. & Wang, X. L. Ocean warming effect on surface gravity wave climate change for the end of the twenty-
first century. J. Clim. 26, 6046-6066 (2013).

15. Wang, X. L. & Swail, V. R. Climate change signal and uncertainty in projections of ocean wave heights. Clim. Dyn. 26, 109-126
(2006).

16. Reguero, B. G., Losada, I. J. & Méndez, E J. A recent increase in global wave power as a consequence of oceanic warming. Nat.
Commun. 10, 1-14 (2019).

17. Reguero, B. G., Losada, I. ]. & Méndez, E J. A global wave power resource and its seasonal, interannual and long-term variability.
Appl. Energy 148, 366-380 (2015).

18. Wang, X. L., Swail, V. R., Zwiers, F. W,, Zhang, X. & Feng, Y. Detection of external influence on trends of atmospheric storminess
and northern oceans wave heights. Clim. Dyn. 32, 189-203 (2009).

19. Inatsu, M., Mukougawa, H. & Xie, S.-P. Tropical and extratropical SST effects on the midlatitude storm track. J. Meteorol. Soc.
Japan 80, 1069-1076 (2004).

20. Bengtsson, L., Hodges, K. I. & Roeckner, E. Storm tracks and climate change. J. Clim. 19, 3518-3543 (2006).

21. Rao, Y. R., Hawley, N., Charlton, M. N. & Schertzer, W. M. Physical processes and hypoxia in the central basin of Lake Erie. Limnol.
Oceanogr. 53, 2007-2020 (2008).

22. Jabbari, A., Ackerman, J. D., Boegman, L. & Zhao, Y. Episodic hypoxia in the western basin of Lake Erie. Limnol. Oceanogr. 64,
2220-2236 (2019).

23. Rao, Y. R. & Schwab, D. J. Transport and mixing between the coastal and offshore waters in the Great Lakes: A review. J. Great
Lakes Res. 33, 202-218 (2007).

24. Laval, B. E. et al. Wind-driven summertime upwelling in a fjord-type lake and its impact on downstream river conditions: Quesnel
Lake and River, British Columbia, Canada. J. Great Lakes Res. 34, 189-203 (2008).

25. Austin, J. A. & Colman, S. M. Lake Superior summer water temperatures are increasing more rapidly than regional temperatures:
A positive ice-albedo feedback. Geophys. Res. Lett. 34, 1-5 (2007).

26. Charlton, M.N. Le Sage R., Milne, J. E. Lake Erie in transition: The 1990s. In State of Lake Erie—Past, Present and Future (eds
Munawar, M. et al.) (Backhuys Publisers, 1999).

27. Fraser, A. S. Tributary and point source total phosphorus loading to Lake Erie. J. Great Lakes Res. 13, 659-666 (1987).

28. Stumpf, R. & Dupuy, D. Experimental Lake Erie Harmful Algal Bloom Bulletin — Bulletin 28/2016. NOAA: (Washington, DC,
USA, 2016).

29. Wilson, E. K. Danger from microcystins in Toledo water unclear. Chem. Eng. News 92, 9 (2014).

30. Hamblin, P. E. Meteorological fforcing and water level fluctuations on Lake Erie. J. Great Lakes Res. 13, 436-453 (1987).

31. Loewen, M. R., Ackerman, J. D. & Hamblin, P. F. Environmental implications of stratification and turbulent mixing in a shallow
lake basin. Can. J. Fish. Aquat. Sci. 64, 43-57 (2007).

32. Bouffard, D., Boegman, L. & Rao, Y. R. Poincaré¢ wave-induced mixing in a large lake. Limnol. Oceanogr. 57, 1201-1216 (2012).

33. Ackerman, J. D., Loewen, M. R. & Hamblin, P. F. Benthic-pelagic coupling over a zebra mussel reef in western Lake Erie. Limnol.
Ocean. 46, 892-904 (2001).

34. Charlton, M. N. Hypolimnion oxygen consumption in lakes: Discussion of productivity and morphometry effects. Can. J. Fish.
Aquat. Sci. 37, 1531-1539 (1980).

35. Scavia, D. et al. Assessing and addressing the re-eutrophication of Lake Erie: Central basin hypoxia. J. Great Lakes Res. 40, 226-246
(2014).

36. Thomas, M. et al. Report for 2011 by the Lake Erie Walleye Task Group as presented to Standing Technical Committee, Lake Erie
Comnmittee, Great Lakes Fishery Commission, Windsor, Ontario (2012).

37. Ontario Ministry of Natural Resources and Forestry (OMNRE). 2019. 2018 Annual Report, Ontario Ministry of Natural Resources
and Forestry, Lake Erie Management Unit. Annual Report (2018).

38. Schloesser, D. W., Krieger, K. A., Ciborowski, J. J. H. & Corkum, L. D. Recolonization and possible recovery of burrowing mayflies
(Ephemeroptera: Ephemeridae: Hexagenia spp.) in Lake Erie of the Laurentian Great Lakes. J. Aquat. Ecosyst. Stress Recover. 8,
125-141 (2001).

39. Bridgeman, T. B., Schloesser, D. W. & Krause, A. E. Recruitment of Hexagenia mayfly nymphs in western Lake Erie linked to
environmental variability. Ecol. Appl. 16, 601-611 (2006).

40. Bartish, T. A Review of exchange processes among the three basins of Lake Erie. J. Great Lakes Res. 13, 607-618 (1987).

41. Valipour, R., Boegman, L., Bouffard, D. & Rao, Y. R. Sediment resuspension mechanisms and their contributions to high-turbidity
events in a large lake. Limnol. Oceanogr. 62, 1045-1065 (2017).

42. Bartish, T. M. Thermal stratification in the western basin of Lake Erie: its characteristics mechanisms of formation, and chemical and
biological consequences. (1984). Masters Thesis, Ohio State University, Columbus, OH.

43. Krieger, K. A. et al. Recovery of burrowing mayflies (ephemeroptera: ephemeridae: Hexagenia) in western Lake Erie. J. Great Lakes
Res. 22, 254-263 (1996).

44. Rao, Y. R., Howell, T., Watson, S. B. & Abernethy, S. On hypoxia and fish kills along the north shore of Lake Erie. J. Great Lakes
Res. 40, 187-191 (2014).

45. Troy, C. D., Ahmed, S., Hawley, N. & Goodwell, A. Cross-shelf thermal variability in southern Lake Michigan during the stratified
periods. J. Geophys. Res. Ocean. 117, 1-16 (2012).

46. Bouffard, D., Ackerman, J. D. & Boegman, L. Factors affecting the development and dynamics of hypoxia in a large shallow strati-
fied lake: Hourly to seasonal patterns. Water Resour. Res. 49, 2380-2394 (2013).

47. Boegman, L., Loewen, M. R., Culver, D. A., Hamblin, P. F. & Charlton, M. N. Spatial-dynamic modeling of algal biomass in lake
erie: Relative impacts of dreissenid mussels and nutrient loads. J. Environ. Eng. 134, 456-468 (2008).

48. Mortimer, C. H. Fifty years of physical investigations and related limnological studies on Lake Erie, 1928-1977. J. Great Lakes Res.
13, 407-435 (1987).

49. Lam, D. C. L., Schertzer, W. M. & Fraser, A. S. A post-audit anaylsis of the NWRI nine-box water quality model for Lake Erie. J.
Great Lakes Res. 13, 782-800 (1987).

50. Umlauf, L. & Lemmin, U. Interbasin exchange and mixing in the hypolimnion of a large lake: The role of long internal waves.
Limnol. Oceanogr. 50, 1601-1611 (2005).

51. Imam, Y. E,, Laval, B., Pieters, R. & Lawrence, G. The baroclinic response to wind in a multiarm multibasin reservoir. Limnol.
Oceanogr. 65, 582-600 (2019).

52. Biddanda, B. A. et al. Chronicles of hypoxia: Time-series buoy observations reveal annually recurring seasonal basin-wide hypoxia
in Muskegon Lake—A Great Lakes estuary. J. Great Lakes Res. 44, 219-229 (2018).

53. Weinke, A. D. & Biddanda, B. A. Influence of episodic wind events on thermal stratification and bottom water hypoxia in a Great
Lakes estuary. J. Great Lakes Res. 45, 1103-1112 (2019).

54. Flood, B., Wells, M., Dunlop, E. & Young, J. Internal waves pump waters in and out of a deep coastal embayment of a large lake.
Limnol. Oceanogr. 65, 205-223 (2020).

55. Carlson Mazur, M. L. et al. Seasonal patterns in hydrochemical mixing in three Great Lakes rivermouth ecosystems. J. Great Lakes
Res. 45, 651-663 (2019).

Scientific Reports | (2021) 11:5733 | https://doi.org/10.1038/s41598-021-84961-9 nature portfolio



www.nature.com/scientificreports/

56. Zhou, Y., Obenour, D. R,, Scavia, D., Johengen, T. H. & Michalak, A. M. Spatial and temporal trends in Lake Erie hypoxia,
1987-2007. Environ. Sci. Technol. 47, 899-905 (2013).

57. Large, W. G. & Pond, S. Open ocean momentum flux measurements in moderate to strong winds. J. Phys. Ocean. 11, 324-336
(1981).

58. Wang, X. L., Feng, Y. & Swail, V. R. Changes in global ocean wave heights as projected using multimodel CMIP5 simulations.
Geophys. Res. Lett. 41, 1026-1034 (2014).

59. Boegman, L. Hydrodynamics of Lakes. In Encyclopedia of Water: Science, Technology, and Society (Wiley, 2019).

60. Stapanian, M. A., Kocovsky, P. M. & Bodamer Scarbro, B. L. Evaluating factors driving population densities of mayfly nymphs in
Western Lake Erie. J. Great Lakes Res. 43,1111-1118 (2017).

61. Eriksen, C. H. Respiratory regulation in Ephemera simulans Walker and Hexagenia limbata (Serville) (Ephemeroptera). J. Exp.
Biol. 40, 455-468 (1963).

62. Kraus, R. T. et al. Dynamic hypoxic zones in Lake Erie compress fish habitat, altering vulnerability to fishing gears'. Can. J. Fish.
Aquat. Sci. 72, 797-806 (2015).

63. Matisoff, G. et al. Internal loading of phosphorus in western Lake Erie. J. Great Lakes Res. 42, 775-788 (2016).

64. Rowe, M. D. et al. Coastal upwelling influences hypoxia spatial patterns and nearshore dynamics in Lake Erie. J. Geophys. Res.
Ocean. 124, 6154-6175 (2019).

65. Watson, S. B. et al. The re-eutrophication of Lake Erie: Harmful algal blooms and hypoxia. Harmful Algae 56, 44-66 (2016).

66. Pecher, A. & Kofoed, J. P. Handbook of Ocean Wave Energy Vol. 7 (Springer International Publishing, 2017).

67. Hashemi, M. R., Grilli, S. T. & Neill, S. P. A simplified method to estimate tidal current effects on the ocean wave power resource.
Renew. Energy 96, 257-269 (2016).

68. Carter, D. J. T. Prediction of wave height and period for a constant wind velocity using the JONSWAP results. Ocean Eng. 9, 17-33
(1982).

69. Hoyos, C. D., Agudelo, P. A., Webster, P. J. & Curry, J. A. Deconvolution of the factors contributing to the increase in global hur-
ricane intensity. Science 5770, 94-97 (2006).

70. Clesceri, L. S., Greenberg, A. E. & Eaton, A. D. Standard Methods for the Examination of Water and Wastewater (American Public
Health Assoc., 1998).

Acknowledgements

We would like to thank the members of Physical Ecology Laboratory in the Department of Integrative Biology at
University of Guelph for the support of this work. This research was funded by the Ontario Ministry of Natural
Resources and Forestry (Canada and Ontario Agreement Respecting to the Great Lakes Basin Ecosystem 07-48)
and NSERC Discovery and RTI programs to J.D.A.

Author contributions
J.D.A. and A.J. conceived the study. A.J. conducted the analysis. A.J. and J.D.A. wrote the manuscript. L.B. and
Y.M. provided comments on the analysis and the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-84961-9.

Correspondence and requests for materials should be addressed to J.D.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5733 | https://doi.org/10.1038/s41598-021-84961-9 nature portfolio


https://doi.org/10.1038/s41598-021-84961-9
https://doi.org/10.1038/s41598-021-84961-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Increases in Great Lake winds and extreme events facilitate interbasin coupling and reduce water quality in Lake Erie
	Long-term trends in WP and LST in the Great Lakes. 
	Episodic hypoxic upwelling events in the western basin of Lake Erie. 
	Discussion and conclusions
	Materials and methods
	Wave power (WP). 
	Mutual information (MI). 
	Measurements. 
	Statistical analysis. 

	References
	Acknowledgements


