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Abstract15

Extreme water temperatures impact the ecological and economic value of freshwater sys-16

tems. They disrupt fisheries habitat, trigger harmful algal blooms, and stress coastal in-17

frastructure. This study examines the spatiotemporal patterns of heatwaves and cold-18

spells in the Great Lakes using 82 years of simulated surface temperature data. Signif-19

icant increasing trends in heatwave duration were observed in Lake Superior and Lake20

Michigan-Huron, while cold-spell duration increased on all lakes except Ontario. Tem-21

perature anomalies during these events varied from the climatological mean by as much22

as +/- 10◦C, but did not change significantly over time. Analysis revealed substantial23

spatial variability in heatwaves and cold-spells, both within and across lakes, with dif-24

ferences driven by air temperature and ice cover anomalies as well as associated climate25

teleconnections (i.e. the East Pacific/North Pacific and Atlantic Multidecadal Oscilla-26

tion). These findings highlight the importance of both climatic and lake processes in shap-27

ing extreme temperature events.28

Plain Language Summary29

This study investigates long-term changes in extreme surface water temperatures30

in the Great Lakes, which have important ecological and economic implications. By an-31

alyzing 82 years of water temperature simulations, we identified patterns of unusually32

warm and cold water events, known as heatwaves and cold-spells. We found that heat-33

waves are lasting longer in parts of the lakes, particularly in Lake Superior and the north-34

ern areas of Lake Michigan-Huron. Cold-spells are also becoming longer across most of35

the Great Lakes, except in Lake Ontario. However, the intensity of temperature changes36

during these events has remained relatively stable. To better understand these trends,37

we used a method to identify the most common patterns of heatwaves and cold-spells38

across the region and the times of year they typically occur. Our analysis showed that39

changes in air temperature and ice cover are major factors shaping these patterns. Ad-40

ditionally, global atmospheric circulation patterns influence when and where these ex-41

tremes occur. These findings highlight the complex interactions between large-scale cli-42

mate drivers and lake-specific conditions that affect extreme temperature variability in43

the Great Lakes.44

1 Introduction45

Extreme temperature events in lakes, such as heatwaves and cold-spells, can have46

profound effects on both aquatic and terrestrial ecosystems (Till et al., 2019; Holbrook47

et al., 2020; Woolway et al., 2021). Unlike the steady, long-term rise in global mean tem-48

perature, these abrupt thermal anomalies develop rapidly, providing minimal time for49

ecological and human systems to adjust (Till et al., 2019; Smale et al., 2019). Their con-50

sequences range from large-scale species mortality and shifts in species distributions to51

reduced aquaculture yields and geopolitical disputes over transboundary water resources52

(Till et al., 2019; Holbrook et al., 2020; Smale et al., 2019; Woodward et al., 2010; Gronewold53

et al., 2024). These events can also impact critical infrastructure, such as drinking wa-54

ter intakes and industrial cooling systems for power generation, which are sensitive to55

sudden changes in lake temperature. Observational records reveal an increasing frequency,56

duration, and intensity of these events in recent decades (Till et al., 2019; Woolway et57

al., 2021), and climate projections suggest that their severity will continue to escalate58

in a warming world (Yao et al., 2022; Huang et al., 2024; Woolway et al., 2025). Under-59

standing the mechanisms driving the intensification of lake heatwaves and cold-spells is60

therefore critical to assessing their future impacts within a more variable climate sys-61

tem.62

Despite the growing recognition of heatwaves and cold-spells in the Great Lakes63

(Chen et al., 2021; Abdelhady et al., 2025), there remains a limited understanding of their64
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spatial and temporal characteristics. These extreme events do not occur uniformly across65

the lakes or throughout the year, yet most studies focus on basin-wide averages or sea-66

sonal trends, overlooking the spatial variations between lakes and within each lake (Chen67

et al., 2021). Given the ecological and economic importance of the Great Lakes, it is es-68

sential to investigate where and when these events occur, as their impacts can vary sig-69

nificantly across different regions and timescales. Fish species, for example, rely on spe-70

cific thermal habitats that may be disrupted by these temperature extremes, affecting71

their distribution, spawning cycles, and food availability (Till et al., 2019; Lynch et al.,72

2010; Holbrook et al., 2020). Similarly, temperature fluctuations influence lake strati-73

fication, ice cover, biogeochemical processes, the growth of benthic plants and invasive74

mussels, and the frequency and intensity of harmful algal blooms (HABs) all of which75

play a role in shaping ecosystem dynamics (Holbrook et al., 2020; Smale et al., 2019).76

By examining the spatial and temporal variability of heatwaves and cold-spells, we can77

gain deeper insight into their drivers and improve our ability to anticipate and mitigate78

their effects in a changing climate.79

Changes in the surface temperature of the Great Lakes are influenced by a com-80

bination of global, regional, and local factors. Large-scale climate teleconnections, such81

as the El Niño-Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO),82

have been shown to affect the Great Lakes’ surface temperature and ice cover (Bai et83

al., 2012; Lin et al., 2022; Venumuddula et al., 2024). In addition to these broad-scale84

drivers, regional climate variability — including fluctuations in air temperature, wind85

patterns, and cloud cover — also plays a significant role in shaping lake surface temper-86

atures and ice cover (Abdelhady & Troy, 2025; Gronewold et al., 2021). Local lake-specific87

conditions, such as ice cover distribution and upwelling events, further contribute to tem-88

perature variability by altering heat exchange processes at the lake surface (Fujisaki et89

al., 2013; Plattner et al., 2006). While these factors are known to influence the thermal90

dynamics of the Great Lakes, their combined impact on extreme temperature events has91

not been explored.92

In this study, simulated surface temperature data from a 3D hydrodynamic-ice model93

are analyzed to examine the spatiotemporal variability of lake heatwaves and cold-spells94

in the Great Lakes over the past 80 years. Spatial averages and trends in these extreme95

events are first assessed to identify the most affected regions. To further investigate dom-96

inant patterns of variability, rotated Empirical Orthogonal Function (EOF) analysis is97

applied to characterize the primary modes of both heatwaves and cold-spells. Potential98

drivers of these modes are then explored by evaluating the influence of climate telecon-99

nection patterns. Finally, spatial anomalies in key atmospheric and lake-related factors100

are examined to better understand the mechanisms shaping the observed variability.101

2 Methods and Data102

2.1 Lake surface temperature data103

This study utilizes lake surface temperature (LST) data generated by (Abdelhady104

et al., 2025) using a 3D Finite Volume Community Ocean Model (FVCOM, version 4.4.2)105

for the period 1941 to 2023 (Abdelhady, 2025). The model domain encompassed all five106

Laurentian Great Lakes (Superior, Michigan-Huron, Erie, and Ontario) and Lake St. Clair,107

with an average horizontal spatial resolution of 4.75 km and 21 sigma levels, with the108

uppermost sigma layer used to define the surface temperature. The model resolves hor-109

izontal mixing using the Smagorinsky scheme, while vertical mixing is handled via the110

modified Mellor-Yamada Level 2.5 turbulence closure scheme, which allows the vertical111

structure of temperature to influence surface dynamics. The FVCOM model incorpo-112

rates ice dynamics through a coupled ice model based on the Los Alamos Sea Ice Model113

(CICE) (Gao et al., 2011). The meteorological forcing for the model was provided by the114

ERA5 reanalysis product, which offers 3-hourly atmospheric data at approximately 31115
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km horizontal resolution for the region (Hersbach et al., 2020). The long-term model out-116

put was validated against historical in situ temperature records from Lake Erie, show-117

ing good agreement (see Supplementary Figure S4).118

The LST data were detrended following the approach described in (Abdelhady et119

al., 2025) to isolate internal variability from the long-term warming signal. Nonlinear120

trends were identified and removed using the Seasonal and Trend decomposition with121

Loess (STL) method (Cleveland et al., 1990). The nonlinear trend was calculated for each122

model grid cell and each day of the year (DOY) to account for seasonal variations in warm-123

ing rates. The calculated trend was then subtracted from the original LST data to pro-124

duce the detrended lake surface temperature (DLST), which was used in subsequent anal-125

yses to examine variability in heatwaves and cold-spells.126

2.2 Heatwaves and cold-spells calculation127

Heatwaves and cold-spells in this study are defined as periods when the DLST ex-128

ceeds the seasonally varying 90th percentile (heatwaves) or falls below the 10th percentile129

(cold-spells) for at least five consecutive days, following the criteria established by (Hobday130

et al., 2016). To calculate these thresholds, a 30-year reference period from 1941 to 1970131

was used, as recommended by (Oliver et al., 2021). The calculated thresholds were then132

applied to the full detrended dataset spanning 1941 to 2021 to identify heatwave and cold-133

spell events at each grid cell.134

To assess changes in these events over time, we calculated three metrics: duration135

(number of days), mean temperature anomaly, and accumulated degree heating or cool-136

ing days. The degree heating and cooling days, which measure event intensity, were com-137

puted as the cumulative temperature anomalies above (for heatwaves) or below (for cold-138

spells) the respective percentile thresholds (90th and 10th), following (Hobday et al., 2016;139

Oliver et al., 2021). Mean anomalies were also calculated relative to these thresholds,140

which were derived from the 1941-1970 reference period.141

2.3 Rotated empirical orthogonal function (REOFs)142

To examine dominant spatiotemporal patterns of heatwave (HW) and cold-spell143

(CS) variability across the Great Lakes, rotated Empirical Orthogonal Function (EOF)144

analysis was applied to absolute degree heating and cooling days. HW and CS were com-145

bined column-wise in a single dataset, and daily values were resampled quarterly (start-146

ing in November) by summation to capture large-scale seasonal variability. REOF anal-147

ysis is an extension of EOF that improves the interpretability of the resulting modes by148

enhancing spatial localization and reducing mode mixing (Richman, 1986).149

EOF decomposition and rotation were performed using the xmca Python package150

(Rieger, 2021), which computes eigenvectors (spatial patterns) and principal components151

(PCs; time series) representing dominant variability modes. Promax rotation (power =152

4), an oblique method allowing non-orthogonal modes, was applied to the four leading153

EOFs (Hendrickson & White, 1964). Compared to orthogonal approaches like Varimax154

(Kaiser, 1958), Promax more effectively isolates localized, physically meaningful patterns155

(Richman, 1986).156

2.4 Climate teleconnection patterns impact on HW and CS157

The influence of large-scale climate patterns on heatwave (HW) and cold-spell (CS)158

variability was evaluated using multiple teleconnection indices. Two tests were conducted:159

(1) whether a teleconnection pattern could distinguish between HW and CS modes, and160

(2) whether it could differentiate among individual HW or CS modes.161
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For each index, values were extracted during periods when a specific mode was dom-162

inant, defined as when its principal component (PC) exceeded 1 and surpassed all oth-163

ers. This threshold ensured a sufficient sample size while capturing distinct patterns. Al-164

ternative thresholds (0.5–2) were tested and yielded similar results. To assess differences,165

teleconnection indices during HW- and CS-dominant periods were compared, as well as166

among individual HW and CS modes.167

Statistical significance was evaluated using both t-tests (for mean differences) and168

rank-sum tests (for medians), via the scipy.stats package in Python (Virtanen et al., 2020).169

Results were considered significant at p value <0.05 in both tests.170

2.5 Regional Climate and ice condition impact on HW and CS171

To evaluate the influence of regional climate and ice cover on heatwave (HW) and172

cold-spell (CS) variability, anomalies in air temperature, net heat radiation, wind speed/direction,173

and ice cover duration were analyzed. Anomalies for climate variables were calculated174

relative to the seasonally varying climatological mean, defined as the long-term daily av-175

erage for each day of year (DOY). These daily anomalies were then averaged quarterly176

to match the temporal resolution of the principal component (PC) time series.177

Ice cover was quantified as the number of days with >10% ice concentration per178

grid cell during each ice year (November–May). The corresponding PC time series was179

averaged annually (November–October) to align with this seasonal definition. To account180

for lake-to-lake variability, ice cover anomalies were standardized by dividing by the grid-181

cell-specific standard deviation of ice-covered days.182

Anomaly values were extracted during periods when a specific HW or CS mode was183

dominant and averaged temporally to produce 2D spatial maps illustrating typical anomaly184

patterns for each mode.185

3 Results186

3.1 Spatial differences and general trends187

The spatial distribution of heatwaves (HWs) and cold-spells (CSs) across the Great188

Lakes reveals distinct regional patterns in temperature anomalies, event duration, and189

degree days. HW temperature anomalies are highest in Lake Erie and along the coasts190

of Lakes Michigan, Huron, and Ontario, averaging around 1◦C above the 90th percentile191

of the DLST (Figure 1-a), which can correspond to anomalies exceeding 10◦C above the192

climatological mean during some days of the year. HW duration is longest in mid-lake193

regions of Lakes Michigan and Huron, southern Lake Ontario, and Lake Superior, with194

an average of 45 days (Figure 1-c). Duration also correlates significantly (p < 0.05) with195

lake depth, particularly in Lakes Michigan (r = 0.78), Huron (r = 0.67), and Ontario196

(r = 0.60).197

For CSs, the strongest negative temperature anomalies (below -1◦C of the 10th per-198

centile of the DLST, which can correspond to anomalies of 10◦C below the climatolog-199

ical mean during some days of the year) occur in Lakes Michigan and Ontario, especially200

along their coasts (Figure 1-b). CS duration is generally consistent across lakes (50–55201

days), except in Lake Ontario, where it is notably shorter (Figure 1-d). Degree days, rep-202

resenting the cumulative intensity, also vary spatially: HW degree days are highest in203

Lakes Michigan and Erie, while CS degree days are more uniform, with slightly elevated204

values in Lakes Michigan and Superior (Figure 1-e and f).205

Seasonally, for all lakes, HW degree days peak in the second and third quarters,206

while CS degree days are highest in the third and fourth (Figures S1, S2). Both, HWs207

and CSs, have the longest duration in the second quarter; however, second-quarter CS208
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temperature anomalies are weak, resulting in lower CS degree days. However, both, HWs209

and CSs, have the largest temperature anomalies in the third quarter.210

Long-term trends reveal a significant increase in HW and CS durations, but little211

change in their associated temperature anomalies (Figure 2). HW duration has increased212

by ∼ 0.5 day/year in Lake Superior and northern Lakes Michigan and Huron. CS du-213

ration trends are steeper, increasing by ∼ 1 day/year in Lakes Superior, Erie, Huron,214

and northern Lake Michigan. While trends in temperature anomalies vary spatially, most215

are statistically insignificant (p<0.05). HW degree days have increased significantly in216

northern Lakes Michigan-Huron and Lake Superior. In contrast, CS degree days exhibit217

broader significant trends across all lakes, except in Lake Superior.218

3.2 Rotated EOFs results219

The application of rotated EOFs reveals four primary modes of variability in heat-220

waves (HWs) and cold-spells (CSs) across the Great Lakes, with two dominant modes221

identified for each (Figure 3). Mode 1 and 2 represent the heatwaves, while mode 3 and222

4 represent cold-spells. Together, these modes explain nearly 70% of the total variance223

in HW and CS events, with the HW modes explaining slightly larger percentage of the224

overall variance. The use of Promax rotation enhanced the physical representation of the225

modes and allowed for clearer spatial patterns and localized peaks in the principle com-226

ponents (PCs) compared to the original EOFs and rotated EOFs with Varimax (Figure227

3).228

For HWs, the first mode exhibits a pronounced northwest-to-southeast gradient,229

with the strongest warming anomalies observed in Lake Superior and the northern re-230

gions of Lakes Michigan and Huron (Figure 3-a). The second HW mode, in contrast, shows231

widespread warming across all the Great Lakes except for Lake Superior (Figure 3-c).232

The spatial patterns of CS modes reveal a different structure, characterized by a west-233

to-east gradient within each lake. The third mode indicates stronger cold-spell anoma-234

lies on the western side of the lakes, while the fourth mode highlights more intense CSs235

on the eastern side (Figure 3-b and d).236

The PCs associated with the HW and CS modes are dominated by spikes instead237

of smooth transitions, with a remarkable increase in the magnitude and frequency of these238

spikes in the last 25 years (Figure 3). A temporal analysis of the PCs associated with239

these modes shows two periods of particularly strong HW and CS events, occurring be-240

tween 1995–2000 and 2010–2015. During both periods, the Great Lakes experienced ei-241

ther an intense HW followed by an intense CS or vice versa (Figure 3).242

3.3 Climate teleconnections and REOFs modes243

The Atlantic Multidecadal Oscillation (AMO), Pacific Decadal Oscillation (PDO),244

East Pacific-North Pacific (EPNP), and North Pacific Gyre Oscillation (NPGO) all show245

statistically significant differences between HW and CS modes, based on both the t-test246

and rank-sum test (Figure S3). In contrast, no significant differences were found for the247

North Atlantic Oscillation (NAO), Oceanic Nino Index (ONI), Pacific North American248

(PNA) pattern, Southern Oscillation Index (SOI), and Arctic Oscillation (AO).249

In general, HWs tend to occur during positive phases of AMO and NPGO and neg-250

ative phases of PDO and EPNP. Conversely, CSs are more frequent during negative AMO251

and NPGO phases and positive PDO and EPNP phases. However, these associations are252

not universal. Some HWs developed under background conditions typically associated253

with CSs (e.g., negative AMO and NPGO or positive PDO and EPNP), and vice versa.254

Yet, while some large-scale climate modes help distinguish HW and CS clusters overall,255

none of the teleconnection indices could reliably differentiate among individual HW or256

CS modes.257
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Figure 3. Dominant rotated EOF modes and their PCs for HW and CS. a) and c) repre-

sent the HW modes, while b) and d) represent the CS modes. e) shows the PCs for the first

two modes (heatwave modes), while f) shows the PCs for the third and fourth modes (cold-spell

modes)
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3.4 Local conditions and REOFs modes258

Net heat radiation, air temperature, and normalized ice cover anomalies effectively259

distinguish between HW and CS modes, whereas wind anomalies show limited signifi-260

cance across most modes, except for the second HW mode, which is associated with strong261

wind anomalies. During HW events, air temperature anomalies exceed 2◦C in some re-262

gions (Figure 4-a and c). In contrast, CS events exhibit slightly weaker anomalies, with263

minimum values approaching -1.5◦C in certain areas (Figure 4-b and d). The spatial dis-264

tribution of air temperature anomalies is strongly correlated with both HW modes, with265

correlation coefficients of 0.92 and 0.76 for modes 1 and 2, respectively. For CSs, the spa-266

tial correlation is more moderate, with coefficients of 0.59 (mode 3) and 0.54 (mode 4).267

Normalized ice cover anomalies also exhibit strong spatial correlation with the first268

HW mode and both CS modes. Correlation magnitudes are 0.79 for mode 3, 0.68 for mode269

4, and 0.63 for HW mode 1 (Figure 4). Net heat radiation shows a strong correlation270

only with the first HW mode and weak correlations with the other modes. Wind fields271

and magnitudes do not show strong spatial correlations with either HW or CS modes.272

4 Discussion and Conclusion273

The results show that while the frequency and duration of both heatwaves (HWs)274

and cold-spells (CSs) have increased over time, the temperature anomalies associated275

with these events have remained relatively stable. This suggests that these events are276

becoming more persistent rather than more intense. The observed increase in CS dura-277

tion may seem counterintuitive given ongoing warming but can be attributed to disrup-278

tions in large-scale atmospheric circulation, particularly involving the Arctic. Arctic am-279

plification—rapid warming of the Arctic relative to the global average—can weaken the280

polar vortex, making it more unstable and prone to stretching or splitting. This allows281

cold Arctic air to penetrate mid-latitudes like the Great Lakes, leading to prolonged CS282

events (Cohen et al., 2021; Rantanen et al., 2022). This is consistent with several strong283

CS events (e.g., 1996, 2003, 2014) that coincide with or directly follow a strong nega-284

tive AO phases.285

Among the Great Lakes, Lake Ontario stands out for experiencing notably shorter286

CS durations and larger temperature anomalies compared to the other lakes. This is likely287

due to its relatively low ice cover, Lake Ontario has the shortest ice cover season among288

the Great Lakes (Cannon et al., 2024). Ice cover acts as an insulating layer, reducing the289

transfer of heat between the atmosphere and the lake. When air temperatures drop, lakes290

with ice cover are insulated, preventing rapid cooling of the underlying water. In con-291

trast, ice-free lakes like Ontario can respond more directly to atmospheric forcing, re-292

sulting in sharper but shorter cold anomalies. Additionally, ice has a higher albedo than293

water, which reduces heat absorption and prolongs cold conditions through the positive294

ice-albedo feedback (Austin & Colman, 2008). Because cold-spells tend to occur during295

the heavy ice season, a shorter ice cover period limits the time during which prolonged296

cold anomalies can develop, leading to generally shorter CS durations in Lake Ontario.297

Although interannual and multidecadal climate teleconnections influence HW and298

CS modes, no single pattern consistently aligns with their variability. Similarly, regional299

climate conditions strongly correlate with HW and CS timing, but not with their spa-300

tial distribution. This suggests that variability in these extremes results from a combi-301

nation of atmospheric forcing and lake-specific processes. Atmospheric conditions largely302

determine occurrence, but spatial patterns and intensity are shaped by factors like ice303

cover and water depth. For example, deeper regions with higher heat capacity—especially304

in Lakes Michigan, Huron, and Ontario—sustain HWs longer. These areas warm slowly305

but retain heat, amplifying surface temperature anomalies even after atmospheric con-306

ditions change. While the correlation between ice cover anomalies and CS modes is ex-307
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Figure 4. a), b), c), and d) are Air temperature anomalies corresponding to the dominant

HW and CS modes while e), f), g), h) are for the normalized ice cover anomalies. a) and c) are

air temperature anomalies corresponding to the first and second HW modes, while b) and d) are

corresponding to the first and second CS modes. e) and f) are normalized ice cover anomalies

corresponding to the first and second HW modes, while f) and h) are corresponding to the first

and second CS modes.
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pected, ice also influences HWs by affecting spring thermal conditions. Low winter ice308

cover leads to more heat stored beneath the surface, priming the lakes for summer HWs.309

These findings highlight the complex interplay between atmospheric patterns and lake-310

specific dynamics in shaping extreme thermal events in the Great Lakes.311

The ONI index, commonly used to identify ENSO events, was not a significant fac-312

tor in distinguishing between HW and CS modes. While past studies linked strong El313

Niño events to reduced ice cover and warmer-than-average conditions in the Great Lakes314

(Wang et al., 2012; Venumuddula et al., 2024), more recent work suggests this relation-315

ship has weakened. (Lin et al., 2022) found that ENSO was significantly correlated with316

ice cover only until the 1997/1998 winter, after which the Eastern Pacific Oscillation (EP-317

NP) became more influential. Although some strong HWs, such as those in 1998 and 1983,318

occurred during El Niño events, others did not. This suggests ENSO’s influence on ex-319

treme temperature events in the Great Lakes is inconsistent and likely mediated by other320

climate patterns.321

The EOF analysis with Promax rotation identified key modes that explained 70%322

of HW and CS variability. The choice of quarterly data analyzed in this study was de-323

signed to focus on long-term variability, perhaps at the expense of explaining some shorter324

timescale events. The unexplained sources of variance could include various localized weather325

phenomena and/or lake conditions. Furthermore, additional variability exists that may326

be better resolved using higher-frequency data, including upwelling events (Plattner et327

al., 2006), which can significantly alter coastal temperatures on shorter timescales, as328

well as storm-scale weather variability, which may only affect local climatic conditions329

for a few days. Likewise, the limited influence of wind anomalies may reflect the aver-330

aging approach, as wind-driven circulation and upwelling often act over days rather than331

seasons.332

Overall, this study shows that HWs and CSs in the Great Lakes result from inter-333

actions between large-scale atmospheric forcing, lake-specific processes, and ice cover vari-334

ability. While climate teleconnections influence their occurrence, spatial patterns and335

persistence are more strongly governed by lake depth and ice dynamics. These findings336

underscore the need to consider both regional and lake-specific drivers when assessing337

extreme temperature events in freshwater systems. Such understanding is essential for338

resource management in fisheries, habitat restoration, and water quality, where temper-339

ature extremes can impact species distributions, breeding cycles, and harmful algal bloom340

(HAB) occurrences.341
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. . . Thépaut, J. N. (2020). The ERA5 global reanalysis. Quarterly Journal of400

the Royal Meteorological Society , 146 , 1999-2049. doi: 10.1002/QJ.3803401

Hobday, A. J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub, S. C.,402

Oliver, E. C., . . . Wernberg, T. (2016). A hierarchical approach to defin-403

ing marine heatwaves. Progress in Oceanography , 141 , 227-238. doi:404

10.1016/J.POCEAN.2015.12.014405

Holbrook, N. J., Gupta, A. S., Oliver, E. C., Hobday, A. J., Benthuysen, J. A.,406

Scannell, H. A., . . . Wernberg, T. (2020). Keeping pace with marine heat-407

waves. Nature Reviews Earth & Environment 2020 1:9 , 1 , 482-493. doi:408

10.1038/s43017-020-0068-4409

–13–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Geophysical Research Letters

Huang, L., Woolway, R. I., Timmermann, A., Lee, S. S., Rodgers, K. B., & Ya-410

maguchi, R. (2024). Emergence of lake conditions that exceed natural411

temperature variability. Nature Geoscience 2024 17:8 , 17 , 763-769. doi:412

10.1038/s41561-024-01491-5413

Kaiser, H. F. (1958). The Varimax Criterion for Analytic Rotation in Factor Analy-414

sis. Psychometrika, 23 , 187-200. doi: 10.1007/BF02289233415

Lin, Y. C., Fujisaki-Manome, A., & Wang, J. (2022). Recently Amplified Interannual416

Variability of the Great Lakes Ice Cover in Response to Changing Teleconnec-417

tions. Journal of Climate, 35 , 6283-6300. doi: 10.1175/JCLI-D-21-0448.1418

Lynch, A. J., Taylor, W. W., & Smith, K. D. (2010). The influence of chang-419

ing climate on the ecology and management of selected Laurentian Great420

Lakes fisheries. Journal of Fish Biology , 77 , 1764-1782. doi: 10.1111/421

J.1095-8649.2010.02759.X422

Oliver, E. C., Benthuysen, J. A., Darmaraki, S., Donat, M. G., Hobday, A. J., Hol-423

brook, N. J., . . . Gupta, A. S. (2021). Marine Heatwaves. Annual Review424

of Marine Science, 13 , 313-342. doi: 10.1146/ANNUREV-MARINE-032720425

-095144/CITE/REFWORKS426

Plattner, S., Mason, D. M., Leshkevich, G. A., Schwab, D. J., & Rutherford, E. S.427

(2006). Classifying and Forecasting Coastal Upwellings in Lake Michigan Using428

Satellite Derived Temperature Images and Buoy Data. Journal of Great Lakes429

Research, 32 , 63-76. doi: 10.3394/0380-1330(2006)32[63:cafcui]2.0.co;2430

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvärinen, O., Ru-431

osteenoja, K., . . . Laaksonen, A. (2022). The Arctic has warmed nearly four432

times faster than the globe since 1979. Communications Earth & Environment433

2022 3:1 , 3 , 1-10. doi: 10.1038/s43247-022-00498-3434

Richman, M. (1986). Review article, rotation of principal components.435

Rieger, N. (2021). nicrie/xmca: version 0.2.2. doi: 10.5281/ZENODO.4749830436

Smale, D. A., Wernberg, T., Oliver, E. C., Thomsen, M., Harvey, B. P., Straub,437

S. C., . . . Moore, P. J. (2019). Marine heatwaves threaten global biodiversity438

and the provision of ecosystem services. Nature Climate Change 2019 9:4 , 9 ,439

306-312. doi: 10.1038/s41558-019-0412-1440

Till, A., Rypel, A. L., Bray, A., & Fey, S. B. (2019). Fish die-offs are concurrent441

with thermal extremes in north temperate lakes. Nature Climate Change 2019442

9:8 , 9 , 637-641. doi: 10.1038/s41558-019-0520-y443

Venumuddula, M., Kirchner, K., Chen, A., Rood, R. B., & Gronewold, A. D. (2024).444

Combining Satellite, Teleconnection, and In Situ Data to Improve Under-445

standing of Multi-Decadal Coastal Ice Cover Dynamics on Earth’s Largest446

Freshwater Lake. Earth and Space Science, 11 , e2024EA003845. doi:447

10.1029/2024EA003845448

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Courna-449

peau, D., . . . Contributors, S. . (2020). SciPy 1.0: Fundamental Algorithms450

for Scientific Computing in Python. Nature Methods, 17 , 261-272. doi:451

10.1038/s41592-019-0686-2452

Wang, J., Bai, X., Hu, H., Clites, A., Colton, M., & Lofgren, B. (2012). Temporal453

and spatial variability of Great Lakes ice cover, 1973–2010. Journal of Climate,454

25 , 1318-1329. doi: 10.1175/2011JCLI4066.1455

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and fresh-456

water ecosystems: impacts across multiple levels of organization. Philosophical457

Transactions of the Royal Society B: Biological Sciences, 365 , 2093-2106. doi:458

10.1098/RSTB.2010.0055459

Woolway, R. I., Jennings, E., Shatwell, T., Golub, M., Pierson, D. C., & Maberly,460

S. C. (2021). Lake heatwaves under climate change. Nature 2021 589:7842 ,461

589 , 402-407. doi: 10.1038/s41586-020-03119-1462

Woolway, R. I., Kayastha, M. B., Tong, Y., Feng, L., Shi, H., & Xue, P. (2025). Sub-463

surface heatwaves in lakes. Nature Climate Change 2025 , 1-6. doi: 10.1038/464

–14–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Geophysical Research Letters

s41558-025-02314-0465

Yao, Y., Wang, C., & Fu, Y. (2022). Global Marine Heatwaves and Cold-Spells466

in Present Climate to Future Projections. Earth’s Future, 10 , e2022EF002787.467

doi: 10.1029/2022EF002787468

–15–


