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Abstract

Lake Champlain is a deep, temperate freshwater lake that experiences summer stratification, which
limits interactions between surface and deep waters. Wind-induced storms disrupt this
phenomenon by altering thermal stability. We collected high-frequency vertical temperature
profiles in Lake Champlain’s Main Lake segment during the warm seasons 2016-2025 in 50 m
water. We estimated the frequency, timing, and intensity of thermal changes in the water column
and classified them into five severity levels (Level 1-5). From 2016 to 2025, a total of 77 storms
exceeded an epilimnion depth of 25m between July 15 and September 15. These events occurred
five to ten times each fall, with the highest frequency in 2018 with the occurrence of ten storms.
The lowest frequency occurred in 2024 with just five events, however they were mainly intense
storms (Levels 3-5). Each storm exhibited distinct dynamics likely influenced by variations in
wind forcing and stratification strength. Combining storm detections and classifications with
nearby wind observations, we compiled a mean state of storm levels (i.e., Level 1-5) and created
level-specific metrics. Wind forcing and epilimnion response occurred faster at the onset than
during their respective recovery. Levels 4 and 5 were shown to be strong enough to temporarily
collapse the metalimnion below the stratification threshold, consistent with localized turbulent
entrainment (LTE). These findings establish a baseline for characterizing storm-induced thermal
disturbances and suggest that seiche or internal wave activity may contribute to subsurface impacts

that continue after surface wind forcing has weakened or dissipated.

Keywords
Thermal stratification, Metalimnion collapse, Localized turbulent entrainment, Storm detection,

Disturbance event, Thermal stability
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Introduction

Large, deep lakes are warming more rapidly due to shorter periods of ice cover, decreasing
cloud cover, and rising air temperatures (Austin et al., 2007; O’Reilly et al., 2015). As a result,
these lakes are experiencing earlier and stronger stratification events (Winslow et al., 2014;
Mesman et al., 2022), with potential negative implications for lake biodiversity, including
phytoplankton growth (e.g., nutrient depletion in the epilimnion; Reynolds, 1997) and cold-water
fish species (e.g., hypoxic hypolimnion; Pettersson et al., 2003; Nowlin et al., 2005; North et al.,
2014; Butcher et al., 2015; Woolway et al., 2022). Lake stratification is shown to be largely
impacted by wind disturbance, especially in autumn due to convective cooling (Yang et al., 2018).
Unlike oceans, the energy input in freshwater lakes relies solely on wind to redistribute oxygen
and nutrients throughout the water column (Mesman et al., 2022), underscoring the importance of
wind events for lake mixing and dynamics.

“In meteorological terms, storms are defined as either atmospheric disturbances in
prevailing winds and pressure ranging from tornadoes (1 km across) to extratropical cyclones
(2000-3000 km across), or wind speeds between 48 and 55 knots” (25 and 28 m s!; Beaufort scale
wind force 10; World Meteorological Organization, 1967, p. 148). However, in more regional
contexts and for the purposes of this study, storms are defined as periods of rapid vertical
temperature change in the water column (Stockwell et al., 2020), during which wind speeds exceed
6 ms'; for a prolonged period of time and can begin altering thermal stratification (Wu et al.,
2015; Wang et al., 2022). These events can displace organisms and their resources, redistributing
populations, communities, and ecosystems, with the scale of these disturbances influenced by
storm frequency, intensity, and duration, all of which are increasing with climate change (Lake,

2000; Guilbert et al., 2014; Woolway et al., 2018). In deep, temperate lakes, this process typically
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occurs when hypolimnetic water is displaced toward one end of the lake and epilimnetic water is
forced downward, resulting in localized thermocline displacement.

Whenever lake stratification is altered, “habitats will open or close” causing organisms
within these habitats to experience shifting population dynamics and potential alterations of food
webs and other limnological variables such as nutrient cycling (Nixon, 1988). Although temperate
lake stratification is well studied in eutrophic lakes (Maclntyre, 1993; Kimura et al., 2017; Yang
et al., 2018), to date, most studies exploring the impact of storms on lake characteristics have
focused on medium, or shallow lakes (James et al., 2008; Havens et al., 2016; Doubek et al., 2021),
with less attention given to deep and/or oligotrophic systems. Deep, temperate lakes are of
importance due to their large freshwater storage capacity and sensitivity to climate change
(Butcher et al., 2015). While studies on larger, deep lakes are more limited, one by Andersen et
al., (2020) documented storm-driven reductions in Schmidt stability, thermocline depth, and lake
number - a dimensionless metric of mixing intensity - with subsequent alterations to nutrient and
carbon availability lasting days to months. Kraemer et al., (2015) suggested that deep lakes may
experience fewer mixing events overall, but exhibit greater changes in stability, and deeper
thermoclines when mixing does occur. This suggestion was validated during an extreme event
described by Woolway et al., (2018), which highlighted a short-lived mixing and rapid thermocline
deepening, that altered seiche dynamics and thermal structure with effects on the vertical
distribution of oxygen and nutrients, influencing phytoplankton growth and distribution. The
extent of thermocline deepening has been shown to depend on storm duration and wind speed
(Andersen et al., 2020), while rapid temperature changes can also impact other aquatic organisms,
from plankton and macroinvertebrates (Scrine et al., 2017) to fish (Johnson et al., 2024).

Understanding storm thresholds is critical for assessing event intensity and predicting varying
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ecosystem responses of deep lakes, especially when thresholds are dependent on local geography
and bathymetry.

Lake Champlain is an economic driver for the Champlain Valley of New York, Vermont,
and Quebec, including recreational, agricultural, and tourism purposes (Guilbert et al., 2014), but
is sensitive to environmental stressors (Smeltzer et al., 2012). Additionally, global change has
impacted the lake with the introduction of invasive species (Marsden and Hauser 2009; Arnwine
et al., 2025) and warming (Stager and Thill 2010) impacting its vitality.

Potentially representative of the Great Lakes (Facey et al., 2012), Lake Champlain’s long
and narrow shape and predominant along-axis wind pattern make it an ideal site to study
hydrodynamics such as seiches, or internal oscillations. Currents have been previously shown to
substantially alter the water column, particularly the hypolimnion (Manley et al., 1999; Manley
2004). Under typical, warm-season conditions, currents above and below the metalimnion are
reversed in direction and the primary driver of summer circulation in the Main Lake (Myer and
Gruendling 1979; Manley et al., 1999). However, a characterization of storm events and the
resulting ecological impacts has yet to be completed.

In Lake Champlain, high-wind events lasting more than one day, such as storms, can
rapidly displace the metalimnion, creating a surge of epilimnetic water that moves upwind, as well
as an internal bore in deep water layers that travels in the opposite direction (Figure 1). Several of
these internal bore events have been observed in the Main Lake, particularly around Valcour
Island, most often during periods of weak stratification in early summer and late fall—when low

Schmidt stability facilitates greater metalimnion oscillations (Manley et al., 1999).
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Figure 1. Thermal temperature profile at the Valcour buoy site with a change in structure
following a wind event on 8/09/24.

Although extreme events, including storms, can be difficult to physically study in large,
deep lakes, as they are often rare, short-lived, hard to predict, and pose safety concerns (Mesman
et al., 2022), the deployment and utilization of higher frequency monitoring buoy data offers a
unique perspective to understand the influence of storms on these systems in real time. To help
address critical knowledge gaps in deep lake limnology and improve the understanding of wind
events on deep lake stratification, we use 10 years of monitoring-buoy data to characterize the
impacts of storm events on Lake Champlain, a large, dimictic temperate lake that has been subject
to more frequent and extreme weather events in recent decades (Jeppesen et al., 2021).

Specifically, we aim to assess the magnitude and frequency of wind-driven disruptions to deep
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lake stratification and temperature profiles in Lake Champlain’s Main Lake basin; as well as
categorize and analyze these storm events by quantifying their intensity, duration, and the time
required for thermal conditions to return to pre-storm conditions. By characterizing events in this
lake, we aim to establish a foundation for how storms may impact Lake Champlain, and other
similar deep-lake ecosystems.
Data and Methods
Study Site

Lake Champlain is a 1,127 km? freshwater lake with a mean and maximum depth of 19.5
m and 122 m, respectively (Myer and Gruendling, 1979; Cohn et al., 2007). The lake has a complex
bathymetry and comprises five distinct basins: South Lake, Malletts Bay, Northeast Arm,
Missisquoi Bay, and Main Lake - the deepest basin and focus of this study (Figure 2; Myer and
Gruendling, 1979; Facey et al., 2012). Winds in this region are primarily southerly (i.e., from the
south), and are tunneled by the surrounding Adirondack and Green Mountains (Laird et al., 2009).
The Main Lake basin of Lake Champlain is located just south of Valcour Island. With a surface
area of 682 km?, it contains approximately 80% of Lake Champlain’s total water volume. It
exhibits considerable internal variability and is classified as oligotrophic to mesotrophic (Myer
and Gruendling, 1979). At the onset of summer stratification, the Main Lake’s long, deep, and
narrow bathymetry cause currents and internal seiches with a typical period of 3.9 - 4.6 days
(Hunkins, 1998; Manley et al., 2004). Summer stratification, resulting in a distinct epi-, meta- and
hypolimnion, typically begins in June and persists until late September to November (Myer and

Gruendling, 1979).
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Figure 2. Bathymetric map of Lake Champlain’s Main Lake basin depicting the location of the
Valcour Island data buoy (44° 36" 0" N, 73° 23" 38.4" W) and Colchester Reef Meteorological
Station (44° 33" 18.36" N, 73° 19" 45.12" W) which provided wind speed and direction.
Field Methods

Each year since 2016, a NexSens CB-450 model data buoy (hereafter referred to as the
Valcour buoy) was deployed north of the Main Lake midpoint in 50 m of water for approximately
five months (i.e., May to October; Figure 2). From 2016 to 2023, the Valcour buoy was equipped
with an AirMar 200WX weather sensor providing real-time measurements of air temperature and
atmospheric pressure. In 2024 it was replaced with a Lufft WS-502 Series Smart Weather Sensor
to provide additional information on UV solar radiation and humidity, and a NexSens wave sensor

(SVS-603HR) to measure wave height, direction, and period. A NexSens ADCP (Aanderaa 5400,
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Acoustic Doppler Current Profiler Sensor) was mounted to the buoy in 2025 and programmed to
measure current velocity and direction at 5 m intervals from 2.5 m to 47.5 m water depth. Finally,
throughout the entire 10-year monitoring period, a NexSens TS210 thermistor string was attached
to the buoy to provide 1 m spatial resolution for the first 30 m and 2 m resolution thereafter to a
depth of 49 m.

Data were downloaded every 15 minutes to NexSens’ WQ Data Live interface, facilitating
real-time conditions of developing and on-going storm events. Although data for this project were
available between May-October from 2016-2025, our focus was on late summer and fall (i.e., July
15-September 15) when the Main Lake has stratified, and storm and high-wind events are more
frequent in the region.

Data Analysis

Detecting and Categorizing Storms

All data processing and visualization to analyze seasonal patterns, thermal profiles, and
storm events was completed in R (R core Team, 2026; version 4.4.1) using the tidyverse package
(Wickham et al., 2019), the /ubridate package for date-time manipulation (Grolemund and
Wickham, 2011), the rLakeAnalyzer package for water analyses (Winslow et al., 2019), and the
strucchange package for breakpoint analyses (Zeileis et al., 2002; 2003). To categorize and
quantify storms, we used the meta.depths and thermo.depth functions in rLakeAnalyzer to
determine the depths of the thermocline, top of the metalimnion (epilimnion), and bottom of the
metalimnion (hypolimnion) (Winslow et al., 2019). Although using raw temperature data to
diagnose stratification is widely used, the water density method utilized by rLakeAnalyzer is more
physically fundamental and provides more consistent epilimnion conditions in mid-summer

months (Wilson et al., 2020).

10
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The meta.depths function calculates both the top and bottom depths of the metalimnion in
a stratified lake; however, we primarily focused on the bottom of the epilimnion (i.e., top of the
metalimnion), as it is common in biological limnology to relate the bottom of the epilimnion to
productivity (Wilson et al., 2020). Additionally, although the default settings in rLakeAnalyzer
identifies stratification if the density gradient is larger than 0.10 kg/m?, we found this condition to
be too lax for Lake Champlain and increased it to 0.15 kg/m? to provide stricter conditions for
thermocline detection (Winslow et al., 2019). This larger threshold was determined through
extensive evaluation of observed conditions throughout the warm season.

Storm events were identified by detecting instances when the maximum epilimnion depth
exceeded 25 m. Detected events were then classified into 5 severity levels based on the maximum
depth the epilimnion reached in a given event: 25-30 m (Level 1), 30-35 m (Level 2), 35-40 m
(Level 3), 40-45 m (Level 4), 45-50 m (Level 5). All 77 storms were cataloged and assigned a
unique storm ID number. Previous work by Andersen et al., (2020) attempted to detect storms
using a wind energy input calculation but found it ineffective due to a highly erratic wind output.
As a result, they relied on “smoothed wind speed data” to detect storms. Our methods deviated
from this approach. We used changes in thermal gradient to detect storms, which enables further
classification. Specifically, this method captures variations in energy transfer that wind speed
alone cannot represent, providing a more comprehensive measurement of the transfer of wind
energy into the water.

Wind Speed and Direction

Long-term wind data, spanning 2016-2025, were obtained from the nearby Colchester Reef
Meteorological Station, located ~7 km from the buoy and positioned ~8 m above the lake surface

(Figure 2). Weather data were measured every 15 minutes resulting in comparable time increments

11
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to the Valcour data buoy. Average wind speed (ms™) for each mean storm behavior level was
calculated with standard deviation following methods similar to Doubek et al., (2021). However,
whereas Doubek et al., (2021) calculated the average wind speed of storms from 00:00 to 23:59,
we calculated mean wind speed using data gathered 24 hours before and after the date and time in
which the maximum epilimnion was reached. Wind and storm data were combined and used to
calculate the mean wind velocity and direction.

Mean State of Storms

To capture the mean state condition of each storm level, observations collected within a
96-hour window surrounding each maximum epilimnion depth were compiled (i.e., 48 hours
before and after the maximum epilimnion depth occurred). Mean conditions were extracted from
atotal of 40 Level 1, 15 Level 2, 8 Level 3,4 Level 4, and 7 Level 5 storms using 15-minute rolling
averages (k = 10; Table 1; Figure S1; Table S1). Of the 77 total storms, only one Level 4 (storm
ID 95) and one Level 5 (storm ID 44) event were discarded due to irregular behavior and the onset
of late season fall turnover, which resulted in irregular values of the pycnocline.

To further characterize each storm, the temporal rate of change in wind and epilimnion
depth were calculated throughout the storm forcing and recovery stages using the following criteria
(Table 2). For Level 1-3 events, storm forcing for wind and epilimnion depth began when wind
speeds reached >5 ms™' and continued until a maximum wind speed and epilimnion depth were
reached. For Level 4 and 5 events, storm forcing began once wind speeds started to continuously
increase, with wind forcing persisting until the maximum wind speed was recorded. Epilimnion
forcing was calculated until the metalimnion collapse began, at which point the slopes of the
metalimnion collapse were determined using the point where the collapse was continuous up until

the maximum epilimnion depth was reached. For both wind and epilimnion depth, storm recovery

12
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was determined by calculating the slope between maximum wind speed and/or epilimnion depth
and their corresponding values 48 hours later.

Acoustic doppler current profiler (ADCP) data, available only for the 2025 season, were
utilized to better understand Lake Champlain hydrodynamics (i.e., current direction and velocity).
Specifically, we focused on one Level 5 event spanning August 23-27, 2025 to look for any
potential seiche activity. Although only one high-intensity event was analyzed, this facilitates
understanding of basin-scale water movement, rather than at a single buoy site.

Results
Water Temperature

Trends in maximum surface temperatures followed a consistent pattern of warming
followed by seasonal cooling across 2016-2025, with the maximum surface temperature ranging
from 23.14-26.21°C, typically occurring between July 20 and August 23 (Figure 3). Following

these maximum dates, temperatures declined as convective cooling began.

13
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Figure 3. Annual (2016-2025) vertical thermal temperature profiles at the Valcour Buoy from July
15-September 30.

Across the entire dataset and monitoring season, 2020 was the warmest year overall,
reaching the highest maximum surface temperature (Figure 3). Similarly, 2017 was the coolest

year overall with the lowest maximum surface temperature. Notably, 2021 had the second highest

14
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maximum temperature, but was the second coolest year overall, reaching its maximum temperature
the latest, while 2023 had the earliest warmup date out of the dataset.
Storm Frequency, Intensity, and Seasonality

A total of 77 storms occurred between 2016 and 2025, during which the epilimnion
exceeded 25 m depth; however, storm frequency and intensity was highly variable across years,
with highest frequency storms recorded in 2018, and least in 2024 (Figure 4a). Low-intensity
(Level 1) storms occurred most frequently, accounting for 52% of the total storms. Storm counts
generally decreased as severity increased, with Level 2-5 storms accounting for the remaining 19,
10, 8, and 10 percent of total storms, respectively. Although 2018 experienced the highest
frequency of storms, it did not include any high-intensity (Level 4, 5) storms. Similarly, 2016 and
2017 were dominated by low-intensity (Level 1, 2) storms, with only a single event reaching Level
3 and Level 4, respectively. In contrast, beginning in 2019, at least one Level 4 or 5 storm occurred
annually, during which the epilimnion reached the lake bottom, with the exception of 2022, which
had the second lowest storm frequency and lowest intensity. Despite this observed pattern,
breakpoint analysis revealed no significant shift in the frequency of storm intensity over time
(strucchange package: p = 0.59).

A distinct seasonal pattern of storm events was observed over time, with Level 1 storms
occurring regularly throughout the study period, and higher-severity storms (Level 3 or greater)
generally restricted to late summer (i.e., post-August 15; Figure 4b). This pattern is particularly
apparent between 2016-2019, when no Level 3-5 storms occurred until late August. In contrast,
beginning in 2020, Level 3-5 storms began to form earlier in the season, between July 19th and
August 8th. Breakpoint analysis confirmed this trend and detected a shift in the timing of high-

intensity storms beginning in 2021 (p = 0.018).

15
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Figure 4. (a) Total number of storms from 2016-2025 and (b) Seasonality of storms between July
15 and September 15, grouped by Severity Level — 1 through 5 (i.e., the maximum depth reached
by the epilimnion).
Wind

Winds associated with storm events were strongly directional, dominated by southerly
(150°-210°) followed by notably smaller south-easterly winds (120°-150°; Figure 5a; Table S2).
Westerly winds were the third most dominant, whereas easterly winds were almost entirely absent.

Southerly wind speed was similar across years, ranging from 20,000-~27,000 m s™' with little

16



299  variation, aside from 2022 when total southerly wind speeds did not exceed 10,000 m s™* (Figure
300  5b). Wind speed was typically lower (70% of the time) during the early fall period (mid-July to
301  mid-August) compared to later in the season (mid-August to mid-September), particularly during

302 2022, where southerly winds were near absent until the end of the fall season (Figure 5c).
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Figure 5. (a) Wind speed (ms™') and direction (deg®) annually from July 15-September 15, (b)
total southerly wind speed (m s™') annually from July 15-September 15, (¢) wind speed binned into
beginning of fall (Jul. 15-Aug. 15) compared to late (Aug. 15-Sept.15) season. All wind data were
derived from the Colchester Reef Meteorological Data (FEMC 2017).
Valcour Buoy Average Storm Behavior

Level 1 category storms maintained a consistent metalimnion throughout the storm
duration (96-hour monitoring period), where both the top and bottom layers were pushed down
collectively, never fully converging (Figure 6a). During these events, the epilimnion and
hypolimnion maximum depths reached average values of 24.04 m and 24.85 m, respectively.
Winds were primarily southerly with wind speeds peaking to approximately 8.25 ms™', roughly
17.3 hours prior to the maximum epilimnion depth. Wind forcing persisted for 26 hours before

speeds began to decrease.
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Figure 6. Mean conditions at the top (epilimnion) and bottom (hypolimnion) of the metalimnion
across all 40, Level 1 (a), 15 Level 2 (b), 8 Level 3 (c), 4 Level 4 (d), and 7 Level 5 (e) storms
from 2016-2025. Mean wind speed (m s™) over the same periods is shown on a secondary axis,
with wind direction (deg®) depicted by different colors.

Level 2 category storms behaved similarly to Level 1’s, maintaining a defined metalimnion
throughout the storm events despite the epilimnion and hypolimnion reaching maximum depths of

27.80 m and 28.43 m respectively (Figure 6b). Southerly winds dominated, with speeds peaking
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at 10.56 ms™', approximately 16 hours prior to the maximum epilimnion depth. Wind forcing
duration was slightly shorter than Level 1 storms, persisting for approximately 22.75 hours before
beginning to decrease.

Unlike Level 1 or 2 storms, Level 3 category storms were characterized by multiple,
intermittent collapses of the metalimnion (i.e., the same top and bottom metalimnion values),
creating an intermediate state between stable stratification and complete lake mixing (Figure 6c).
Specifically, over 20 instances were recorded beginning 30 hours prior to the maximum epilimnion
depth, with each intermittent collapse persisting for approximately 15 minutes. During these
events, the epilimnion and hypolimnion reached maximum depths of 32.24 m and 32.91 m
respectively. Winds were primarily from the south, with peak speeds of approximately 12.32 m s™
occurring about 16.75 hours prior to the maximum epilimnion depth. The duration of wind forcing
was shorter than Level 1 or 2 storms, lasting roughly 16.75 hours before decreasing.

Once storms reached category Level 4 and the epilimnion declined to 33 m depth, the
metalimnion collapses and remains collapsed for longer than the 15-minute periods observed in
Level 3’s, in what we refer to as a metalimnion continuous collapse period (MCCP; Figure 6d).
During these events, the metalimnion remains collapsed for 1.75 hours on average, beginning
roughly 0.5 hours prior the maximum epilimnion depth. As with Levels 1-3 storms, winds were
predominantly from the South. However, prior to the MCCP, both the epilimnion and hypolimnion
depths plateaued, coincident with a near simultaneous plateau in wind speed and shift in wind
direction. Epilimnion and hypolimnion depths remained constant for ~3 hours before rapidly
declining to maximum depths of approximately 38 m. Wind speeds peaked at 14.47 ms™,
occurring 17.75 hours prior to the maximum epilimnion depth on average. As with Level 3 storms,

wind forcing duration persisted for 16 hours before beginning to decrease.
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Finally, Level 5 category storms also exhibited metalimnion continuous collapse periods
(MCCPs), beginning once the epilimnion reached depths of roughly 41.61 m (Figure 6¢). As with
Level 4 events, the MCCPs began 0.5 hours prior to the maximum epilimnion depth (47.54 m).
However, unlike Level 4’s, the metalimnion reformed following maximum epilimnion depth, and
instead experienced intermittent collapses for the next 6 hours more like Level 3 storms. Winds
were predominantly southerly, with maximum speeds of approximately 15.57 ms™ occurring
roughly 11.75 hours prior to the maximum epilimnion depth, and an average wind forcing duration
of 21.58 hours. Interestingly, the largest decrease in epilimnion depth and formation of the MCCP
corresponds with a reduction in wind speed and shift in direction.

Table 1 Summary metrics for Severity Level 1-5 storms calculated from the mean state using a

moving average (k = 10).

. Epilimnion | Hypolimnion | Peak Wind . . La Potential
Severty | x| MaxDepth | Speed | Wi FOreing | qip, | MCCP |y

Depth (m) (m) (ms™) (h) Biota

1 24.04 24.85 8.25 26.00 -17.3 NA Weak

2 27.80 28.43 10.26 22.75 -16.0 NA Weak

3 32.24 32.91 12.32 16.75 -20.8 NA Intermediate

4 38.22 38.81 14.47 16.00 -17.8 1.75 Strong

5 43.48 43.93 15.57 21.58 -11.8 0.50 Strong

Table 2 Storm metric slopes for each storm level.

. Wind Speed Wind Epilimnion Epilimnion Metalimnion o
Severity Epilimnion
Level Storm Speed Storm Storm Response Collapse, Recovery

Forcing Recovery | Response —if MCCP LTE
1 -0.12 0.04 -0.15 NA NA 0.15
2 -0.24 0.08 -0.31 NA NA 0.25
3 -0.43 0.13 -0.29 NA NA 0.24
4 -0.59 0.17 NA -0.58 -7.48 0.40
5 -0.49 0.22 NA -0.62 -11.86 0.53

Opportunistic ADCP data collected during an August 23-27 Level 5 storm event helps
demonstrate the relationship between wind and water currents (Figure 7). Sustained southerly wind

forcing creates north moving currents throughout the water column, with peak current velocity (30
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cm/s) corresponding with maximum wind speeds. Following this peak, both current velocity and
wind speeds decreased for approximately 12 hours before current velocity increased again despite
simultaneous reductions in wind speed. During this second increase in current velocity, winds
remained southerly and began to shift westerly, whereas currents rotated direction 180 degrees and
began flowing south throughout the water column, consistent with reversals in flow observed by

Myer and Gruendling (1979).
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Figure 7. Wind speed and direction (top) and corresponding water current velocity and direction
(bottom) captured during a Level 5 storm in August 2025. Colored lines for wind indicate the
direction from which winds derive. Colored backgrounds for currents indicate current velocity
with black arrows indicating the direction currents are flowing towards at 2.5 m depth intervals.
Red and blue lines represent epilimnion and hypolimnion depths throughout the storm event with
the red dashed box highlighting a period consistent with seiche-driven tilting or the passage of an
internal bore/wave.
Discussion

While storm events have been increasing in frequency and duration in recent years, most
studies have focused on characterizing their impacts on medium and small shallow lakes, with
limited work on large, deep freshwater systems. To address this knowledge gap, we utilized a long-
term dataset of high-resolution data buoy observations to improve the understanding of the effects
of storms on Lake Champlain. Results suggest that the frequency and timing of high-intensity
storms (Levels 3-5) vary widely and can trigger metalimnion continuous collapse periods
(MCCPs). Intense storms occurring irregularly, and the resulting localized mixing during the
MCCPs has important implications for biological and chemical processes. These findings
demonstrate the extreme impacts of more frequent and severe storms on deep lake limnology and
highlight the importance of continued monitoring to comprehensively characterize these events
over prolonged timescales.
Storm Frequency and Intensity 2016-2025

Collectively, Level 1 and 2 storms were the most dominant storm type throughout the study
period, comprising 71% of Lake Champlain storm events. Storm intensity is related to initial

thermal structure and resulting Schmidt stability. Generally, low-intensity storms require less
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energy and thus can occur more frequently. In comparison, the high-intensity Level 3-5 storms are
incited by greater wind forcing and more specific atmospheric conditions. However, the thresholds
shift as the degree of stability changes through the seasons (Jennings et al., 2012). Although our
observations do not suggest an increased frequency in high-intensity storms over the past decade,
there has been a shift since 2021 of strong storms able to influence lake stratification beginning
earlier in the season. The majority of Level 3-5 storms still occurred after August 15, in concert
with seasonal cooling and further driving the breakdown of stratification (Yan et al., 2018).
Epilimnion temperature declines in discrete steps during the late summer/fall strong storms,
consistent with sequential entrainment events tied to individual wind pulses within the storm,
rather than a single continuous mixing process.

Epilimnion thickness is influenced by factors such as lake morphology, seasonality, fetch,
and wind action, including storm events (Boeher and Schultz, 2008). Accordingly, our findings
show a positive relationship between epilimnion depth and storm intensity coupled with wind
speed, with a deeper epilimnion associated with increased storm intensity (Table 1). However,
once storms reach Level 3, the top and bottom values of the metalimnion begin to converge, with
longer and more pronounced MCCPs in Level 4-5 events. During both Level 4 and Level 5 storms,
the MCCP began 0.5 hours before the maximum epilimnion depth. Surprisingly, the continuous
collapse period for Level 5 storms was shorter than Level 4’s, persisting for only 0.5 hours total
before experiencing intermittent collapses for the following 6 hours. To our knowledge, magnitude
and locality of metalimnion collapse events have not been studied but are analogous to the
temporary entrainment documented in Woolway et al. (2018).

Wind
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Lake Champlain weather events have been documented primarily under northerly or
southerly winds during winter conditions (Laird et al., 2009). This pattern is consistent with our
late summer-fall observations, which were dominated by southerly winds, likely reflecting
tunneling by the surrounding Adirondack and Green Mountains (Laird et al., 2009).

These primarily uni-directional wind events have important implications for lake
dynamics. Wind energy is transferred to the surface water through friction, generating waves,
currents, and turbulence that redistribute heat, nutrients, and dissolved oxygen throughout the
water column (Nixon, 1988; Boehrer and Schultze, 2008). The magnitude of these effects depends
on wind speed and duration, as well as lake fetch and bathymetry (Nixon, 1988). Stronger,
sustained winds along a narrow, long lake like Lake Champlain can deepen the epilimnion which
can initiate interaction between the epi- and hypolimnion and weaken stratification (Boehrer and
Schultze, 2008). This interaction is occurring in our Level 4 and 5 storms, potentially resulting in
temporary nutrient and oxygen exchange, whereas wind stress for lower intensity Level 1-3 storms,
likely only impacts the surface/epilimnion waters (Boyce et al., 1989).

In Lake Champlain, strong storms caused temporary metalimnion continuous collapse
periods (MCCPs) lasting between 0.5 and 1.75 hours, before the metalimnion reformed and
returned to equilibrium over the next 12-24 hours. This recovery in thermal stratification indicates
that our observations of storm responses before September 15 are a result of localized deepening
of the metalimnion rather than complete basin overturn, which typically occurs in Lake Champlain
in late fall (Manley et al., 1999). Long-term observations from the Main Lake basin of Lake
Champlain indicates warming of the hypolimnion (Manley et al., 1999); however, the mechanisms
driving this warming remain uncertain. Manley et al., (1999) suggested that these temperature

increases may result either from surface outcropping of hypolimnetic waters during periods of

25



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

reduced stratification or from enhanced internal mixing at the shoaling ends of the lake, processes
that can be intensified by strong wind events. A third suggestion based on findings from this study
could be that storm-induced mixing delivers warm epilimnetic water to the lake bottom, with more
frequent, high-intensity storms gradually increasing hypolimnetic temperatures over time. It is also
likely that all three possibilities work in concert to warm the hypolimnion prematurely, with
potentially negative implications for aquatic species, though exploring this possibility was beyond
the scope of this manuscript.

Lake Champlain Storm Behavior

Wind forcing duration varied across storm severity levels, though generally decreased with
storm severity, except for Level 5 storm events, which had the third longest total wind forcing
duration. Wind speed and epilimnion depths exhibited steeper slopes during storm forcing than
during post-storm recovery, underscoring the positive relationship between wind speed and
thermal structure.

All storms (Levels 1-5) exhibited a consistent lag period between peak wind speed and
maximum epilimnion depth, ranging from 11.8 hours (Level 5) to 20.8 hours (Level 3). This delay
indicates continued epilimnion deepening after peak wind forcing. In Level 4 and 5 storms, this
leads to a metalimnion collapse period. Support for this can be seen in our opportunistic ADCP
which captured a late season Level 5 storm in 2025 and highlights several instances of increased
current velocity, independent of wind speed and direction (Figure 7). Specifically, it is possible
that southerly winds could be driving basin-scale tilting of the water column, pushing epilimnetic
waters to the north (as depicted in Figure 8). As a result, localized metalimnion displacement may
be forced downward at the buoy site until the wind speeds reduce or change direction as the

meteorological front passes. Afterwards, we suspect that the basin undergoes a seiche response as
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the water column attempts to return to equilibrium, further depressing the metalimnion beyond the
initial wind forced displacement as the system rebounds due to weakened stratification strength.
This behavior is most prominent in Level 3-5 storms, likely because the magnitude of the response
depends on wind forcing itself (Imberger, 1998; Andersen et al., 2020). As wind stress increases,
the resulting turbulent motions deepen the epilimnion further and erode the density gradient of the
metalimnion, potentially causing the MCCPs, or localized turbulent entrainment observed in Level

4 and 5 events.

Wind Forcing Seiche

Figure 8. Conceptual diagram depicting influence of wind forcing followed by potential seiche
activity, further influencing lake thermal structure and metalimnion depth during storm events.

These high-intensity events likely impact not only the lakes’ thermal structure, but also
results in rapid changes in overall lake dynamics (Jennings et al., 2012; Woolway et al., 2018).
These events are also likely only exhibited in the Main Lake segment, as other segments of the
lake vary in depth, fetch, and overall ecology (Myer and Gruendling, 1979). In the future,
consideration of wind forcing duration rates and slopes, could potentially be predictive of when
and how deep the epilimnion will react and respond along with the ecosystem as a whole.
Potential Impacts on Biota

Although more work is needed to characterize seiche responses to storm events and the
relationship to epilimnion depth, the consistent lag times between maximum wind speed and

epilimnion depth associated with each storm level can be predictive of when and how deep the
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epilimnion will decline. This predictive information could be extremely valuable to future studies,
allowing researchers to narrow their focus on when and where to sample to better characterize
changes in the physical and biological limnology throughout these events. This is especially
important because wind events in Lake Champlain show increasing physical and biological
impacts with storm severity. Based on findings by Doubek et al., (2021), low-level storms should
have limited influence on biotic responses, with potential implications for lake biota beginning
with Level 3 events as the metalimnion begins to experience intermittent collapses. In contrast,
Level 4 and 5 storms are likely to have a strong effect on lake communities, as a continuous
metalimnion collapse and strong deepening of the epilimnion may facilitate increased vertical
interaction between layers. This idea is supported by previous research documenting a
redistribution of cyanobacteria and nutrient-rich hypolimnetic water into the surface layer
following a moderate to strong wind event (Planas and Paquet, 2016; Weinke and Biddanda, 2019).
However, because biological implications were beyond the scope of this study, future work should
prioritize understanding biological responses and interactions before, during, and after storms in
this region, including how long systems and communities remain in flux. For instance, while
thermal structure in this study returned to pre-storm conditions within 48 hours of maximum
epilimnion depth, other studies have found stability changes to persist for up to 45 days (Jennings
et al., 2012; Andersen et al., 2020), suggesting a lag between biological and physical response
times.
Study Limitations

One potential limitation of this study involves its relatively short timescale. Although we
synthesize 10 years of data totaling 77 storms, there were relatively few high-intensity storm events

(e.g., only 7 total Level 5 events), limiting statistical power and the ability to fully characterize
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their impacts. Future work should therefore continue monitoring storm events and recording
patterns in thermal structure to build a more comprehensive database characterizing high-intensity
storm disturbances. Additionally, the present study was restricted to one monitoring buoy (i.e.,
sampling point) in Lake Champlain’s Main Lake, limiting our ability to fully assess basin-scale
impacts and directly tease apart horizontal advection versus diapycnal mixing. The incorporation
of additional sampling points in the Main Lake, particularly north and south of the Valcour buoy
site should be considered, as these additional sites could help target and characterize seiche activity
and responses to storm events, such as oscillation period. Higher frequency observation rates are
also needed to completely distinguish LTE from the passage of an internal bore or wave.
Conclusions

As lakes experience greater warming and altered thermal structure from increased storm
activity, there is an ever-pressing need to understand the impacts of these storms on large, deep
freshwater systems. By categorizing 10 years of storm data into five severity levels based on
maximum epilimnion depth, we provide a comprehensive description of the impacts of storm
frequency and intensity on Lake Champlain’s thermal structure. All storms (Levels 1-5) were
driven by sustained southerly winds with the duration of wind forcing and maximum wind speed
influencing epilimnion depth. Levels 1 and 2 storms were most frequent but experienced the
weakest change in thermal structure, with a distinct metalimnion present throughout each storm
event. Beginning with Level 3 events, the metalimnion begins to experience intermittent
metalimnion collapses, with full metalimnion continuous collapse periods (MCCPs) lasting up to
1.75 hours observed in stronger Level 4 and 5 storms, likely caused by localized turbulent
entrainment and compounded by post-storm seiche activity. This interaction between wind forcing

and seiche activity is potentially responsible for the lag time observed between maximum wind
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speed and maximum epilimnion depth observed in all storm levels. While more work is needed to
better understand this interaction, we propose that in the interim, these lag times can be used to
inform future sampling events to collect and begin characterizing biological responses to each
storm level. Collectively, this research provides a groundwork for understanding the effect of

winds, storms, and subsequent seiches on deep lake limnology and thermal structure.
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Supplemental Information

699

Figure S1. Plots depicting the moving average (k = 10) of the epilimnion for each storm

700

captured between Jul 15-Sept 15, from 2016-2025. Unique storm ID numbers are above each

701

storm with storms further divided into the 5 intensity levels.
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Table S1. Detected storm metrics per ID including the maximum depths of the epilimnion and

hypolimnion with their corresponding dates as well as the storm severity.

Storm ID Start Date Max Date End Date Epi Max Hypo Max Severity
2 7/20/16 13:00 | 7/22/16 13:00 | 7/24/16 13:00 | 27.80208153 | 28.82143832 | 1
3 7/24/16 19:00 | 7/26/16 19:00 | 7/28/16 19:00 | 25.91831257 | 25.91831257 |1
6 8/9/16 2:15 8/11/162:15 | 8/13/162:15 | 28.79567334 | 28.79567334 | 1
14 7/26/172:00 | 7/28/172:00 | 7/30/172:00 | 28.5233695 28.59058431 |1
15 8/3/1717:00 | 8/5/1717:00 | 8/7/17 17:00 | 28.55470675 | 28.72519094 | 1
16 8/11/2017 8/13/2017 8/15/2017 28.49722957 | 28.57032359 | 1
18 8/17/175:15 | 8/19/175:15 | 8/21/17 5:15 | 29.87347969 | 30.25488604 | 1
19 8/28/17 19:30 | 8/30/17 19:30 | 9/1/17 19:30 | 25.64915544 | 25.64915544 | 1
21 7/13/18 9:30 | 7/15/18 9:30 | 7/17/18 9:30 | 25.60960127 | 25.60960127 | 1
22 7/19/18 7:15 | 7/21/18 7:15 | 7/23/18 7:15 | 27.49298346 | 27.49298346 | 1
24 7/31/18 11:45 | 8/2/18 11:45 | 8/4/18 11:45 | 26.58205939 | 26.63668691 | 1
26 8/14/182:00 | 8/16/182:00 | 8/18/182:00 | 26.26011071 | 26.26011071 | 1
28 8/23/18 15:00 | 8/25/18 15:00 | 8/27/18 15:00 | 28.48409644 | 28.81039098 | 1
30 9/4/18 8:30 9/6/18 8:30 9/8/18 8:30 27.62233443 | 27.62233443 | 1
34 7/25/19 1:00 | 7/27/19 1:00 | 7/29/19 1:00 | 25.47766835 | 25.47766835 | 1
38 8/15/19 17:15 | 8/17/19 17:15 | 8/19/19 17:15 | 28.48505432 | 28.48505432 | 1
48 7/26/20 6:15 | 7/28/20 6:15 | 7/30/20 6:15 | 28.46705277 | 28.46705277 | 1
49 8/2/20 1:00 8/4/20 1:00 8/6/20 1:00 28.59644645 | 29.03026102 | 1
50 8/10/20 10:00 | 8/12/20 10:00 | 8/14/20 10:00 | 28.48715224 | 28.48715224 | 1
51 8/15/20 4:45 | 8/17/204:45 | 8/19/204:45 | 28.68756018 | 28.68756018 | 1
52 8/19/20 22:30 | 8/21/20 22:30 | 8/23/2022:30 | 27.58251362 | 27.58251362 | 1
59 8/2/2123:15 | 8/4/2123:15 | 8/6/21 23:15 | 28.48988463 | 28.48988463 | 1
60 8/9/21 3:00 8/11/213:00 | 8/13/213:00 | 28.50429158 | 28.50429158 | 1
61 8/16/21 17:45 | 8/18/21 17:45 | 8/20/21 17:45 | 28.50047394 | 28.50047394 | 1
62 8/24/21 11:00 | 8/26/21 11:00 | 8/28/21 11:00 | 28.53233586 | 28.53233586 | 1
70 7/24/22 8:30 | 7/26/22 8:30 | 7/28/22 8:30 | 25.42792169 | 2542792169 | 1
75 8/13/22 14:00 | 8/15/22 14:00 | 8/17/22 14:00 | 27.40558494 | 27.40558494 | 1
76 8/18/22 20:15 | 8/20/22 20:15 | 8/22/2220:15 | 27.68798381 | 27.68798381 | 1
79 9/2/22 1:30 9/4/22 1:30 9/6/22 1:30 2842126188 | 28.42126188 | 1
80 9/9/22 16:30 | 9/11/22 16:30 | 9/13/22 16:30 | 27.51253296 | 27.51253296 | 1
82 7/20/23 19:45 | 7/22/23 19:45 | 7/24/23 19:45 | 28.44468125 | 28.44468125 | 1
86 8/12/23 11:15 | 8/14/23 11:15 | 8/16/23 11:15 | 26.35126998 | 26.35126998 | 1
87 8/16/23 18:00 | 8/18/23 18:00 | 8/20/23 18:00 | 27.12401164 | 27.12401164 | 1
88 8/19/23 7:45 | 8/21/23 7:45 | 8/23/23 7:45 | 25.57711354 | 25.57711354 | 1
92 7/13/24 0:20 | 7/15/24 0:20 | 7/17/24 0:20 | 28.5042861 28.5042861 1
101 7/13/250:20 | 7/15/250:20 | 7/17/25 0:20 | 25.43746606 | 25.43746606 | 1
105 8/2/25 3:20 8/4/25 3:20 8/6/25 3:20 28.38702447 | 28.38702447 | 1
106 8/7/25 4:40 8/9/25 4:40 8/11/254:40 | 28.57578722 | 28.57578722 |1
107 8/15/25 14:20 | 8/17/25 14:20 | 8/19/25 14:20 | 25.59240705 | 25.72990022 | 1
110 9/12/25 11:00 | 9/14/2511:00 | 9/16/2511:00 | 27.43103018 | 27.43103018 | 1
0 7/13/16 6:00 | 7/15/16 6:00 | 7/17/16 6:00 | 30.36095237 | 30.36095237 | 2
5 8/3/16 1:00 8/5/16 1:00 8/7/16 1:00 31.68146521 | 32.60584056 | 2
8 8/29/16 23:15 | 8/31/16 23:15 | 9/2/16 23:15 | 30.08170707 | 30.08170707 | 2
9 9/6/16 14:15 | 9/8/16 14:15 | 9/10/16 14:15 | 31.62074747 | 31.62074747 | 2
10 9/9/16 13:15 | 9/11/16 13:15 | 9/13/16 13:15 | 31.46186726 | 31.73165626 | 2
11 7/14/17 11:30 | 7/16/17 11:30 | 7/18/17 11:30 | 30.16496607 | 30.16496607 | 2
23 7/23/18 2:00 | 7/25/18 2:00 | 7/27/182:00 | 30.69754214 | 30.69754214 | 2
32 7/15/19 16:45 | 7/17/19 16:45 | 7/19/19 16:45 | 30.54593234 | 30.54593234 | 2
36 8/5/19 8:15 8/7/19 8:15 8/9/19 8:15 30.33861999 | 30.33861999 | 2
40 8/26/19 13:00 | 8/28/19 13:00 | 8/30/19 13:00 | 30.32493505 | 30.32493505 | 2
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714
715

716

77

43

9/9/19 18:45

9/11/19 18:45

9/13/19 18:45

30.9599507

31.01731598

2
55 7/13/21 4:45 | 7/15/214:45 | 7/17/21 4:45 | 30.12545805 | 30.12545805 | 2
78 8/28/22 0:30 | 8/30/22 0:30 | 9/1/22 0:30 31.95431924 | 31.98684996 | 2
&9 8/23/23 5:00 | 8/25/23 5:00 | 8/27/23 5:00 | 30.52517548 | 30.85812717 | 2
90 9/1/23 2:15 9/3/23 2:15 9/5/23 2:15 32.53760949 | 32.53760949 | 2
7 8/19/169:15 | 8/21/169:15 | 8/23/169:15 | 38.12042996 | 38.12042996 | 3
27 8/20/18 5:30 | 8/22/18 5:30 | 8/24/18 5:30 | 36.20336376 | 36.20336376 | 3
29 8/30/18 19:45 | 9/1/18 19:45 | 9/3/18 19:45 | 39.93072989 | 39.93072989 | 3
31 9/9/1819:15 | 9/11/18 19:15 | 9/13/18 19:15 | 39.4552211 39.4552211 3
57 7/24/2021 7/26/2021 7/28/2021 39.92589998 | 39.92589998 | 3
65 9/4/2116:00 | 9/6/21 16:00 | 9/8/21 16:00 | 36.23938537 | 36.23938537 | 3
100 9/5/2411:00 | 9/7/24 11:00 | 9/9/24 11:00 | 36.13824693 | 36.13824693 | 3
109 9/3/25 9:40 9/5/25 9:40 9/7/25 9:40 38.00901622 | 38.00901622 | 3
20 9/2/17 8:00 9/4/17 8:00 9/6/17 8:00 44.36798118 | 44.36798118 | 4
41 9/1/19 0:45 9/3/19 0:45 9/5/19 0:45 41.68581582 | 41.68581582 | 4
53 9/6/20 3:45 9/8/20 3:45 9/10/20 3:45 | 44.16447088 | 44.16447088 | 4
63 8/27/21 12:30 | 8/29/21 12:30 | 8/31/21 12:30 | 43.9336694 43.9336694 4
85 8/2/23 4:15 8/4/23 4:15 8/6/23 4:15 41.99252136 | 41.99252136 | 4
95 7/23/24 16:20 | 7/25/24 16:20 | 7/27/24 16:20 | 42.00502482 | 42.00502482 | 4
44 9/12/19 10:45 | 9/14/19 10:45 | 9/16/19 10:45 | 48 48 5
45 7/15/203:30 | 7/17/203:30 | 7/19/203:30 | 48 48 5
54 9/11/20 11:30 | 9/13/20 11:30 | 9/15/20 11:30 | 48 49 5
66 9/10/21 15:15 | 9/12/21 15:15 | 9/14/21 15:15 | 46.16253252 | 46.16253252 | 5
98 8/7/24 14:40 | 8/9/24 14:40 | 8/11/24 14:40 | 46.11595655 | 46.63528444 | 5
99 8/29/24 13:20 | 8/31/24 13:20 | 9/2/24 13:20 | 48 48 5
104 7/23/25 7:00 | 7/25/257:00 | 7/27/257:00 | 45.94788827 | 45.94788827 | 5
108 8/19/25 2:40 | 8/21/252:40 | 8/23/252:40 | 46.34450814 | 46.34450814 | 5
111 8/23/25 2:40 | 8/24/2522:20 | 8/27/250:00 | 45.64415 45.64415 5

Table S2 Mean wind speed was calculated in a 24-hour window surrounding the max peak date

across different severity levels.

Storm Severity Mean Wind Speed Standard Deviation Number of Storms (n)
Level (m s™) (24hr before
max wind)
1 6.46 1.560 40
2 8.02 1.700 15
3 9.02 2.194 8
4 9.81 1.582 6
5 9.61 2.130 8
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