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Abstract 6 

Flash rips are episodic bursts of water jetting offshore, which can lead to drowning 7 

incidents by sweeping swimmers offshore without warning, thus posing a hidden and 8 

unrecognized danger to beachgoers. This study reveals hazards of flash rips by investigating a 9 

series of drowning incidents along coasts of Lake Michigan during a series of storm events on 10 

July 18-21, 2019. Occurrences and causes of flash rips were depicted through webcam 11 

image observations, storm features of atmospheric disturbances, hydrodynamic circumstances 12 

of wind waves and meteorologically induced water level fluctuations, and model-reconstructed 13 

nearshore circulations. Results shows that flash rips were generated during or after storms 14 

through nearshore processes of storm-induced wind waves and meteorologically induced water 15 

level fluctuations. With small wind waves, low water level fluctuations, and a timing delay of 16 

rip occurrences relative to the causative convective storms, flash rips pose a hidden hazard to 17 

unaware swimmers. Historical observations for incidents in Lake Michigan between 2002 and 18 

2019 further show that dry conditions or fair weathers and a  calm water signature at the beach 19 

can likely generate unexpected hidden flash rips, resulting in the highest drowning risks. There is 20 

an urgent need for communication, education, and prediction/forecast of hidden flash rips to 21 

the Laurentian Great Lakes and worldwide coastal communities. 22 
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1. Introduction 27 

Drowning can pose threats to global coastal communities. Numbers of worldwide 28 

drownings are estimated to be 320,000 annual deaths, ranking the 3rd among the leading causes 29 

of unintentional injury-related deaths based upon the World Health Organization (WHO, 2014). 30 

In the Laurentian Great Lakes, nearly 1029 drownings were reported by the Great Lakes Surf 31 

Rescue Project over the past 12 years (GLSRP, 2021). Moreover, the per capita number of 32 

drownings in the Great Lakes Region with a population of approximately 34 million is comparable 33 

to drowning rates in oceanic coastal regions throughout the United States and in countries like 34 

Australia and Costa Rica (Vlodarchyk et al., 2019). Many drownings are attributed to rip 35 

currents (Brewster et al., 2019; Brighton et al., 2013), strong seaward water flows that are 36 

hazardous to people regardless of their swimming abilities (Castelle et al., 2016; Gensini & 37 

Ashley, 2010). In the United States, approximately 150 deaths per year are caused by rip 38 

currents (Lushine, 1991; Brewster et al., 2019). According to the Great Lake Current Incident 39 

Database (GLCID, 2021), a total of 223 fatalities and 480 rescues during 2002-2020 on the 40 

United States and Canadian coasts of the Great Lakes were attributed to rip currents and wind 41 

waves (Gensini & Ashley, 2010; Meadows et al., 2011; Vlodarchyk et al., 2019). Rip currents can 42 

appear at barred beaches as bathymetry-controlled rips, near headlands and coastal structures as 43 

boundary-controlled rips, at beaches connected to rivers or estuaries as outlet currents, and even 44 

at featureless beaches as flash rips, which are transient, episodic, and nonstationary rip currents 45 

(Shepard et al. 1941; Castelle et al., 2016; Gallop et al., 2020; Dalrymple et al., 2011). Swimmers 46 

can suddenly get swept by a flash flow towards offshore deep water, where panic and exhaustion 47 

usually lead to drownings (MacMahan et al., 2006; Brander et al., 2011). While rip current 48 

hazards have been communicated and taught to beachgoers and beach managers, the hidden 49 
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danger of flash rips has not yet been widely recognized (Linares et al., 2019). 50 

Flash rips are generated through various nearshore processes (Castelle et al., 2016). First, 51 

shear instabilities of longshore currents, under highly oblique incidence waves (Feddersen, 2014), 52 

can generate transient vortices as non-fixed flows toward offshore (Özkan-Haller & Kirby, 1999). 53 

Second, short-crested wave breaking creates along-crest variations in wave dissipation (Kirby & 54 

Derakhti, 2019; Peregrine, 1998) to create vorticities (Castelle et al., 2016; Clark et al., 2012). A 55 

fraction of those short-scale vorticities that are not dissipated by bottom friction can cascade into 56 

larger-scale surf zone eddies as offshore-directed water jets (Feddersen, 2014; Spydell & 57 

Feddersen, 2009). Third, wave groups and infra-gravity waves (Long & Özkan-Haller, 2009; 58 

MacMahan et al., 2004) can generate alongshore variations of radiation stress gradients that are 59 

imbalanced by spatial pressure gradients. The induced wave set-ups of high temporal 60 

variability (Johnson & Pattiaratchi, 2004) can result in pulsating flows as transient rip 61 

currents (Dalrymple, 1975; Uchiyama et al., 2017). Fourth, rapid runups and drawdowns of 62 

water levels, different from energetic wind waves, can induce flash rips by generating 63 

unsteady vortices that are shed to the offshore (Linares et al., 2019). Specifically, 64 

meteorologically induced high frequency water level fluctuations like meteotsunamis and 65 

seiches are commonly seen in the Laurentian Great Lakes (Anderson & Mann, 2021; Bechle 66 

et al., 2015, 2016; Linares et al., 2016). Seiches are basin-scale standing waves in an enclosed or 67 

semi‐enclosed water body (Rabinovich, 2009). Meteotsunamis are sub-basin scale propagating 68 

waves with periods from a few minutes to two hours (Monserrat et al., 2006). Under certain 69 

hydrodynamic circumstances, all above mentioned processes can generate hidden flash rips 70 

that are undetected by beach users.  71 

Convective storms can be associated with hidden danger of flash rips (Linares et al., 2019). 72 
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Structures of convective storms in the Laurentian Great Lakes can be generally classified into 73 

four types: complex, linear, bow, and cluster (Bechle et al., 2015; Fowle & Roebber, 2003; 74 

Gallus et al., 2008; Workoff et al., 2012). Complex and linear storms feature large (>500 75 

km2), long-lived (>3 hours), organized structures (Fowle & Roebber, 2003; Workoff et al., 2012) 76 

that create sustained wind stresses and pressure perturbations (Bechle et al., 2015, 2016). Bow 77 

storms such as “derechos” (Johns & Hirt, 2019) occur less frequently but are responsible for 78 

most severe winds (Changnon & Kunkel, 2006) and several well-defined pressure anomaly 79 

events (Šepić & Rabinovich, 2014; Wertman et al., 2014). Cluster storms, in contrast, consist of 80 

small (<40 km2), unorganized, and separated areas (Workoff et al., 2012; Weisman & Klemp, 81 

1986). Convective storms are found to generate more than 100 meteotsunamis per year in the 82 

Great Lakes, which have been overlooked (Bechle et al., 2016). Linares et al., 2019 found that 83 

16% of rip current incidents in Lake Michigan during 2002-2017 were reported on the same 84 

days when convective storm-induced meteotsunamis were detected. Furthermore, a recent study 85 

by Liu & Wu, (2019) observed 90% of flash rips co-occurred with convective storms over a 86 

two-year period (2016-2017) on the west coast of Lake Michigan. Nevertheless, it remains 87 

unclear what features of convective storms and hydrodynamic (water-level fluctuation and wind 88 

wave) circumstances can generate flash rips. 89 

The objective of this paper is to depict what conditions lead to elevated drowning risks 90 

due to flash rips that usually go undetected by beachgoers. In this study, occurrences of flash rips 91 

were identified by processed webcam images. Observations were used to characterize features of 92 

convective storms that might lead to drowning incidents. In addition, observed hydrodynamic 93 

circumstances of meteorologically induced water level fluctuations and wind waves were used 94 

to describe plausible pathways and processes to generate flash rips. Integrated atmospheric-95 
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hydrodynamic modeling was employed to reveal causes of flash rips by reconstructing detailed 96 

nearshore circulations at incident locations. An approximately 20-year dataset of historical 97 

flash rip incidents and associated hydrodynamic circumstances and features of storms in Lake 98 

Michigan were compiled and characterized. This paper, for the first time, highlights that many 99 

drowning incidents in Lake Michigan are related to a lack of beachgoer awareness regarding 100 

hidden flash rips. Three conditions that could lead to development of flash rips are discovered. These 101 

conditions with elevated risks are crucial to be delivered to coastal communities.   102 

 103 

2. Materials and methods 104 

2.1. Study site and event description 105 

Lake Michigan, with a coastal population above 2 million, has been identified as one of 106 

the hotspots for rip current-related drownings (Gensini & Ashley, 2010; Vlodarchyk et al., 107 

2019). According to the Great Lakes Current Incident Database (GLCID, 2021), more than 70% 108 

of drowning incidents in five Laurentian Great Lakes occurred on coasts of Lake Michigan. The 109 

lake with an averaged depth of 85 m spans approximately 500 km in the latitudinal and 100 km in 110 

the longitudinal directions (Fig. 1). Wind wave climate in Lake Michigan is dominated by locally 111 

generated, fetch-limited waves with short periods and broadly distributed directions, like the other 112 

Laurentian Great Lakes (Meadows et al., 2011; Rao & Schwab, 2007). These characteristics of 113 

wind waves are quite different from those that generate rip currents in the ocean environment 114 

(Castelle et al., 2016). Recent studies revealed that propagating meteotsunamis occur about 50 115 

times per year in Lake Michigan (Bechle et al., 2016) and are primarily forced by convective 116 

storms (Bechle et al., 2015). Specifically, in southern Lake Michigan, meteotsunamis are 117 

likely generated by Proudman resonance (Proudman, 1929) with storms of speeds close to 30 m/s 118 
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(Bechle et al., 2015). In the region of northern Lake Michigan with shelf slopes of 0.007-0.0012 119 

(Linares et al., 2016), meteotsunamis are possibly formed by Greenspan resonance (Greenspan, 120 

1956) through trapped edge wave speeds greater than 14 m/s (As-Salek & Schwab, 2004, Linares 121 

et al., 2018). Estimated  periods of seiches reported by As-Salek & Schwab (2004) are 9.0, 5.2, 122 

3.7, 3.1, 2.5 and 2.2 hours in longitudinal direction and 2.1 and 1.3 hours in the transverse 123 

direction in Lake Michigan. In short, convective storms over Lake Michigan are prone to cause 124 

wind waves and high frequency water level fluctuations (e.g., meteotsunamis, and seiches), 125 

which are all possible hydrodynamic drivers to the occurrence of flash rips. 126 

In this study, an example event of multiple drowning incidents, which occurred 127 

consecutively during a four-day period from July 18 to 21, 2019 along coasts of Lake Michigan 128 

(Fig. 1), was examined. The first drowning fatality occurred around 0000 UTC of July 19 on the 129 

east coast near Ludington (Ramirez, 2019). The second incident occurred a few hours later around 130 

1630-1700 UTC on the southeast shore near South Haven where three men were rescued 131 

(GLCID, 2021). The third drowning fatality occurred around 2300 UTC on the southwest shore 132 

near Kenosha (GLSRP, 2021). The next day, a strong “derecho” landed on the northwest shore at 133 

0225 UTC of July 20. Damages were reported around 0630-1045 UTC on the northeast shore near 134 

Little Traverse Bay (Zucker, 2019) and the north shore near Manistique (Borden, 2019), 135 

similar to the previously reported meteotsunami events in Lake Michigan (Bechle et al., 2015, 136 

Anderson & Mann 2021). Afterwards, the fourth drowning fatality occurred on the south shore 137 

near Michigan City around 0130 UTC of July 21 (GLCID, 2021). Later, on the same day, the 138 

fifth incident on the east coast at Ludington around 1600-1900 UTC when a man trapped by a 139 

river outlet current was rescued (GLCID, 2021) and the sixth incident occurred on the 140 

southeast coast at Chicago occurred around 2030 UTC ended with one drowning fatality and 141 
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one rescue (GLSRP, 2021). In short, in the 6 incidents that occurred within 4 days, at least 4 142 

fatalities and 5 rescues were reported at 5 nearshore locations in Lake Michigan. Some incidents 143 

(I2, I4, I5) were identified to be current-related according to the GLCID, while others are yet to 144 

be further examined. With convective storms crossing Lake Michigan and high-frequency water 145 

level fluctuations reported, the nearshore hydrodynamics at different incident locations 146 

exhibited different characteristics, from large waves at Ludington (I1) to calm waters at Kenosha 147 

(I3), according to local newspaper reports (Fig 1). With the information, it is thus hypothesized 148 

that the drowning incidents might be related to flash rips. 149 

 150 

2.2. Image, storm, and hydrodynamic observations 151 

Images of beach webcams on Lake Michigan were examined to identify occurrences of 152 

flash rips on days of drowning incidents. A webcam  installed at the North Beach of Port 153 

Washington, WI (Liu & Wu, 2019), captured images during the study period. Images from 154 

other webcam sources including the Great Lakes Meteorological Real-Time Coastal 155 

Observation Network, and the EarthCam network for public webcams around Lake 156 

Michigan were also reviewed, however no additional footage outside of Port Washington was 157 

available for the study. Flash rips were identified based upon sediment plume signatures on 158 

recorded images at 5-second intervals. Procedures of image processing consist of image 159 

segmentation, ortho- rectification, and plume detection (Bechle et al. 2012, Liu & Wu, 2019; 160 

Wanek and Wu, 2006). Timings of flash rip occurrences were characterized. Durations of 161 

flash rips were counted from the first appearance of sediment plumes until no offshore-162 

directed propagations for the same plume were detected. Multiple flash rips that appeared 163 

intermittently with time intervals of less than 1 hour were consolidated to be a single 164 
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occurrence. 165 

Storm features of atmospheric pressure and wind disturbances in Lake Michigan were 166 

characterized. NEXRAD radar reflectivity composite images from the Iowa Environmental 167 

Mesonet with 1-km spatial resolution and 5-min intervals were used to identify storm 168 

structures. The timing for convective storms crossing Lake Michigan was determined as 169 

starting when reflectivity areas with values >25dBZ initially crossed the shoreline and 170 

ending when the reflectivity areas completely left the entire lake perimeter. A widely used 171 

storm classification criteria (Bechle et al., 2015) was used to define storm structures as 172 

convective types, such as complex, cluster, linear and bow; and not convective types, such as 173 

frontal or cyclonic systems. Storm disturbances were depicted based on 1-min data of 174 

atmospheric pressures, surface wind speeds and wind directions from the 16 Automated 175 

Surface Observing System (ASOS) around Lake Michigan (see Fig. 1). A high-pass digital 176 

filter with 2-hour cut-off frequency was used to obtain storm-related high-frequency 177 

atmospheric pressure fluctuations. The isochronal analysis method (Šepić et al., 2009) was 178 

used to determine storm propagation speeds and directions. The temporal gradients of pressure 179 

perturbations and wind shear stresses at maximum speeds (Bechle et al., 2016; Linares et al., 180 

2018) were used to calculate relative contributions of atmospheric 181 

pressure (P) and wind (W) disturbances to initiate wind waves and water level fluctuations. 182 

Hydrodynamic circumstances related to the storms in Lake Michigan were characterized 183 

by following procedures. First, water level data in 6-min intervals were obtained from 10 184 

observation stations operated by NOAA National Ocean Service (see Fig. 1). Second, a high-pass 185 

digital filter with a 6-hour cut-off frequency (Bechle et al., 2015) was applied on the water level 186 

time series to obtain oscillations in the meteotsunami wave frequency band (Monserrat et al, 2006). 187 
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The zero-crossing method (Sorensen, 2006) was employed to calculate wave heights and periods 188 

of individual waves from the filtered time series. Third, a meteotsunami-identification 189 

criterion (Linares et al., 2016) were applied to identify meteotsunamis such that: the (long) 190 

wave height exceeded gauge-specific thresholds (Bechle et al., 2016) and the period fell in the 2-191 

min to 2-hour high-frequency range. We categorized fluctuating water level changes (∆WL, 192 

height from crest to trough of the water level time series) into low (∆WL< 0.1m), modest (0.1 193 

< ∆WL < 0.3m), and high (∆WL> 0.3m) circumstances. Lastly, wind wave data from 15 194 

available water buoys in Lake Michigan (see Fig. 1) operated by the NOAA National Data Buoy 195 

Center (NDBC) were compiled. Wave statistics including significant wave height (Hs), mean 196 

wave direction (MWD) and peak wave period (Tp) were reported in 30-min or 1-hour intervals, 197 

depending on data availability. In this study, wave heights Hs smaller than 0.3 m, between 0.3 198 

m and 0.6 m, and larger than 0.9 m were categorized as small, moderate, and large wave 199 

circumstances respectively. 200 

 201 

2.3. Integrated atmospheric-hydrodynamic modeling 202 

Integrated atmospheric-hydrodynamic modeling was implemented to simulate nearshore 203 

conditions of the incident locations. The Semi-implicit Cross-scale Hydroscience Integrated 204 

System Model (SCHISM), developed by Zhang & Baptista (2008) and Zhang et al. (2016), was 205 

coupled with the 3rd generation spectral Wind Wave Model (WWM III), developed by Roland et 206 

al. (2012), through wave-current interactions (Yu & Slinn, 2003; Hass et al., 2003). This type of 207 

coupled model has been successfully employed to simulate rip currents caused by longshore shear 208 

currents (Özkan-Haller & Kirby, 1999), wave group-generated rip vortices (Long & Özkan-Haller, 209 

2009), and meteotsunami-generated dangerous rips (Linares et al., 2019). In the SCHISM-WWM 210 
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III implementation, current velocities and water levels are solved in the unsteady three-211 

dimensional Reynolds-averaged Navier–Stokes equation under the hydrostatic approximation with 212 

the k-ε turbulence scheme (Umlauf & Burchard, 2003), wind and bottom shear stresses based upon 213 

the quadratic formulation (Ardhuin et al., 2010; Bechle et al., 2014; Janssen, 1991), and wave 214 

radiation stress gradients (Longuet‐Higgins & Stewart, 1964) through the wave action balance 215 

equation in the WWM III. Meanwhile, wave fields are updated based on the evolving current 216 

velocities and water elevations from the SCHISM. In this study, the two models were 217 

simultaneously run with a time interval of Δt = 5 sec and the coupling was set at every time step. 218 

Both short time interval and coupling set-up at every time step are critical for simulating wave-219 

induced vortices and flash rips (Castelle et al., 2016; Linares et al., 2019). Atmospheric pressure 220 

and wind disturbances of the convective storms for 10 days including before, during, and 221 

after the 4-day July 18-21, 2019 storm were reconstructed for the purpose of modeling inputs 222 

in the following steps. First, ambient atmospheric pressure and wind data were at an hourly 223 

interval extracted from the output of the NOAA High-Resolution Rapid Refresh (HRRR) 224 

atmospheric model with a spatial resolution of 3 km (Benjamin et al., 2016). Second, storm 225 

disturbances were constructed as trapezoidal shaped perturbations with a uniform bandwidth 226 

(Bechle et al., 2014; Linares et al., 2016, 2018). The trapezoid parameters were estimated based 227 

on the time series of observed atmospheric pressures and wind speeds at storm passed ASOS 228 

stations with a 1-min interval. Third, the HRRR ambient atmospheric features and the 229 

high-frequency storm disturbances were assimilated to match with all ASOS stations across 230 

the Lake Michigan. The atmospheric input has a time resolution of 1 min and spatial resolution of 231 

3 km which ensures high-frequency storm features can be faithfully represented. This 232 

reconstruction of atmospheric disturbances has been shown to faithfully simulate wind waves and 233 
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meteorologically induced water level fluctuations (Linares et al., 2019). 234 

Multi-scale domain discretization with varying sizes of mesh was employed to the whole 235 

lake. Fig.2 shows a total of 1,125,678 triangular unstructured elements with coarse resolutions of 236 

5 km in the mid-lake and finer resolution of 50-100 m along the entire nearshore region. To 237 

delineate detailed shorelines and coastal slopes for  modeling meteotsunami transformations 238 

(Bechle & Wu, 2014), nearshore bathymetry with a horizontal resolution of 100 m was interpolated 239 

from the high-spatial resolution LiDAR data of the 2012 USACE NCMP Topography Survey 240 

(Office for Coastal Management, 2014). On the nearshore scale, near the five incident locations 241 

(Kenosha, WI, Chicago, IL Michigan City, IN, Ludington, and MI; South Haven, see Fig. 2 c-g 242 

respectively), we further refined mesh resolutions to 2 m at shorelines and gradually increased to 243 

100 m toward offshore where the nearshore scale mesh is seamlessly merged into the large 244 

lake scale  mesh. At Port Washington where observations were made, nearshore meshes of 245 

similar resolutions (Fig. 2b) were constructed to validate model results. As illustrated by 246 

Linares et al. (2019) and Huang et al. (2021), use of the high model mesh resolution at 247 

nearshore areas is critical to resolve circulations or rip currents due to interactions of water level 248 

fluctuations and wind waves. 249 

 250 

3. Results 251 

3.1. Flash rip occurrences 252 

Observed occurrences of flash rips in Lake Michigan during the four-day period of the 253 

six drowning incidents on July 18-22, 2019 (Fig. 1) and a series of convective storms, are 254 

described. A total of 11 flash rip occurrences, denoted chronologically as R1 to R11 (see 255 

color rectangles in Fig. 3a, b), are identified based on image evidence of rip-induced 256 
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sediment plumes captured by a nearshore camera at Port Washington, WI. At the same time, 257 

a total of six convective structures, denoted chronologically as S1 to S6, are also shown in 258 

snapshots of radar reflectivity images in Fig 4 (a-f), respectively. Characteristics of observed 259 

flash rips exhibit intermittent and episodic features, as the numbers of flash rips in each 260 

occurrence were found to be irregular and discontinuous, represented by different colors of the 261 

rectangles in Fig. 3 (a, b). Transient flash rips with observed durations between 25 to 245 sec and 262 

intervals of less than an hour, are consistent with previously reported flash rip observations 263 

(Floc’h et al., 2018; Liu & Wu, 2019; Murray et al., 2013). Timings of flash rip occurrences 264 

relative to the convective storms (shaded blue rectangles) and the drowning incidents (yellow 265 

dots) are registered on the time series plots of Fig 3 (a,b). For example, both R1 and R4 flash rips 266 

in Fig. 3c and Fig. 3d appeared after the storm (S1) and (S2) with delays of 1 hour and 5 hours, 267 

respectively. Flash rip R7 (Fig. 3e) occurred during the beginning of the storm (S4), while R10 268 

flash rip (Fig. 3f) was found during the later hours of the storm (S5). No occurrence of flash rips 269 

was identified during or after the storm (S6). Particularly, flash rips such as R4 (Fig 3d) and R10 270 

(Fig. 3f) occurred when the weather appeared to be at a dry condition and the nearshore water 271 

surface looked calm. 272 

Hydrodynamic circumstances for flash rips are further examined based on observed wind 273 

wave heights (Hs) at the nearby NDBC buoy (45013, see Fig. 1) and water level fluctuations 274 

(Δη = displacement relative to mean water level and ∆WL = height from crest to trough of Δη) 275 

at the nearby NOS water level gauge (MKE, see Fig. 1). As shown in Fig 3 (a,b), both R1 and 276 

R7 flash rips (Fig. 3c, e) occurred under a moderate Hs and high ∆WL condition; R4 flash rip 277 

(Fig. 3d) appeared under a small Hs and low ∆WL condition; and flash rip R10 (Fig. 3f) was 278 

under a small Hs but high ∆WL condition. For all the 11 occurrences observed, approximately 279 
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87% of flash rips occurred when Hs were below 0.9 m, i.e., small and moderate wave 280 

circumstances (Fig. 3a). Approximately 74% of flash rips exhibited when ∆WL between 0.1 281 

m and 0.30 m, i.e., low to modest water level fluctuations (Fig. 3b). Overall, flash rips 282 

observed at Port Washington during and after storms were under the circumstances of small to 283 

moderate wind waves and low and modest water level fluctuations, which may explain 284 

unawareness of hazardous flash rips to beachgoers. 285 

 286 

3.2. Storm features of atmospheric pressure and wind disturbances 287 

Features (i.e., structure, magnitude, and duration) of atmospheric pressure and wind 288 

disturbances associated with the six convective storm structures from July 18 to 21 are 289 

chronologically depicted in Fig. 5 a-d. The first storm (S1, see Fig. 4a) was a convective complex 290 

that propagated southeasterly at 14.6 m/s. Fig. 5a shows a pressure drop with a rate of 1.4 291 

hPa/10min and wind increase to the maximum speed of 15.4 m/s with a direction change 292 

along the storm propagation at the KMKG, the ASOS station at Muskegon on the east side of 293 

Lake Michigan (see Fig. 1). At the farther southeastern KBIV (see Fig. 1), a steep pressure 294 

plunged with a rate of 2.3 hPa/10min but the increase of wind occurred approximately 20 minutes 295 

later. The second storm was a convective cluster (see S2, Fig. 4b) that propagated eastwards at 296 

22.8 m/s. Fig. 5b shows that storm disturbances of a pressure gradient of 1.9 hPa/10min and a wind 297 

speed of 12.3 m/s initially appeared on the west coast at the KMKE (see Fig.1). After arriving on 298 

the east coast at the KMKG, the storm became weaker with a pressure gradient of 1.0 299 

hPa/10min and wind speeds under 10 m/s. This feature is consistent with the previous 300 

finding that atmospheric perturbations of clusters usually become weaker after crossing the lake 301 

(Workoff et al., 2012). The third and fourth storms, reported as “derechos” of July 2019 302 
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(Erdman, 2019), were a convective bow (S3, Fig. 4c) propagating southward at 16.5 m/s and a 303 

linear convection (S4, Fig. 4d) moving at 20.7 m/s toward the southeast, respectively. Fig. 5c 304 

shows a train of pressure perturbations with a pressure jump of 3.7 hPa/10 min during S3 and two 305 

pressure jumps of 6.2 hPa/10min and 6.9 hPa /10min during S4 at the KGRB on the northwestern 306 

coast (see Fig. 1). These pressure disturbances were comparable to or even greater than the 307 

magnitude of 2-5 hPa/10 min in largest meteotsunami events worldwide (Šepić & Rabinovich, 308 

2014). Corresponding maximum speeds were 15.9 m/s and 18.0 m/s in S3 and S4, 309 

respectively. The fifth and sixth storms were a convective cluster (S5, Fig. 4e) and a convective 310 

complex (S6, Fig. 4f) that propagated eastward at 9.8 m/s and 7.0 m/s, respectively. These two 311 

storms had relatively small pressure gradients (less than 1 hPa/10min) and wind speeds (less than 312 

8 m/s), as shown in Fig. 5d. In short, not only large visible storms like S1, S3 and S4 occurred 313 

during the 4-day incident event, but also less noticeable smaller storms like S2, S5, and S6 passed 314 

through portions of Lake Michigan. 315 

The six convective storms with associated atmospheric pressure (P) or wind (W) 316 

disturbances to initiate water level fluctuations like meteotsunamis and wind waves are 317 

summarized in Table 1. Among the six storms, two (S2 and S6) were wind-dominated (W>60%), 318 

one (S5) was pressure-dominated (P>60%), and the other three (S1, S3 and S4) had equal 319 

contributions of wind and pressure (40%≤W≤60% and 40%≤P≤60%). Storms with equal 320 

contributions of wind and pressure disturbances such as S1, S3, and during S4 storms result in 321 

larger wave heights to initiate more than 6 flash rips in R1, R5, and R7 occurrences, respectively, 322 

(Fig. 3a, b). In comparison, after storms with either a dominated wind or pressure disturbance such 323 

as S2 and S5, flash rips occurred under small or moderate wave heights (R2, R3, R4, R10, and 324 

R11), which can be a hidden danger to unaware beachgoers. 325 
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 326 

3.3. Hydrodynamic circumstances of water level fluctuations and wind waves 327 

Meteorologically induced water level fluctuations leading to flash rips through three 328 

possible pathways are described. One possibility is meteotsunami-induced edge waves that 329 

generate longshore currents (Anderson et al., 2015; Bechle & Wu, 2014; Ewing et al., 1954). In 330 

Fig. 5e, meteotsunamis (green box) occurred at the Calumet Harbor, the NOS water level gage 331 

located on the southwest corner of the lake (CAL in Fig. 1). Meanwhile, near the incident I1 at 332 

Ludington, MI, small water level fluctuations with a period of 55 min at the LUD (Fig. 1) 333 

propagated like edge waves along the coast. Similarly, Fig. 5f shows that after the 334 

meteotsunami event at the CAL, the edge wave propagated northward. Small water level 335 

fluctuations with a period of 35 min were observed at Milwaukee (MKE in Fig. 1), near where 336 

the incident I3 happened. The calculated time for the propagating edge wave speed (Greenspan, 337 

1956) along the southwest coast between Port Washington and Kenosha is 218 min, close to 223 338 

min inferred from the time between observed R4 occurrence of flash rips and the incident I3 in 339 

Fig. 3 a and b. The matching between the calculated time and observation time suggests that 340 

meteotsunami-induced edge waves may induce strong longshore currents that resulted in flash rips 341 

at multiple locations. The second possibility is meteotsunami-induced water level drawdowns, 342 

which have been shown to generate unexpected rip currents and caused several drownings in Lake 343 

Michigan (Linares et al., 2019). In Fig. 5g, the incident I4 (Fig. 1) at Michigan City occurred 344 

during fast-receding water levels after a large meteotsunami event at CAL. Superposition of the 345 

two smaller meteotsunami-induced edge waves from the east coast (LUD) and the west coast 346 

(MKE) swiftly converged to a larger wave at the south shore, similar to the conditions in a severe 347 

1954 meteotsunami event (Bechle et al., 2014) and in a 2018 atmospheric gravity wave-induced 348 
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meteotsunami event (Anderson & Mann, 2021), to generate strong return currents or flash rips 349 

near the incident location. The third possibility is meteotsunami-induced seiches. Before the 350 

incident I5 (see Fig. 5h), the meteotsunamis occurred during UTC0330-1130 at LUD and during 351 

UTC0330-UTC1500 at CAL. Water levels at LUD continued to fluctuate from UTC1600 to 352 

UTC1830 with a period of 50 min like the situation at MKE. The time lag between LUD and MKE 353 

is 25-min, half of the oscillation period, suggesting that the observed meteorologically induced 354 

water level fluctuations could be standing seiches (Linares et al., 2018). Unforeseen seiches were 355 

previously suggested to generate rip currents in Lake Michigan (Meadows et al., 2011). In short, 356 

meteotsunami-induced longshore currents, drawdowns, and seiches are three possible pathways 357 

that led to unexpected flash rips. Particularly, meteotsunami waves initiated from storms 358 

somewhere else would propagate through the three pathways to the drowning incident locations 359 

without notice, thus posing a hidden danger to swimmers. 360 

Wind waves to generate flash rips at incident locations through two possible nearshore 361 

processes are described. One possibility is shear instability of longshore currents generated under 362 

oblique incident waves (Özkan-Haller & Kirby, 1999). Fig. 5i shows that at UTC2355 oblique 363 

incident waves from southwest were approaching toward the east coast near Ludington where the 364 

incident (I1) happed. The statement is based on wave data obtained from the NDBC buoy 45024 365 

(see Fig. 1), with significant wave height (Hs) of 1.28 m, a peak wave period (Tp) of 5.5 sec, and 366 

a mean wave direction (MWD, relative to the True North) of 247° (Table 1). Similarly, 367 

near Michigan City during the incident I4 (Fig. 5k) and near Chicago during I6 (Fig. 5l), 368 

observed oblique incident waves with moderate to large wave heights (Hs = 0.75 ~ 0.93 m, 369 

Table 1) could possibly induce flash rips. The second possibility is breaking-induced 370 

vorticities (Kirby & Derakhti, 2019; Long & Özkan-Haller, 2009; MacMahan et al., 2004) 371 
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caused by shore-normal incidence waves. In Fig. 5j, at the time of the incident I2, moderate 372 

wind waves with Hs = 0.6 m were approaching from west with MWD of 280° towards South 373 

Haven on the east coast. The shore-normal incidence waves can create breaking-induced 374 

vortices to cause episodic offshore- 375 

directed flash rips (Dalrymple, 1975; Uchiyama et al., 2017). Overall, energetic oblique wind 376 

waves or moderate shore-normal incidence waves through two nearshore processes possibly led 377 

to hazardous flash rips near the incident locations. 378 

 379 

3.4. Reconstruction of flash rips at incident locations 380 

Flash rips near drowning incident locations that are reconstructed by the integrated 381 

atmospheric-hydrodynamic modeling are illustrated in the following four incident cases. At 0000 382 

UTC on July 19, water level fluctuations Δη of amplitudes less than 0.05 m (Fig. 6a) are negligible 383 

to generate currents near Ludington of the incident I1 (Fig. 6b). Instead, large wind waves with a 384 

significant wave height of Hs ~ 1.3 m due to the southeastern winds (Fig. 5a, i) obliquely 385 

approach toward Ludington (Fig. 6c). Driven by wave-induced strong meandering shear 386 

currents, pairs of negative (blue) and positive (red) vortices with the magnitude of 0.1 s-1 387 

are induced on the nearshore region (see the zoom-in view in Fig. 6d). The vorticities are 388 

15 ~ 30 meters apart, consistent to the length scale of previously observed flash rips (Liu & 389 

Wu, 2019). Four identified flash rip jets are numbered. Spacings of the generated rips are 390 

between 50 ~ 100 m with offshore distances up to 100 m in rip ②, similar to those commonly 391 

observed on the nearshore areas in Lake Michigan (Liu & Wu, 2019) and the ocean (Murray et 392 

al., 2013; Suanda & Feddersen, 2015). Several flash rip jets with the speed higher than 1.0 m/s 393 

are hazardous and can be a possible cause of the drowning tragedy near Ludington. Similar 394 
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results for incident I6 near Chicago, not shown here for brevity, are also found. 395 

At 1640 UTC on July 19, modest water level fluctuations with Δη ~ 0.10 m (Fig. 6e) are 396 

meteotsunami-generated propagating edge waves, yielding the northward longshore currents near 397 

South Haven in incident I2 (Fig. 6f). Small to moderate waves with Hs ~ 0.6 m caused by the 398 

southeastern winds (see Fig. 5b, j) are developed (Fig. 6g). In the zoom-in nearshore region, several 399 

sporadic small flash rips (see ②-④ in Fig. 6h) with vorticity values of ~0.05 s-1 are 400 

generated through the circulation cell due to interactions of edge wave induced longshore 401 

currents and southeastern wind waves. A pronounced rip jet ① with a speed of 0.5 m/s is created 402 

from a vortex pair shedding offshore, similar to the process that the meteotsunami-generated 403 

flash rips reported in a previous study (Linares et al., 2019). The jet spatially extends to 100 m 404 

from the shoreline, comparable to those in Case I (Fig. 6d). Differently, the sporadic rip jets 405 

in Case II caused by unnoticeable water level fluctuations and small to moderate wind waves, 406 

could catch swimmers off guard. Flash rips could be the cause of incident I2. Similar results 407 

at 2300 UTC on the southwest shore near Kenosha for the drowning tragedy of incident I3 at 408 

Kenosha, not shown here for brevity, are also found. 409 

At 0130 UTC of July 21, receding water levels or drawdowns with Δη > 0.15 m on the 410 

south shore in Fig. 6i are created by the reflection of the two converged meteotsunami-induced 411 

edge waves from the east and west coasts, similar to the condition in the 1954 event (Behcle & 412 

Wu, 2014). As a result, seaward cross-shore currents, i.e., reflected outward currents, are generated 413 

near Michigan City where incident I4 occurred (Fig. 6i, j). The outflow destabilizes persisting 414 

inward longshore currents, creating a meandering behavior (Fig. 6j). Moderate waves with Hs 415 

~ 0.7 m caused by the rapidly changing winds (Fig. 5c, k) are developed (Fig. 6k). In the zoom-416 

in nearshore region (Fig. 6l), three flash rip jets are driven by vorticity pairs of magnitudes 417 
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larger than 0.1 s-1 and lengths of 30-50 meters. Offshore velocities in rip ① are larger than 1.0 418 

m/s, same as those in Fig. 5d. Rip spacings are up to 150 m between rip ②-③ and the 419 

offshore distances extend beyond 100 meters from the shoreline, larger than those in Fig. 5d. 420 

The combined effects of meteotsunami drawdown-induced offshore currents and wave-induced 421 

nearshore currents can amplify the spatial scales of flash rips, resulting in swimmers being 422 

trapped by the high-speed outward flows, as a possible cause of incident I4 near Michigan City. 423 

At 1630 UTC on July 21, seiches induced by meteotsunamis are exhibited by the spatial 424 

distribution of water level fluctuations (Fig. 6m). Near Ludington where the incident I5 occurred, 425 

southward longshore currents are generated near the nodal points, i.e., Δη ~ 0 (Fig. 6n). Small wind 426 

waves with Hs ~0.45 m caused by the northern winds (Fig. 5d) are developed (Fig. 6o). In the 427 

zoom-in nearshore region (Fig. 6p), six flash rip jets are identified in the 300-m nearshore span, 428 

more than those in Fig 6(d). Flash rips ①, ② and ③ are seiche-induced meandering shear 429 

currents, which are destabilized under the incident waves and turn into the offshore-directed 430 

rip flows. Closer to the shoreline, flash rip ④, ⑤ and ⑥ are generated through vorticity 431 

pairs with the magnitude of 0.05 s-1. Under the relatively low ∆η and small Hs, the offshore 432 

extent of rip ① and ② are less than 100 m. Nevertheless, the maximum velocities of rip 433 

jets reach to 0.5 m/s, comparable to the rip velocities under relatively high ∆η in the edge 434 

wave-generated rip (Fig. 6h). Unforeseen flash rips caused by instability of longshore shear 435 

currents in meteotsunami-induced seiches are revealed for the first time, which supports the 436 

conjecture of seiche-induced rip currents in Lake Michigan (Meadows et al., 2011). The flash 437 

rips under the hydrodynamic circumstances of small wind waves and low water level fluctuations 438 

were likely not noticed by beachgoers, which likely elevated the drowning risk at the beach near 439 

incident I5 (Fig. 1). The water level fluctuations could amplify nearshore currents (Linares et al., 440 
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2018) and modulate outlet currents. The compound drowning risk, due to outlet currents and 441 

meteorologically induced water level fluctuations, is suggested for future studies. 442 

 443 

4. Discussion 444 

4.1. Hydrodynamic circumstances near drowning incident locations 445 

Hydrodynamic circumstances of flash rips and incidents between 2002 and 2019 in Lake 446 

Michigan reported by the Great Lake Current Incident Database (GLCID, 2021) are compiled 447 

and plotted. The nearly 20-year dataset provides all hydrodynamic circumstances in addition to 448 

those observed during the event of July 18-22, 2019 in Lake Michigan. Given that no direct flash rip 449 

observations for the incidents were available, flash rips were extracted from a total of 186 records by 450 

excluding bathymetry-controlled rip currents that occurred in channels, boundary-controlled rip 451 

currents near structures (Castelle et al., 2016), and those at river outlets identified by GLCID 452 

(National Weather Service, 2019). The most-likely flash rips related incidents had a total of 185 453 

individual victims. For each flash rip incident, hydrodynamic circumstances of water level 454 

changes (∆WL) and significant wave heights (Hs) are compiled from historical data of the NOS 455 

gauges and NDBC buoys. For those with no nearby available nearshore wave data, the Hs of 456 

nearshore wave heights at the incident locations are estimated from offshore wave buoy data 457 

using the wave shoaling equation (Sorensen, 2006). The estimations were verified by 458 

comparing the estimated wave heights against the measured waves in the 30 events with 459 

available nearshore wave data, yielding an averaged difference of 10% (or an absolute 460 

difference of 0.09 m). Fig. 7 shows the distribution of flash rip incidents versus Hs and ∆WL. 461 

The majority 65% of the incidents (117 victims) occurred under the circumstance with Hs < 1 m 462 

and ∆WL < 0.3 m, i.e. the “small Hs ─ low ∆WL” quadrant. The remaining 35% of incidents 463 
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were in other quadrants: 25% in the “large Hs ─ low ∆WL” quadrant, 9% in the “small Hs 464 

─ high ∆WL” quadrant, and 1% in the “large Hs ─ high ∆WL” quadrant. Among the 10 465 

incidents that yielded more than four victims in one single incident, 6 were flash rips in the 466 

small Hs ─ low ∆WL quadrant. Of importance, more victims and incidents occurred in hidden 467 

flash rips under the hydrodynamic circumstances with small wind waves and low 468 

meteorologically induced water level fluctuations, which may not be easily detected by 469 

beachgoers. 470 

4.2. Storm features related to flash rip incidences 471 

Storm features related to flash rips are characterized in the following four aspects. First, 472 

the seasonality of storms in Laurentian Great Lakes overlaps with the peak season of beachgoers 473 

(Bechle et al., 2015, 2016), prompting coastal populations to be more vulnerable to flash rip 474 

hazards. Large complex and linear convective storms, most common during late-spring to mid- 475 

summer (Bechle et al., 2016), can cause large wind waves and high water level fluctuations, 476 

resulting in hazardous flash rips such as I1 and I4. Second, radar reflectivity maps from the 477 

NEXRAD composite image database show that annually 50% of convective storm events tend to 478 

occur consecutively in 3 days or more. Consecutive small cluster storms like the events described 479 

in Fig. 4 as S2 and S5 tend to result in more hidden flash rips than expected. Third, fast-480 

moving convective storms (Bechle et al., 2015; 2016), in comparison with not convective storms 481 

(Anderson & Mann, 2021; Shi et al., 2020) like frontal, cyclonic systems, and atmospheric gravity 482 

waves seem to be associated with most of the flash-rip induced incidents (see yellow and orange 483 

dots in Fig. 7). The dots associated with convective-storm incidents tend to cluster in the left 484 

quadrants, suggesting that hardly noticeable water level changes like meteotsunamis, in 485 

comparison to visible wind waves, are more likely to cause drowning incidents (see Cases 2, 3, 486 
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and 4 in Section 3.4). This statement is consistent with the recent finding that meteotsunami-487 

induced rips are not sporadic but more frequently related to drowning incidents (Linares et al., 488 

2019). In comparison, only 25% of incidents were associated with not convective storms (see blue 489 

dots in Fig. 7) and most occurred with noticeably large wave height Hs. Lastly, the timing of 490 

storms is found to occur up to 1-2 days before the flash rip incidents, which counts for almost 491 

50% of all convective-associated incidents (see yellow dots in Fig. 7). After storm disturbances 492 

have already passed the lake, the initiated water level fluctuations (e.g., meteotsunamis) 493 

would continuously propagate like edge waves or be rebounded as standing seiches. These 494 

meteorologically induced water level fluctuations could be transformed through the three 495 

possible pathways described in Section 3.3 to generate hidden flash rips at locations under a dry 496 

condition or a fair weather, i.e., far from the initial storm event. Two examples are storms S3 and 497 

S5 that led to incidents I3 and I5 (Table 1). Timing delay of flash rips relative to convective 498 

storms can disguise the danger from swimmers (or beachgoers). In short, storm features 499 

including (i) seasonality of storms overlapping with the swimming season, (ii) more small 500 

consecutive cluster storms generating more hidden flash rips than expected, (iii) convective storm 501 

induced meteorological water level fluctuations (not visible wind waves) highly correlated to 502 

drowning incidents, and (iv) the time delay of visible storms relative to flash rip occurrences 503 

can further expose beachgoers to flash rips. 504 

 505 

4.3 Conditions of high-risk hidden flash rips 506 

Hidden flash rips pose a high drowning risk to beachgoers. Dry conditions or fair 507 

weathers, light winds (Castelle et al., 2019; Houser et al., 2019), small wind waves, or 508 

undetectable water level changes (Fallon et al., 2018), conditions suggested by the observation 509 
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in Fig. 7, can deceive beachgoers into entering the water at a time when the drowning risk is 510 

elevated (Ferrari et al., 2020; Linares et al., 2019). Three conditions of high-risk hidden flash 511 

rips are encapsulated in Fig. 8, based on the event of July 18-21, 2019, and the drowning 512 

incidents of 2002-2019 in Lake Michigan. The first condition (Fig. 8a) occurs on a day of  fair 513 

weather with a series of small convective cluster storms. At the beach, small or moderate 514 

waves with mild breakings on the nearshore result in hidden flash rips, like those flash rips 515 

observed at Port Washington (see Fig. 3). The second condition (Fig. 8b) occurs when a 516 

convective storm passes across the lake but far away from the beach. The weather at the 517 

beach is at a dry condition and the nearshore water appears relatively calm without wind waves 518 

breaking. The meteotsunami-generated edge waves initiated elsewhere propagate to the beach 519 

hours later to create hidden flash rips, similar to those happened to I2 at South Haven and I3 at 520 

Kenosha. The third condition (Fig. 8c) occurs after a convective storm passes across the lake. 521 

At the beach, the weather returns to have a dry condition and the nearshore water appears 522 

tranquil. Nevertheless, the unnoticeable reflected meteotsunami waves suddenly appear to 523 

generate hidden flash rips, similar to those that happened during I4 at Michigan City. In short, 524 

the three conditions featured with a pleasant dry condition or a fair weather and a calm water 525 

surface signature at the beach can attract bathers to enter the nearshore water with unexpected 526 

hidden flash rips, resulting in the highest drowning risks. Specifically, the false perception of 527 

safety by beachgoers to unseen danger of hidden flash rips have not yet been noticed and 528 

reported before on the Great Lakes, as far as the authors are aware. 529 

 530 

5. Conclusions 531 

Hidden flash rips were revealed to relate to a series of drowning incidents on the coasts 532 
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of Lake Michigan during a series of storm events on July 18-22, 2019. Observed flash rips 533 

occurred during or after convective storms with features of atmospheric pressure and wind 534 

disturbances. Hydrodynamic circumstances of meteorologically induced water level fluctuations 535 

and wind waves generated flash rips near the drowning incident locations through processes of 536 

energetic wind waves, meteotsunami-induced longshore currents, water level drawdowns, and 537 

seiche-induced currents. Flash rip incidents in Lake Michigan in 2002-2019 shows that many 538 

drowning incidents occur under small waves and water level fluctuations, a hidden circumstance 539 

which can hardly be detected by beachgoers. Drowning risks are further elevated by features of 540 

storms including the seasonality of storms overlapping with the swimming season, small 541 

consecutive cluster storms generating hidden flash rips, and the time delay of visible storms 542 

relative to flash rip occurrences. In short, three conditions, featured with dry conditions or fair 543 

weathers and a calm water signature at the beach, can attract bathers to enter the nearshore 544 

water with unexpected hidden flash rips, resulting in the highest drowning risks. Findings of 545 

this study reveal that many past drowning incidents in Lake Michigan are related to hidden 546 

conditions due to flash rips, which have not been well recognized before. There is an urgent 547 

need for communication, education, and prediction/forecast of hidden flash rips to the 548 

Laurentian Great Lakes and worldwide coastal communities. 549 
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 Table 1. Summary of convective storms with atmospheric disturbances, meteotsunamis and wave conditions, and related drowning incidents.  

Convective storms Atmospheric Disturbancesc Meteotsunamisd Wavese Incidentsf 

#S 
Time 

(UTC) 
Typea 

Speed 

(m/s) 
Dirb 

max 

∆P/10min 

(hPa) 

Wmax 

(m/s) 
%P %W 

Time 

(UTC) 

NOS 

Gage 

max

∆WL

(m) 

T 

(min) 

Hs 

(m) 

Tp 

(sec) 
MWD 

Time 

(UTC) 
Location #I F R 

S1 
0718  

1125 -1855 
C 14.6 127 2.3 15.4 58 42 

0718  

1857-2357 
CAL 0.36 48 1.28 5.5 247 0719 0000 Ludington I1 1 0 

S2 
0719  

0755-1355 
CL 22.8 119 1.9 12.3 28 72 

0719  

1457-1703 
CAL 0.31 118 

0.6 4.2 280 
0719  

1630-1700 

South 

Haven 
I2 0 3 

0.13 1.6 92 0719 2300 Kenosha I3 1 0 

S3 
0720  

0225-0955 
B 16.5 179 3.7 15.9 40 60 - - - - 

0.75 4.8 4 0721 0130 
Michigan 

City 
I4 1 0 

S4 
0720  

1655 -2325 
L 20.7 162 6.9 18.0 41 59 

 0720 1809 

-0721 0957 
LUD 0.32 72 

 0720 1903 

-0721 0145 
MKE 0.35 39 

 0720 2336 

-0721 0151 
CAL 0.77 99 

S5 
0721  

0455-1325 
CL 9.8 108 0.9 7.2 64 36 

0721  

1003-1157 
CAL 0.55 114 0.44 2.8 307 

0721  

1600-1900 
Ludington I5 0 1 

S6 
0721  

1625 -2255 
C 7.0 82 0.3 10.3 23 77 - - - - 0.93 3.7 33 0721 2030 Chicago I6 1 1 

a C: Complex, CL: Cluster, B: Bow, L: Linear 
b Dir: storm propagation direction 
c ∆P: pressure change, Wmax: max wind speed, %P (%W): relative contribution of atmospheric pressure (wind stress) to initiate water level fluctuations 
d ∆WL: height from crest to trough; T: period, Hs: significant wave height, Tp: peak wave period, MWD: mean wave direction 
f  F:number of drowning fatalities, R: number of rescues 

 

 






