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Abstract 

Rip currents near coastal structures commonly occur in Lake Michigan in the Great 

Lakes region of the United States. Lack of timely warning due to undocumented characteristics 

of rip currents and no assessment tool can contribute to tragic drownings incidents. In this paper, 

we characterized rip current occurrences near breakwater structures and developed an assessment 

tool for providing timely rip current warnings to beachgoers at the study site, City of Port 

Washington, WI. Characteristics of rip currents near the structure were observed from field 

measurements or visual images. Deflection rip currents had speeds of ~0.2 m/s and lasted for 

several hours. The rip current occurrences were associated with environmental proxies. It was 

found that rip currents can occur even when the water appears calm near the structure. A 

Structure Rip Checklist and Assessment Matrix (SRiCAM) with a four-tiered risk was developed 

and validated using observations. Furthermore, the SRiCAM was integrated into 

cyberinfrastructure with a data contingency plan to provide real-time warnings to the public. The 

applicability of the SRiCAM to other locations across Lake Michigan was further tested and 

results are promising. Overall, the SRiCAM has the potential to be widely extended to foster 

recreational water safety and resilience to rip current hazards in the Great Lakes. 

Keywords: Rip currents, coastal structure, meteotsunamis, seiches, Lake Michigan 
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Introduction 

Rip currents, which are narrow seaward water jets that can occur adjacent to coastal 

structures or along beaches, can quickly sweep swimmers into deeper water (Castelle et al., 

2016; Dalrymple et al., 2011; MacMahan et al., 2006). Panicked swimmers can become fatigued 

by trying to swim against rip currents back to shore, leading to drowning (Brander et al., 2011; 

Davis, 1925; Shepard, 1937). Hundreds of rip-current related drowning incidents have been 

reported across the world (Arozarena et al., 2015; Brewster et al., 2019; Brighton et al., 2013; 

Gensini and Ashley, 2010; Short and Hogan, 1994; Woodward et al., 2013). According to the 

Great Lakes Current Incident Database (GLCID), a total of 703 drowning incidents including 

223 fatalities occurred in the Great Lakes region (US/Canada) from 2002-2020. Rip-current 

related incidents occurred in all the five Great Lakes, and 448 occurred in Lake Michigan 

(Michigan Sea Grant, 2021). More than 50% of the reported incidents were in the vicinity of 

coastal structures (Michigan Sea Grant, 2021). In Lake Michigan, 257 coastal structure-related 

incidents occurred at 38 distinct sites across 18 counties.  

On annual average, there were 13 rip current-related incidents near coastal structures in 

Lake Michigan. A hotspot like the Holland State Park, Michigan had 28 incidents occurred on a 

single day of August 3, 2011, according to the GLCID. Another hotspot, the Grand Haven State 

Park, Michigan, had 4 fatalities and 17 rescues caused by structure-related rip currents over the 

19 years. While a great amount of progress in documenting rip current hazards has been made 

over the past decades (Brander and Scott, 2016; Brander and MacMahan, 2011; Castelle et al., 

2016; Short and Hogan, 1994), the lack of timely warnings of rip currents near structures can 

contribute to tragic drowning incidents. In view of the importance and concern, characterizing 
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and assessing potential occurrences of rip currents near structures would help foster recreational 

water safety in the Great Lakes (Meadows et al., 2011). 

Characteristics of rip currents near coastal structures can be classified into two types 

(Castelle et al., 2016). First, deflection rip currents occur at the wave-exposed side as offshore-

directed flows propagating along the structure (Castelle et al., 2016; Castelle and Coco, 2012; 

Horta et al., 2018; Scott et al., 2016; van Rijn, 2011). The formation is caused by deflected 

longshore currents when encountering the rigid boundary (Dalrymple et al., 2011). The speeds of 

deflection rip currents tend to increase with wave heights and when oblique wave incidence is 

close to a 45° angle with the shoreline direction (Scott et al., 2016). Deflection rip currents are 

found to extend far outside the surf zone when the structure is longer than the surf zone width, or 

when the spacings between two structures (such as in groins or headlands) are 2 to 4 times the 

lengths (Castelle and Coco, 2013; Scott et al., 2016; van Rijn, 2011). Second, shadow rip 

currents occur on the lee-wave side as large recirculation eddies (Aelbrecht and Denot, 1999; 

Gourlay, 1974; Pattiaratchi et al., 2009; Scott et al., 2016; Wind and Vreugdenhil, 1986). The 

formation of the eddy is caused by differences in radiation stress gradients between the large 

wave set-ups and the shadowed side of the structure (Gourlay, 1974; McCarroll et al., 2014; Shi 

et al., 2003). Flow patterns of shadow rip currents have been observed in narrow embayments 

between headlands (Castelle and Coco, 2013, 2012). Recirculating shadow currents and offshore 

deflection currents can appear on both ends of the headland boundaries simultaneously. Studies 

regarding the characterization of rip currents near groins (Aelbrecht and Denot, 1999; 

Pattiaratchi et al., 2009; Scott et al., 2016) and headlands (Castelle and Coco, 2013, 2012; 

Gourlay, 1974; Horta et al., 2018) have been well documented. Nevertheless, there are few field 

measurements of rip currents near structures particularly in the Great Lakes, in comparison with 
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rip current measurements conducted at beaches (Castelle et al., 2016). Therefore, characterizing 

rip currents near harbor breakwaters, common coastal structures adjacent to recreation beaches in 

the Great Lakes, are critically needed. 

Assessment of rip current occurrences has been conducted based upon environmental 

proxies (Dalrymple et al., 2011; Gensini and Ashley, 2010). On oceanic coasts, the Lushine Rip 

Currents Scale (LURCS) and the modified derivatives are based on causative factors like wind 

speed and direction, swell height and period, tidal range, and beach morphology (Alvarez-

Ellacuria et al., 2009; Arun Kumar and Prasad, 2014; Engle, 2003; Lascody, 1998; Lushine, 

1991; Schrader, 2004). In the Great Lakes, the Great Lakes Rip Current Checklist (GLRCC) 

considers factors like wave height, wave period, wind speed, wind direction, and water level 

(Meadows et al., 2011). Recently, high-frequency water level oscillation due to storm-induced 

meteotsunamis (Bechle et al., 2016; Monserrat et al., 2006) and seiches (As-Salek and Schwab, 

2004; Rabinovich, 2009), one of the key factors to cause rip currents in open beaches in the 

Great Lakes (Linares et al., 2019), has further been added to the Flash Rip Occurrence Checklist 

by Liu and Wu (2019). While a great deal of progress has been made in employing 

environmental proxies to assess rip currents in open beaches, no tool to assess rip currents near 

coastal breakwater structures has been reported in the Great Lakes, as far as the authors are 

aware. 

The objective of this paper is to characterize rip current occurrences near breakwater 

structures and develop an assessment tool for providing timely rip current warnings to 

beachgoers. Specifically, the occurrences of rip currents were identified and associated with 

environmental proxies using in-situ measurements and remote imaging observations at the north 

breakwater of the City of Port Washington, Wisconsin. Pulsating flow characteristics in the 
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observed rip currents were related to the environmental proxies using wavelet and cross-wavelet 

analysis. The Structure Rip Checklist and Assessment Matrix (SRiCAM) tool for assessing 

potential occurrences of rip currents near structures was developed and validated at the study 

site. Consistent and trustworthy results based upon the SRiCAM were discussed. The SRiCAM 

tool was integrated into cyberinfrastructure with a data contingency plan to provide reliable and 

real-time warnings to the public. Lastly, we applied the SRiCAM to other locations around Lake 

Michigan for assessing rip current hazards near coastal structures to foster coastal community 

resilience in the Great Lakes. 

 

 

Methods 

Site description  

The study site is located on the western shore of Lake Michigan at City of Port 

Washington, WI. The harbor, representing a typical coastal structure on the Great Lakes, is 

bound by two concrete breakwaters as shown in Fig. 1. The two breakwaters are 850 meters 

apart on the land and the two tips are 400 meters apart. The north breakwater has a length of 750 

meters and forms an oblique angle of 115° with the shoreline. The south breakwater has a length 

of 500 m and forms a normal angle with the shoreline. The shoreline is orientated in angle about 

30° clockwise from true North. Correspondingly, the shore-normal incidence is 120° from the 

North. Two recreational beaches, North Beach and South Beach (Fig. 1) are connected to the two 

ends of the breakwaters. The beach slope is 0.03-0.04 and becomes 0.01-0.015 at offshore 

distances beyond 100-150 meters from the shoreline. Both beaches are not patrolled by 

lifeguards. Eight drownings and over ten rescues were reported near the site since 2012, 
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according to the GLCID (Michigan Sea Grant, 2021) and reports from the Great Lakes Surf 

Rescue Project (GLSRP, 2021). Specifically, drownings due to rip currents occurred on 

September 2, 2012 and March 16, 2016 were reported to occur adjacent to the breakwaters of the 

Port Washington harbor (GLSRP, 2021). While a previous study at the study site (Liu and Wu, 

2019) has addressed the flash rips at the North Beach, rip currents near the breakwaters have not 

been investigated. 

 

Data sources and field measurements 

Bathymetry data (Fig. 1) was integrated by combining three sources: nearshore surveyed 

depths, coastal LiDAR topographic data (Office for Coastal Management, 2014), and NOAA 

offshore bathymetry of Lake Michigan (National Geophysical Data Center, 1996). The nearshore 

survey was conducted in 2017 using a Sontek River Surveyor with a 0.5 MHz downward-

looking vertical acoustic beam (Lin et al., 2009), with a horizontal resolution of 0.5 meter and a 

depth resolution of 1 millimeter. The survey covered a nearshore region (2000 m × 250 m) north 

of the Port Washington harbor. The coastal LiDAR topographic data, which was collected by the 

USACE NCMP Topobathy Lidar Survey in 2012 (Office for Coastal Management, 2014), covers 

coastal regions up to 500 meters offshore with horizontal resolutions of 1-3 meters and a vertical 

resolution of 1 millimeter. The NOAA offshore bathymetry for Lake Michigan has a spatial 

resolution of 3 geographic seconds. The integrated bathymetry employs unified coordinates 

based on UTM NAD83 and NAVD88 datums and the overlaid points were averaged using 

inverse distance weighting. 

Meterological data including surface wind speeds, directions, atmospheric pressures, and 

radar reflectivity images were compiled from multiple sources. First, data at 10-minute interval 
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was obtained from the NOAA weather station PWAW3 (A1 in Fig. 1) which was established 

since 2006 as part of the Great Lakes Observation System (GLOS) Weather Station network. 

Second, 1-minute interval data was collected by a Young ResponseONE Weather Transmitter 

(A2 in Fig. 2) in 2019 during the swim season deployment at North Beach, which was described 

in (Liu and Wu, 2019). Third, 1-minute data was obtained from the nearby Automated Surface 

Observing System (ASOS) at the General Mitchell International Airport in Milwaukee, WI 

(KMKE, see Fig. 1). Next Generation Radar (NEXRAD) reflectivity images were obtained from 

the NOAA National Climatic Data Center at 5-minute interval and were used to detect passages 

of convective storms, which can induce high-frequency water level oscillations like 

meteotsunamis (Bechle et al., 2015; Linares et al., 2018). 

Hydrodynamic data, including nearshore currents, water levels, and wind waves, were 

measured for a 35-day period from July 27, 2016, to August 31, 2016, and a 10-day period from 

Aug 9, 2017, to Aug 19, 2017. Nearshore currents on the north side of the Port Washington 

harbor were measured at three locations (Fig. 1). Two Teledyne RDI Acoustic Doppler Current 

Profilers (ADCPs) sensors (denoted as C1 and C2 in Fig. 1) were deployed at about 20 meters 

from the north breakwater at a water depth of 4.6 meters and 6.7 meters, respectively. Profiles of 

current velocities were sampled at 3 Hz for 2.5 minutes in every 5-minute interval. Farther away 

from the structure, a Nortek 1 MHz Acoustic Wave and Current Profiler (AWAC) sensor 

(denoted as CW in Fig. 1) was deployed at a water depth of 5.5 meters. Velocity profiles and 

wind waves using the acoustic surface tracker technique (Nortek AS, 2005) were sampled in a 

burst mode of 2 Hz for 8.5 minutes in every 10-minute interval. In addition, an ultrasonic 

Echologger sensor (denoted as W1 in Fig. 1) was deployed to measure the time series of water 

surface displacements at 5 Hz. 
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Visual images at the study site were recorded using a real-time Mobotix 6MP resolution 

dual-lens camera (Liu and Wu, 2019) on the rooftop of Wastewater Treatment Plant (A2 in Fig. 

1). The camera view toward the north side of the breakwater provides a 45°×34° field of view. 

The camera’s central control unit can automatically adjust the brightness to different lighting 

conditions in a day. High-resolution images were sampled every 5 seconds. The image data were 

used to detect visual signatures of rip currents such as sediment plumes (Floc’h et al., 2018; 

Murray et al., 2013) or bubble-laden water jets (Dalrymple et al., 2011; Leatherman and 

Leatherman, 2017). 

 

Rip current identification  

Rip currents were identified based upon directions and magnitudes of measured velocities 

during the 2016 field measurement. In this study, rip current occurrences were identified using 

two criteria: (i) velocity direction is within +/- 15 degrees from the angle of the nearby structure 

(i.e., 145° from the North) toward offshore, and (ii) velocity magnitude is larger than 0.1 m/s, 

which corresponds to the 95th percentile of measured velocities of the 35-day dataset in 2016. 

The 0.1 m/s criterion is on the lower end of typical rip current speeds of ~0.4 m/s measured near 

groins in other studies (Pattiaratchi et al., 2009; Scott et al., 2016). Rip currents of smaller speeds 

still can pose hazards to weak and non-swimmers (Moulton et al., 2017). The time series of 

measured current velocities were processed in the following three steps. First, velocity profiles in 

each sampling interval were averaged over time and water depth. Next, the time and depth-

averaged velocities were converted from the universal ENU (East, North, Upward) coordinate 

system to the location-specific CAU (Cross-shore in x, Alongshore in y, Upward in z) coordinate 
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system, as shown in Fig. 1 for the x-y plane. Lastly, the calculated velocity magnitudes and 

directions were checked using the two criteria (i) and (ii).  

Rip currents were also identified based upon sediment plumes that appeared in the 

camera images. To facilitate detection of rip currents, we followed the method of Liu and Wu 

(2019) to process recorded images in three steps. First, original images in RGB color space are 

transformed into the HSV color space, which closely resembles human perceived colors. Second, 

all transformed HSV pixels are partitioned into segments using a k-means clustering method. 

The regions representing different morphological features, such as the water, the breakwater 

structure, and rip currents-induced sediment plumes, are separated. Third, images in oblique 

views are ortho-rectified and transformed into geo-referenced coordinates using parameters 

obtained from on-site calibration methods (Bechle et al., 2012; Wanek and Wu, 2006). The 

processed images were checked against the three criteria: (i) pixels in the colors of sediment 

plumes (Hue<0.167) are detected; (ii) the detected sediment plume in pixel clusters have sizes 

larger than an area threshold (20 m2), where the threshold is determined by minimizing any 

discrepancies between the detections and human eye perceived plumes; and (iii) the centroid 

locations of detected sediment plumes are in the vicinity of the north breakwater (Liu and Wu, 

2019). 

  

Environmental proxies and association  

Environmental proxies, like hydrodynamic and atmospheric conditions, were associated 

with identified rip current events as follows. First, proxies for nearshore hydrodynamic 

conditions were characterized based upon factors like significant wave height (Hs), peak wave 

period (Tp), and high-frequency water level fluctuations (HFWLFs, denoted as ∆WL). HFWLFs 
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were calculated by applying a band-pass filter to isolate water surface displacements with 

periods less than 2 hours (As-Salek and Schwab, 2004; Bechle et al., 2015; Monserrat et al., 

2006). Second, proxies for atmospheric conditions were characterized based upon factors like 

wind speeds (Ws), wind directions (Dirw), wind shifts (∆Dirw) and pressure disturbances (∆P). 

Wind directions were measured as the angle clockwise from true North and were reported in the 

sixteen-wind compass. Wind shifts were calculated as the wind direction changes in degrees per 

hour. Pressure disturbances (∆P) were calculated from filtered air pressures using a 2-hour cut-

off period. In addition, a proxy for convective storm was characterized by detecting storm 

structures in radar reflectivity images (Bechle et al., 2015). The storm proxy was included in this 

study because storm-induced atmospheric disturbances are common drivers of HFWLOs like 

seiches and meteotsunamis that can propagate as edge waves (Bechle et al., 2014), affect 

nearshore hydrodynamics (Bechle et al., 2015) and cause rip currents (Linares et al., 2019).  

 

Wavelet analysis 

Wavelet analysis is capable of simultaneously revealing the time and frequency features 

of time series signals. Wavelet analysis (Daubechies and Sweldens, 1998; Torrence et al., 1998) 

has been employed in studies of nearshore processes, such as rip channel evolutions (Barrett and 

Houser, 2012), wave breaking patterns (Liu and Babanin, 2004), and high-frequency water level 

fluctuations (Linares et al., 2016). In this study, we employed a Morlet mother wavelet function 

(Torrence et al., 1998) to calculate wavelet power spectra (WPS) of current speeds measured by 

the three sensors (C1, C2, and CW). Velocity pulsations in rip current events were characterized 

based upon calculated WPS. To examine causative relationships of occurrences and pulsating 

behaviors of rip currents with environmental proxies, cross-wavelet spectrum analysis (Grinsted 



12 

 

 

et al., 2004) was employed. Specifically, cross-wavelet power spectra (CWPS) of rip current 

speeds and water levels, speeds and wind speeds, speeds and air pressures were calculated, 

respectively. The CWPS were normalized against red noise above the 95% confidence level to 

isolate common power between the two signals that are statistically significant. In short, wavelet 

and cross-wavelet analysis were included to provide additional frequency information for 

characterizing the occurrences and the environmental proxies of rip currents near coastal 

structures.  

 

Structure Rip Checklist and Assessment Matrix (SRiCAM) 

A new tool, based on the Great Lakes Rip Current Checklist (GLRCC; Meadows et al., 

2011) and incorporating additional environmental proxies, was developed to assess rip current 

occurrences near coastal structures. Table 1 shows that four factors (i.e., wave height, wave 

period, wind speed, and lake level) were adopted from GLRCC (Meadows et al., 2011). We 

adjusted the wave period factor to account for wind fetches at the study site. Five new factors 

including wind direction, high-frequency water level fluctuation, wind shift, pressure 

disturbance, and visual image were added. Points from each factor that meets the corresponding 

criterion in the SRiCAM are added to yield a total point (TP). The potential occurrence of rip 

currents is assessed based upon TP into four risk tiers: very high (TP>11), high (11≥ TP>7), 

moderate (7 ≥ TP ≥ 4), and low (4 > TP > 0). At a very high-risk tier, rip currents will occur and 

can impose life-threatening hazards to people who are close to the breakwater. At a high-risk 

tier, rip currents are expected to occur and can be dangerous near the breakwater. At a moderate-

risk tier, rip currents are possible to occur near the structure. At a low-risk tier, rip currents are 

generally not expected.  
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Results 

Rip current characteristics 

Fig. 2 shows the time series of the measured current speeds and directions near the north 

breakwater. Fourteen events of rip currents were identified as the measured velocities exceeded 

the threshold of 0.1 m/s at either the C1 or the C2 location. The events are highlighted by shaded 

rectangles in Fig. 2 and are numbered chronologically. Each event is denoted with a letter I 

(increasing) if the speeds at C1 were smaller than the speeds at C2, or with a letter D 

(decreasing) if otherwise. Table 2 summarizes the maximum rip speeds (Umax) and the durations 

(∆T), and the forms of increasing or decreasing currents for each event. The speeds of the 

identified rip currents were between 0.10 – 0.23 m/s and the durations were between 1.7 – 27.1 

hours. Eight rip events (1, 3, 4, 6, 7, 8, 11, and 14) with an average speed of 0.13 m/s and an 

average duration of 7.1 hours exhibited as the I-form currents. The other six events (2, 5, 9, 10, 

12, and 13) with an average speed of 0.10 m/s and an average duration of 3.1 hours exhibited as 

the D-form currents. Rip current feeding flows were measured at CW located farther away from 

the breakwater. The currents at CW were on the same order of magnitude as the rip currents at 

C1 and C2, but the directions were mostly alongshore. The current directions passing CW were 

southward (averagely ~ 190° clockwise from true North) for the I-form currents and 

southwestward (~213°) for the D-form currents. Note that for the I-form currents, the angle 

between the longshore currents and the orientation of north breakwater (see Fig. 1) is 

approximately 45°, coinciding with an optimum angle for currents to deflect offshore along the 

breakwater (Scott et al., 2016). The average speeds and the durations of events with the I-form 
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currents tended to be larger and longer than events with the D-form currents. Overall, two forms 

of rip currents near the breakwater, along with the longshore feeding currents of similar speeds, 

were characterized.  

Velocity pulsations measured by the three sensors at C1, C2, and CW during the fourteen 

identified rip current events are evident in Fig. 3, which shows the wavelet power spectra (WPS) 

of current speeds normalized against the variance in log scaled color contours. The black lines 

represent WPS at the 95% confidence level and the bounded regions were considered as 

statistically significant. High energy pulsations at periods between 60 and 120 minutes were 

evident with the WPS>1 at all three locations. Particularly, pulsations of so-called Very Low 

Frequencies (VLFs), defined as currents with periods <30 minutes (MacMahan et al., 2010) or 

frequencies <4.0 mHz (Elgar and Raubenheimer, 2020), were found statistically significant at C1 

(events 2, 4, 9, 10 and 14) and C2 (events 9, 10, 11 and 12). The velocities of the VLF 

pulsations, isolated by bandpass filtering, were in the range of 0.04-0.07 m/s and contributed up 

to ~70% (event 11) of the rip current velocities. In comparison, the VLF pulsations were less 

obvious at CW. The finding suggests that the VLF pulsations can be a key component 

contributing to the rip current speeds and may not be caused by the longshore feeding currents.   

  

Environmental proxies for rip current occurrences 

Four environmental proxies, based on factors of nearshore significant wave heights (Hs), 

wave periods (Tp), wind speeds (Ws), and wind directions (Dirw), were associated with identified 

rip current events, as shown in Fig. 4 (a-b). The first (I) was characterized by high waves and N-

E winds and was associated with events 1, 2, 4, 11, and 14 (Table 2). Significant wave heights 

were larger than 0.45 meter with the peak wave periods above 4 seconds. Winds with an average 
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speed of 5.1 m/s were from N to E directions. Wave-driven longshore currents flowed toward the 

structure to form deflection rip currents. The second (II) was characterized by moderate to low 

waves (Hs>0.15 m) and N winds (Dirw < 45°) and was associated with events 3, 6, 7, 8, and 10. 

Wind waves in highly oblique incidence or wind stress parallel to the shoreline (~ 30°) induced 

longshore currents toward the breakwater to generate deflection rip currents. The third (III) was 

characterized by high waves and S winds and was associated with event 9. With significant wave 

heights as high as 0.84 m at CW, wave-induced currents formed shadow rip currents on the north 

side (downdrift) of the breakwater. The fourth (IV) was characterized by wind direction shifts 

(∆Dirw>15°/hour) and low waves (Hs<0.15 m) and was associated with events 5, 12, and 13. 

Note that low-wave conditions are unlikely for wave-driven rip currents to form, but the wind 

shifting possibly created a transient forcing to cause temporary rip currents near the breakwater. 

The durations of rip currents in the events associated with proxy IV were observed to be 

relatively short (∆T <2 hours), in comparison with the other events (Table 2).  

Three additional environmental proxies were based on new factors such as high-

frequency water level fluctuations (∆WL), atmospheric pressures disturbances (∆P), and storm 

structures related to identified rip currents. The new factors were included to address 

meteorologically induced water level fluctuations, a new cause of rip currents near structures in a 

recent study by Linares et al. (2019). The fifth (V) proxy was characterized by ∆WL larger than 

the standard deviation (σ = 0.04 meter) and was associated with the majority (10 out of 14) of 

events (Fig 4 c). During events 6 and 11, water level oscillations reached ∆WL > 2σ and 

relatively large rip speeds were observed (>0.15 m/s; Table 2). The sixth (VI) was characterized 

by atmospheric pressure disturbances (∆P >~ 0.5 hPa) during or before rip currents and were 

associated with events 1, 5, 6, 9, 10, and 13 (Fig 4d). Nevertheless, proxies V and VI were 
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associated with the days of 2016/08/04, 2016/08/17, and 2016/08/19 (Fig 4c, d) without rip 

currents (Fig. 2). One possible reason was that the water level fluctuations (proxy V) might be 

infra-gravity waves (Bertin et al., 2018), not in the same form to cause rip currents near 

structures as the meteorologically induced water level fluctuations described by Linares et al. 

(2019). Another possibility was that the pressure perturbations (proxy VI) and the induced water 

level fluctuations (proxy V) hit the shoreline at normal incidence and did not generate longshore 

currents to form deflection rip currents along the breakwater structure. The seventh (VII) proxy 

was characterized by storm structures (Bechle et al., 2015) and was associated with 9 events 

(Table 2).  

Environmental proxies were further associated with velocity pulsations in identified rip 

current events. Fig. 5 (a), (b), and (c) show the normalized cross-wavelet power spectra (CWPS) 

of the observed current velocities at C2 and water levels, atmospheric pressures, wind speeds, 

respectively. Based on the energetic CWPS shown in Fig. 5, we observed that the rip currents 

pulsated at similar periods as water levels and atmospheric factors, further supporting the 

association between the environmental proxies with the rip current events. Particularly, 

significant common power (normalized CWPS>1) was observed at periods <30 minutes, 

suggesting that the VLFs, a key component of rip velocities (Fig. 3), were associated with or 

even caused by the environmental proxies. The results based upon CWPS analysis support the 

previous finding that atmospheric disturbances (proxies IV, VI, VII) or/and induced water level 

fluctuations (proxy V) can lead to dangerous rip currents near structures (Linares et al., 2019).  

To sum up, based on the time series (Fig. 4) and the cross-wavelet analysis (Fig. 5), the 

identified deflection or shadow rip currents were associated with the seven environmental 

proxies. Proxies I and III were characterized by high waves and favorable wind directions. Proxy 
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II was characterized by shore-parallel winds (Scott et al., 2016). Proxy IV was characterized by 

shifting winds. Proxies V, VI, and VII were characterized by high-frequency water level 

oscillations, atmospheric pressure disturbances, and convective storm structures, respectively 

(Linares et al., 2019; Liu and Wu, 2019). Furthermore, most occurrences (12 out 14; Table 2) 

and velocity pulsations were associated with more than one environmental proxy during a rip 

current event. The framework of using multiple (seven) proxies allowed us to best characterize 

rip current near structures under a broad range of possible causative conditions, which would be 

additional factors of the Great Lakes Rip Current Checklist (Meadows et al., 2011).  

 

Visual signatures of rip currents 

Visual signatures of rip currents (i.e. sediment plumes) were captured by the camera A2 

(Fig. 1). Fig. 6 shows four example images of rip current events. Patterns of rip-current induced 

sediment plumes in the four events (1, 3, 9, 5) were different. In event 1 (Fig. 6a), a plume patch 

appeared near the north breakwater without apparent feeding longshore currents. In event 3 (Fig. 

6b), noticeable longshore currents were deflected to generate a narrow band of rip-current 

induced sediment plumes along the breakwater. In event 9 (Fig. 6c), a patch of plumes due to 

longshore feeding currents was apparent, but no deflection rip current was visible along the 

breakwater. In event 5 (Fig. 6d), the water appeared calm with no sediment plume, while the 

velocity measurements at C1 captured offshore rip currents up to 0.16 m/s (Table 2). The 

example of Fig. 6 (d) suggests that rip currents near structures can be a hidden hazard to those 

who are unaware. Events 1, 9, and 5 were associated with storm-related proxies V, VI, and VII, 

respectively, inferring that cloudy weather (Fig. 6a, c, and d) also can be used as a visual proxy 

of rip currents. Note that event 3 was associated with a cluster storm (proxy VII). The storm 
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crossed southern Lake Michigan without passing the study site, but the induced water level 

oscillation might still affect the site by propagating as edge waves along lake coasts (Linares et 

al., 2019). The weather (Fig. 6b) appeared sunny and the danger of rip currents was disguised. 

Overall, visual signatures of sediment plumes can directly provide vivid evidence of rip currents. 

When there is no apparent sediment plume near the structure, environmental proxies can be used 

to assess potential occurrences of hidden rip currents near coastal structures.  

 

Evaluation of SRiCAM 

The five new factors added to the SRiCAM (Table 1) are rationalized here. The wind 

direction factor accounts for proxies I and II for deflection rip currents (“updrift”) and proxy III 

for shadow rip currents (“downdrift”). As rip currents associated with proxies I and II were more 

frequently observed, two points were assigned to the “updrift” criteria in Table 1. The wind shift 

factor addresses proxy IV for rip currents due to transient wind forcing. The high-frequency 

water level fluctuation factor addresses proxy V for rip currents due to meteotsunamis (Linares et 

al., 2019) or seiches (Meadows et al., 2011). The pressure disturbance factor addresses proxy VI 

for rip currents with dangerous pulsating velocities. Lastly, a visual image factor addresses two 

situations: (i) proxy VII for rip currents related to storm structures (Linares et al., 2019) and (ii) 

direct visual signatures of rip currents (i.e. sediment plumes).  

Outcomes of the SRiCAM assessing rip current occurrences near the north breakwater 

were evaluated. Table 3 shows 22 rip current events including the 14 events in 2016. Additional 

8 events were identified based on velocity measurements conducted from Aug 9 to Aug 19, 2017 

(denoted as “Velocity” in Table 3) or visual evidence of rip currents imaged by the A2 camera in 

2017-2019 (denoted as “Image”). All the events were assessed in the moderate-, high-, or very 
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high-risk tier. The contributions from the five new factors were 75% on average for all events. 

For events assessed in the very high-risk tier (1, 16, 18, 20, 21), the contributions from the new 

factors were in the range of 70-80%, which were associated with proxy I and proxies V, VI, VII. 

For events assessed in the high-risk tier (2, 3, 9, 19, 22), the new factor contributions exhibited 

large variations from 56% (in event 19) to 95% (in event 22). For events assessed in the 

moderate-risk tier, large variations in the new factor contributions also were noticed. For 

example, a low 50% contribution from the new factors in event 14 was associated with proxy I. 

A high 91% contribution from the new factors in event 5 was associated with proxies IV, V, VI, 

VII (see Table 2). In short, the new factors added to the SRiCAM reflect important contributions. 

In addition, 9 out of 10 events assessed in the very high- or high-risk tier were also identified by 

visual evidence of sediment plumes, supporting the effectiveness of the new visual image factor 

to reflect associated risks. Overall, the SRiCAM was developed and validated. The new 

assessment tool can effectively provide warnings for potential occurrences of rip currents near 

the breakwater. 

 

 

Discussion 

Multi-tiered risk assessments 

Four- and three-tiered risk assessments are compared and discussed here. The four-tiered 

SRiCAM is compared with a three-tiered version, which assesses TP ≥ 5 in a moderate-risk tier 

and TP ≥ 10 in a high-risk tier. For a hidden rip current event such as event 7, the TP was 4.5, 

yielding a moderate risk based upon the four-tiered version. In comparison, the three-tiered 

assessment would give a low risk. Similarly, 5 out of the 12 events in the moderate-risk tier 
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(four-tiered assessment), would be assessed in the low-risk tier if using the three-tiered version. 

Furthermore, event 19 in the high-risk tier (four-tiered assessment) would be assessed in the 

moderate-risk tier if using the three-tiered version. In other words, the three-tiered risk 

assessment tends to underestimate risks, resulting in low trust to the public (Houser et al., 2019).  

We further compare the four-tiered SRiCAM with the three-tiered GLRCC. By 

incorporating new proxy factors and building upon the weighting of original GLRCC factors for 

wind wave-driven rip currents in open beaches (Meadows et al., 2011), the SRiCAM is capable 

of addressing rip currents near structures. Under wind waves dominating conditions (proxies I, 

III), the SRiCAM adds points contributed from original factors in the GLRCC, yielding 

consistent assessments. Under mixed conditions such as strong shore-parallel winds (proxy  II),  

shifting  winds  (proxy  IV), meteorologically induced (proxies VI,  VII),  or  water  level  

fluctuations  (proxy  V) including meteotsunamis and seiches (Linares et al., 2019; Meadows et 

al., 2011), the SRiCAM considers significant contributions (>50%, see Table 3) from new 

factors to capture hidden rip currents, which would otherwise be assessed as low-risk by the 

GLRCC. In recent years, four-tiered risk assessments have been adopted by several rip current 

warning systems, such as by Arun Kumar and Prasad (2014) and by the National Weather 

Service (Grand Rapids Michigan) on July 10, 2020 via Facebook 

(https://www.facebook.com/NWSGrandRapids/). Overall, the four-tiered risks in the SRiCAM 

shows trust-worthy and consistent assessments of potential rip currents occurring near coastal 

breakwater structures. 

 



21 

 

 

Integration of cyberinfrastructure 

Cyberinfrastructure technology has been widely employed to provide real-time hazard-

related warnings in recent years. In this study, the SRiCAM has been integrated into Integrated 

Nowcast Forecast Operation System developed for the Great Lakes region (Anderson and Wu, 

2018; Liu and Wu, 2019; Reimer and Wu, 2016), in order to provide real-time warnings of rip 

currents near the north breakwater at City of Port Washington, WI (URL: 

https://infosportwashington.cee.wisc.edu/Northbreakwaterwatch1.html). Fig. 7 shows the 

webpage during the rip current event 22 on 2019/08/15 at 15:25 PM as an example. On the top of 

the page, the assessment of a high-risk tier is highlighted, and the text is designed to change 

accordingly based upon four risk tiers. Underneath appears detailed information about rip 

currents in three columns. On the left column, the total points and the SRiCAM are shown. 

Particularly, the explanations for “very high”, “high”, “moderate”, “low” risks are provided, and 

the suggested actions are emphasized for each risk tier. The wordings were adapted from the 

local signage provided by the City of Port Washington (Liu and Wu, 2019) and forecast 

descriptions provided by the NOAA National Weather Service 

(https://www.weather.gov/safety/ripcurrent-forecasts). In the middle column, current conditions 

of the nine SRiCAM factors are shown. On the right column, a webcam image shows rip-

induced sediment plumes. Lastly, safety education is incorporated at the right bottom corner. The 

message of “Be Cautious on Both Sides of Breakwater!”, a schematic of deflection and shadow 

rip currents occurring at the same time (Scott et al., 2016), and additional safety messages are 

provided. Overall, integration of the SRiCAM into the cyberinfrastructure provides real-time 

warnings of rip current hazards near coastal structures in the Great Lakes for the first time, as far 

as the authors are aware. 
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Data contingency plan 

Reliable real-time assessment for hazard-related risks requires a data contingency plan 

(Anderson and Wu, 2018). During temporary station downtime or seasonal sensor unavailability, 

environmental factors like wave height, wave period, wind speed, wind direction, and pressure 

disturbance, or water level fluctuations cannot be accounted for. The contingency plan was 

designed to stream in data from nearby stations to avoid spurious low total points and 

underestimated risk assessment. Specifically, wave information can be obtained from two wave 

buoys: (i) NDBC station 45013 at Atwater Park, located 20 miles south of Port Washington 

harbor, and (ii) NOAA station 45007 in central South Lake Michigan. Additional meteorological 

wind and atmospheric pressure data are obtained from three stations: NDBC stations MLWW3 at 

Port of Milwaukee, SGNW3 at Sheboygan, and an Automated Weather Observing System 

(AWOS III) station KETB at West Bend to further augment observations at NDBC station 

PWAW3 and ASOS station KMKE. Water level oscillations can be obtained from the NOAA 

gauge (9087057) in Milwaukee.  

Two-step data contingency procedures are executed as follows to ensure that all factors 

are counted. In step (I), alternative observations from nearby sensors are used to replace the 

missing data. Nearshore waves at the study site are estimated by adjusting offshore wave 

observations through the linear-wave dispersion relation (Dean and Dalrymple, 1991). The water 

level fluctuations criteria are adjusted to station-specific thresholds determined in previous 

meteotsunami studies (Bechle et al., 2016, 2015, and Linares et al., 2016).  In step (II), outputs 

from the Great Lakes Coastal Forecasting System (GLCFS), downloaded from the GLOS 

Thredds Server (http://tds.glos.us/thredds/catalog/catalog.html) for gridded wind, pressure, and 
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wave fields, are used if no alternative observation is available from step (I). The GLCFS, 

developed by the Great Lakes Environmental Research Laboratory (Alves et al., 2014; Liu et al., 

1984; Schwab et al., 1984), is operated to provide real-time nowcasting/forecasting of 

hydrodynamic condition across the Great Lakes. In short, the data contingency plan is essential 

to provide reliable warning messages of rip current occurrences near the breakwater structure. 

  

Applicability to other locations in Lake Michigan 

Applicability of the SRiCAM to other locations near harbor breakwaters around Lake 

Michigan was examined. Assessments were based on observation data in Lake Michigan from 

multiple sources including 12 NDBC offshore wave buoys for wave factors, 20 NDBC and 

ASOS weather stations for winds and pressure factors, and 10 NOAA water level gages for high-

frequency water level fluctuation factor. Specifically, nearshore waves were estimated using the 

dispersion relation (Dean and Dalrymple, 1991). Observed wind directions were compared 

against shoreline and structure orientations at each location to determine the “updrift” or 

“downdrift” factor. Fig. 8 (a) shows an example of applying the SRiCAM to assess risks of rip 

currents on 2019/07/20 at 39 locations in Lake Michigan including Port Washington, WI. The 

majority (27 out of 39) of locations were assessed as being at moderate risk, 10 at high risk, and 

2 at low risk. The assessed risk tiers were consistent with the visual images of rip current 

occurrences at three locations spanning across the west, south, and east coasts of Lake Michigan 

at Port Washington, WI ([1]; Fig. 8b), Michigan City, IN ([14]; Fig. 8c), and Grand Haven, MI 

([21]; Fig. 8d), respectively. In the three images, rip-induced sediment plumes, shown as red 

arrows in Fig. 8 (b, c, d), were captured by the camera A2 at the study site (Fig. 1), a webcam by 

the Great Lakes Meteorological Real-Time Coastal Observation Network and an EarthCam 
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(earthcam.com), respectively. Note that the image of Fig. 8 (e) shows choppy water without 

apparent sediment plumes at South Haven ([17]). The assessment was a moderate risk, 

suggesting that there were possible hidden rip currents near the breakwater. In some cases, the 

assessment outcomes were not yet certain. The assessment for Sheridan Park ([8]) and Chicago, 

IL ([9]), two locations close to each other, were a moderate risk (TP=5) and a low risk (TP=2), 

respectively. Further study is needed to adjust the environmental proxies in the SRiCAM to the 

risk tier due to differences in site-specific conditions and local structure configurations. Overall, 

applicability of the SRiCAM in assessing potential rip current occurrences at locations near 

harbor breakwaters in Lake Michigan is promising. Future work should be devoted to 

incorporating and integrating the SRiCAM into regional cyberinfrastructures like the Great 

Lakes Beach Hazards (National Weather Service, NOAA, 2020) for providing real-time 

warnings for rip currents near harbor breakwaters in the Laurentian Great Lakes. 

Visual identification  

Visual identification of rip current based on induced sediment plumes is discussed. In this 

study, 9 out the 22 events were identified based on images (Table 3). Signatures of sediment 

plumes tended to appear under two situations. First, sediment plumes were observed in events 

during or after convective storms crossing the lake (proxy VII). Sediments, possibly from lake 

bottom at shallow depths near the shoreline, may be stirred up by high-frequency water level 

fluctuations (proxy V) caused by storm disturbances (proxy VI). Second, plumes with longshore 

deflection trajectories (such as in Fig. 6b and Fig 7) were commonly observed under highly 

oblique incidence waves or shore parallel winds (proxy II). Sediments, possibly from the North 

Beach and the connected bluff, can be carried by wave- or wind-induced longshore currents 

toward the breakwater and deflection rip currents. Furthermore, by estimating the rip length 
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(~750 m) in Fig. 7 using the transformation method (Bechle et al., 2012; Wanek and Wu, 2006) 

and tracking plume propagations over multiple images, the speed of rip currents was estimated to 

be 0.2 m/s, similar to measured rip velocities (Table 2). Overall, visual identification based on 

sediment plumes was illustrated at the study site (Fig. 6, 7) and at other locations across Lake 

Michigan (Fig. 8), suggesting that image observation can be widely applied to direct reflect rip 

current risks near coastal structures. 

 

 

Summary and Conclusions  

Rip currents at the study site near the north breakwater of City of Port Washington, WI 

were characterized. Occurrences of rip currents were identified using field measurements of 

current velocities and image observations. Hidden dangers of rip currents near coastal structures 

were illustrated in images, velocity time series, and wavelet analysis. There were three findings. 

First, rip currents near the north breakwater were usually accompanied by strong longshore 

currents that can carry unalerted swimmers into the hazardous offshore flows. Second, 

environmental proxies of rip current occurrences near coastal structures include traditional 

factors such as wave height, wave period, wind speed, and lake level, and new factors such as 

wind direction, wind shift, atmospheric pressure disturbance, high-frequency water level 

oscillation, and visual image that have not been incorporated before. Third, rip currents can still 

be present near coastal structures when the water appears seemingly safe with no apparent visual 

signatures. Overall, rip currents near the breakwater structures were characterized and associated 

with environmental proxies in Lake Michigan for the first time.  
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A Structure Rip Checklist and Assessment Matrix (SRiCAM) tool was developed and 

validated at the study site. The SRiCAM is an environmental proxy-based tool for assessing rip 

current occurrences near coastal structures. Particularly, the SRiCAM uses factors to address 

less- recognized environmental proxies including strong shore-parallel winds, shifting winds, and 

atmospheric pressure disturbances, meteorologically induced water level fluctuations like 

meteotsunamis and seiches, and storm structures. Four-tiered risk assessments were employed to 

faithfully assess potential rip currents near coastal structures. With the integration of the 

SRiCAM into the cyberinfrastructure and the implementation of a data contingency plan, real-

time rip current warnings can be reliably provided to the public. Applicability of the SRiCAM to 

39 locations near harbor breakwaters around Lake Michigan is promising. Overall, the SRiCAM 

can be widely extended to larger regions of the Great Lakes in the future to foster the resilience 

of coastal communities to rip current hazards.  
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Figure captions  

Fig.1. Map of the study site at Port Washington, WI (abbreviated as PW). Color contours show 
the nearshore bathymetry. Locations of observation stations and field measurement sensors are 
depicted in markers denoted with specific letters and numbers. A1 is NDBC meteorology station 
(PWAW3). A2 is the real-time camera and the weather station. C1, C2 are up-looking ADCPs 
deployed on the north side of the north breakwater; CW is an AWAC and W1 is an Echologger 
that were deployed near the North Beach. KMKE is ASOS station at Milwaukee. 
 
Fig. 2. Time series of current speeds and directions measured at three locations of (a) C1, (b) C2, 
and (c) CW during the field measurements from 2016/07/27 to 2016/08/31. Gray lines represent 
the rip identification thresholds for speeds (dashed line) and directions (solid lines). A total of 
fourteen rip current events are highlighted in shaded rectangles and labeled chronologically from 
1 to 14 with a letter of I or D to denote forms of increasing or decreasing speeds from C1 to C2. 
 
Fig. 3. Wavelet power spectra (WPS, in log scale) of current speeds at three locations of (a) C1, 
(b) C2, and (c) CW during the fourteen identified rip current events. WPS were normalized 
against the variance. Black solid contours represent the 95% confidence level.  
 
Fig. 4. Time series of environmental conditions from 2016/07/27 to 2016/08/31 for (a) nearshore 
wave significant height (Hs), peak wave period (Tp) measured at CW; (b) surface wind speeds 
(Ws) and directions (Dirw) at A1; (c) high-pass filtered water level fluctuations (∆WL) at CW; 
and (d) high-pass filter atmospheric pressure disturbances (∆P) at A1. 
 
Fig. 5. Cross-wavelet power spectra (CWPS) of current velocities measured at C2 (Vel) and (a) 
water levels (WL) at CW, (b) atmospheric pressures (P) at A1, and (c) wind speeds (Ws) at A1. 
The x axis tick spacing represents a 1-hour interval. The CWPS were normalized by the 95% 
confidence level (power relative to significant level) and black solid contours represent CWPS 
that are statistically significant at the α = 5% level. 
 
Fig. 6. Examples of camera images viewing toward the north breakwater at Port Washington, WI 
during events: (a) event 1 on 2016/07/29 at 12:16, (b) event 3 on 2016/07/30 at 19:01, (c) event 9 
on 2016/08/20 at 10:17, (d) event 5 on 2016/08/12 at 09:17. For events 1, 3, and 9 in (a-c), visual 
signatures of sediment plumes induced by rip currents and longshore feeding currents, 
highlighted in red arrows, were visually evident. 
 
Fig. 7. A webpage display for providing real-time assessments of potential occurrences of rip 
currents near the north breakwater at Port Washington, WI. A rip current event on 2019/08/15, as 
an example, was assessed to be in the high-risk tier with a total point of 10.5 using the SRiCAM. 
Current conditions of the nine factors, a real-time webcam image, and safety messages are 
displayed on the webpage.    
 
Fig. 8. (a) Assessment of rip current potential occurrences on July 20, 2019 at 39 locations near 
harbor breakwaters in Lake Michigan. (b-d) images with sediment plume signatures (marked as 
red arrows) obtained from the three webcams at sites [1] Port Washington (on the west coast of 
Lake Michigan), [14] Michigan City, IN (on the south coast), and [21] Grand Haven, MI (on the 
east coast). (e) An image without sediment plume signature at site [17] South Haven, MI. 
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 Site  Points [10] South Chicago, IL 3.5 [20] Port Sheldon, MI 9.5 [30] Elk Rapids, MI 4.5 

[1] Port Washington, WI 10.5 [11] Calumet Harbor, IL 4 [21] Grand Haven, MI 11.5 [31] Bay Harbor, MI 5.5 

[2] Milwaukee, WI 5 [12] Gary, IN 6 [22] Muskegon, MI 7.5 [32] Port Inland, MI 8 

[3] South Milwaukee, WI 4 [13] Burns Harbor, IN 6 [23] Wabaningo, MI 6.5 [33] Manistique, MI 7 

[4] Racine, WI 5.5 [14] Michigan City, IN 9 [24] Pentwater, MI 4.5 [34] Menominee, MI 6 

[5] Kenosha, WI 5.5 [15] New Buffalo, MI 6 [25] Ludington, MI 6.5 [35] Algoma, WI 5.5 

[6] Waukegan, IL 4.5 [16] St. Joseph, MI 7 [26] Manistee, MI 5.5 [36] Kewaunee, WI 7.5 

[7] North Chicago, IL 4.5 [17] South Haven, MI 6.5 [27] Frankfort, MI 8 [37] Two Rivers, WI 6 

[8] Sheridan Park, IL 5 [18] Saugatuck Dunes, MI 8.5 [28] Leland, MI 7 [38] Manitowoc, WI 6.5 

[9] Chicago, IL 2 [19] Holland, MI 9 [29] Traverse City, MI 6.5 [39] Sheboygan, WI 5.5 

Figure 8. 

[21] Grand Haven, MI 

[17] South Haven, MI [14] Michigan City, IN 

Hs  Tp  Uw Dirw ∆WL ∆Dirw ∆P radar 

image

[1] Port Washington, WI 
(a) 

(b) (d) 

(e) (c) 
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Table 1. Structure Rip Checklist and Assessment Matrix (SRiCAM). 

 

 

 

 

 

 

 

Wave Height  Point  Wind Speed  Point 

1 ft  (0.3 m) 0.5  0-5 kt 
 

(0-2.6 m/s) 0.5 

2 ft  (0.6 m) 1  6-8 kt 
 

(3.1-4.1 m/s) 1 

3-4 ft  (0.9-1.2 m) 2  9-11 kt 
 

(4.6-5.7 m/s) 1.5 

5-7 ft 
 

(1.5-2.1 m) 3  12-14 kt (6.2-7.2 m/s) 2 

8-10 ft 
 

(2.4 -3.0 m) 4  15-17 kt 
 

(7.7-8.7 m/s) 3 

>10 ft (3.0 m) 5  18-20 kt 
 

(9.3-10.3 m/s) 4 

Wave Factor   >20 kt (10.3 m/s) 5 
   Wind Factor  

Wave Period  Point    

3-4 sec 0.5  Lake Level vs Normal  Point 

4-5 sec 1  > 3 in 
 

(0.08 m) -0.5 

5-6 sec 2  normal  0 

> 6 sec 3  -6 to -10 in 
 

(0.15.2-0.25 m) 1 

Period Factor   > -11 in (0.28m) 2 
   Lake level Factor  

Wind Direction Point    
downdrift 1  High Frequency Water Level 

Fluctuations 

 
updrift 2  Point 

Direction Factor   1.5 to 3 in (0.04-0.08 m) 0.5 

   >3 in (0.08 m) 1 

Wind Shift  Point  HFWLO Factor  

>15 deg/hr 1    

Wind Shifting Factor   Visual Image  Point 

   Storm structure  1 

Pressure Disturbance  Point  Sediment plume 4 

> 0.5 hPa 1  Visual Factor  

Pressure Factor     

   Total Points (TP) _______ 

TP<4 4 ≤ TP ≤ 7 7 < TP ≤11 TP >11 

Low Moderate High Very High 
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Table 2. Summary of rip current events identified during 2016 field measurements and associated environmental conditions. 

Events in 2016 Currents 

Proxies  

Waves Water Level Changes Wind & Pressure Disturbances Storms 

# Date & time Form 
Umax  
(m/s) 

∆T  
(hr) 

Hs  

(m) 
Tp  

(sec) 
∆WL  
(m) 

Ws  

(m/s) 
Dirw 

(from) 
ΔDirw 
(°/hr) 

∆P 
(hPa) 

 

1 07/28 14:00 – 07/29 17:00 I 0.23 27.1 I,V,VI,VII 0.67 4.9 0.08 7.1 NE 0 0.57 cluster 

2 07/30 05:00 – 07/30 13:30 D 0.15 8.5 I,V,VII 0.72 4.5 0.05 5.1 NE 3 0.39 cluster 

3 07/30 18:35 – 07/30 20:20 I 0.18 1.7 II,VII 0.43 3.8 0.03 5.2 NE 22 0.46 cluster 

4 08/07 10:40 – 08/07 13:15 I 0.13 2.5 I 0.55 4.0 0.03 3.2 ENE 1 0.45 none 

5 08/12 07:45 – 08/12 09:30 D 0.16 1.7 IV,V,VI,VII 0.12 3.5 0.04 2.1 ENE 15 0.71 linear 

6 08/12 17:05 – 08/12 19:35 I 0.17 2.5 II,V,VI,VII 0.40 2.7 0.10 5 NE 4 0.57 linear 

7 08/13 16:00 – 08/13 19:25 I 0.21 3.4 II,V 0.18 3.0 0.05 5.1 NNW 17 0.38 none 

8 08/15 15:30 – 08/15 23:10 I 0.15 7.6 II,V,VII 0.16 2.8 0.06 3.5 NE 6 0.41 complex 

9 08/20 10:05 – 08/20 12:35 D 0.12 2.5 III,V,VI, VII 0.84 4.9 0.08 5.8 S 2 0.98 bow 

10 08/25 02:00 – 08/25 04:35 D 0.10 2.5 II,V,VI, VII 0.21 3.9 0.05 2.3 NE 0 0.71 cluster 

11 08/27 06:40 – 08/27 15:05 I 0.16 8.5 I,V,VI,VII 0.61 4.0 0.09 5.2 NE 2 1.12 complex 

12 08/29 14:35 – 08/29 16:20 D 0.11 1.7 IV,V 0.13 3.6 0.06 1.4 E 36 0.43 none 

13 08/30 10:10 – 08/30 11:50 D 0.10 1.7 IV,VI 0.12 3.3 0.03 4.4 SSE 25 0.52 none 

14 08/31 07:20 – 08/31 10:45 I 0.15 3.4 I 0.76 5.4 0.02 3.9 N 22 0.39 none 
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Table 3. Validation of the SRiCAM for rip current events identified near the north breakwater at Port Washington, WI. 

# 
Rip Current Events 

(2016-2019) 
Velocity Image Total Points Assessment 

Contribution from New 
Factors 

1 7/29/2016 03:30 yes yes 12.5 very high 72% 

2 7/30/2016 08:25 yes yes 10.5 high 71% 

3 7/30/2016 19:25 yes yes 10.5 high 81% 

4 8/07/2016 12:00 yes  4.5 moderate 56% 

5 8/12/2016 08:35 yes  5.5 moderate 91% 

6 8/12/2016 18:25 yes  6.5 moderate 77% 

7 8/13/2016 17:40 yes  4.5 moderate 78% 

8 8/15/2016 19:20 yes  4 moderate 88% 

9 8/20/2016 11:20 yes yes 11 high 73% 

10 8/25/2016 03:20 yes  5 moderate 90% 

11 8/27/2016 10:50 yes  7 moderate 71% 

12 8/29/2016 15:30 yes  4 moderate 88% 

13 8/30/2016 11:00 yes  4.5 moderate 78% 

14 8/31/2016 09:00 yes  7 moderate 50% 

15 8/11/2017 01:05 yes  6.5 moderate 77% 

16 8/15/2017 12:05 yes yes 11.5 very high 78% 

17 8/16/2017 22:25 yes  6 moderate 83% 

18 8/17/2017 09:05 yes yes 12 very high 75% 

19 8/17/2017 14:55 yes  9 high 56% 

20 8/17/2018 10:10  yes 11.5 very high 70% 

21 6/28/2019 08:15  yes 12.5 very high 72% 

22 8/15/2019 15:25  yes 10.5 high 95% 

 

 

 




