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Abstract 12 

Cyclone tracks over the Great Lakes of North America shift, both East-West as well as 13 

North-South. The reasons for the shifts are various small-scale as well as large scale processes 14 

associated with the general circulation of the atmosphere. The East-West shift has an 15 

approximate periodicity of 10 years, while the North-South shift occurs roughly with a 16 

periodicity of 20 years. The East-West shift is more important than the North-South shift. The 17 

amount of shift could be as much as a few hundred kilometers. The implication of these shifts for 18 

storm surges in the Great Lakes is considered.  19 

 20 
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1. Introduction 22 

Figure 1 shows a map of the five Great Lakes of North America.  23 

This paper considers tracks of extra-tropical cyclones (ETC) travelling generally from the 24 

west, as well as tropical cyclones (TC) from the Atlantic Ocean and the Gulf of Mexico, that get 25 

somewhat modified when they reach the Great lakes.  26 

 NAV Canada (2017) identified the following lows (low pressure systems) that influence 27 

the Great Lakes in winter (Figure 2): Mackenzie, Alberta, Colorado, Gulf, Hatteras, Great Lakes. 28 

A careful examination of their diagram reveals the deduction shown in Table 1.  29 

Table 1: Names of the lakes affected by lows in winter. 30 

Name of Low Names of Lakes Affected 

Mackenzie Superior 

Colorado Erie, Ontario 

Alberta Low Michigan, Huron 

 31 

 Nav Canada (2017) identified the following lows that could affect the Great Lakes in 32 

summer (Figure 3): Mackenzie, Alberta, Colorado, Pacific, Hatteras, Great Lakes, Hudson Bay. 33 

A critical study of their map yields the results in Table 2.  34 

 35 

 36 

 37 
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Table 2: Names of the lakes influenced by lows in summer. 38 

Name of Low Names of Lakes Affected 

Colorado Michigan, Huron 

Great Lakes Erie, Ontario 

 39 

2. Shift in the Cyclone Tracks 40 

Two types of shifts have been identified by various authors (Danard, et al, 2004), Lewis 41 

(1987), Wood et al (1995), Sellinger and Quinn (1999). N.O.A.A. (1996) gave cyclone track 42 

maps for 1955-1964, 1965-1974, 1975-1984 and 1985-1994. Table 3 shows the North-south shift 43 

deduced from these maps.  44 

Table 3: North-South shift in cyclone tracks.  45 

Period Shift 

1955-1964 Shifted North 

1965-1974 Shifted South 

1975-1984 Shifted further South 

1985-1994 Shifted North 

 46 

Thus, the North-South shift shows an approximate periodicity of 20 years. Table 4 provides 47 

some information on the East-West shift.  48 

 49 

 50 
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Table 4: East-West shift in cyclone tracks. 51 

Period Shift 

1959-1969 Tracks were West of Lake Michigan 

1969-1979 Shifted Eastward (East of Lake Ontario) 

1979-1989 Shifted Westward 

1989-1995 Shifted Eastward 

 52 

Thus, the East-West shift shows an approximate periodicity of 10 years. Wood. et al. (1995), 53 

using data going back to 1887, detected a northward shift of the tracks. This northward shift 54 

during 1980-1995 was as much as 100 km for Lake Michigan. Sellinger (1999) suggested that 55 

the East-West shift is more pronounced than the North-South shift. 56 

3. Computation of Storm Surges 57 

Linear storm surge prediction equations (Murty, 1984) are given below. 58 

𝜕𝑀𝜕𝑡 − 𝑓𝑁 =  −𝑔𝐷 𝜕ℎ𝜕𝑥 − 𝐷𝜌𝑜 𝜕𝑃𝑎𝜕𝑥 + 1𝜌𝑜 (𝜏𝑆𝑥 − 𝜏𝐵𝑥)                 (1) 59 

𝜕𝑁𝜕𝑡 − 𝑓𝑀 =  −𝑔𝐷 𝜕ℎ𝜕𝑦 − 𝐷𝜌𝑜 𝜕𝑃𝑎𝜕𝑦 + 1𝜌𝑜 (𝜏𝑆𝑦 − 𝜏𝐵𝑦)                 (2) 60 

𝜕ℎ𝜕𝑡 + 𝜕𝑀𝜕𝑥 + 𝜕𝑁𝜕𝑦 = 0                                        (3) 61 

For convenience, hereafter, the subscript on the density field will be omitted. 62 

In these linear storm surge prediction equations, the dependent variables are the transport 63 

components M and N and the water level h. The forcing functions are the atmospheric pressure 64 

gradients given by 
𝜕𝑃𝑎𝜕𝑥  and 

𝜕𝑃𝑎𝜕𝑦  and the wind stress components 𝜏𝑆𝑥  𝑎𝑛𝑑 𝜏𝑆𝑦. The retarding force 65 
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is the bottom stress. At this stage, there are more unknowns than the available equations. To get a 66 

closed system of equations, the bottom stress must be expressed in terms of the known 67 

parameters, such as the volume transports.  68 

 69 

Bottom Stress 70 

 Here, parameterization of the bottom stress, based on Simons (1973), will be discussed.  71 

Let VB denote the velocity vector near the bottom. Then, the bottom stress τB can be expressed as 72 

𝜏𝐵 = 𝜌𝑘|𝑉𝐵|𝑉𝐵                                        (4) 73 

Where k is a nondimensional coefficient referred to as skin friction; the value of k is about 2.5 x 74 

10-3. If one assumes a uniform velocity distribution in the vertical, and noting that the horizontal 75 

transport vector M is given by 76 

𝑀 = (𝑀, 𝑁) =  ∫ 𝑉𝐵 𝑑𝑧ℎ−𝐷 =  ∫ (𝑢, 𝑣) 𝑑𝑧ℎ−𝐷                    (5) 77 

One obtains 78 

𝜏𝐵𝜌 = 𝐵𝑀 where 𝐵 =  𝑘|𝑀|(𝐷+ℎ)2                            (6) 79 

In most storm surge studies, either for obtaining analytical solutions or for economizing 80 

on computer time in numerical models, the bottom stress relation (4) is linearized by assuming 81 

typical values either for the average velocities or the transport components. For a model of Lake 82 

Ontario, Simons (1973) assumed average velocities of the order of 10 cm·s-1 in the shallow 83 

waters and about 1 cm·s-1 in the deep waters of the lake. Thus, B varies from 0.0025/D to 84 
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0.025/D in C.G.S. units. Rao and Murty (1970) used a value of 0.01/D for B in their model for 85 

Lake Ontario.  86 

Instead of the average velocity field, one can examine the mass transport, which varies 87 

more smoothly. For Lake Ontario, Simons (1973) gave a value of 2 x 104 to 4 x 104 cm2·s-1 in 88 

shallow as well as deep water, and this leads to B = 50/D2 to 100/D2 in C.G.S. units. Another 89 

approach for prescribing the bottom stress is to specify the vertical turbulent diffusion of 90 

momentum by a constant eddy viscosity v. Platzman (1963) deduced a bottom friction coefficient 91 

as a function of the Ekman number, 𝐷√𝑓/2𝑣, in such a way that B→0 for great depths and B = 92 

2.5v/D2 for shallow water. For Lake Erie, Platzman took v = 40cm2·s-1, which gives B = 100/D2 93 

in C.G.S. units.  94 

  Thus, the alternatives for the bottom friction can be summarized: 95 

Linear form 𝐵 =  𝑎𝐷       𝑎 ~ 0.01𝑐𝑚 · 𝑠−1 96 

                                                   Quasilinear form  𝐵 =  𝑏𝐷2       𝑏 ~ 100𝑐𝑚2 · 𝑠−1             (7) 97 

Nonlinear form 𝐵 =  𝑘|𝑉|𝐷2       𝑘 ~ 0.0025 98 

In most early storm surge studies, the linear form has been used. Fischer (1959) used the 99 

quasilinear form, whereas Hansen (1956) and Ueno (1964) used the nonlinear forms.  100 

 Earlier storm surge numerical models used rectangular grids in a finite-difference (F-D) 101 

framework. Later irregular triangular grids in a finite-element (F-E) approach are used. Other 102 

approaches to model narrow connections between lakes are stretched coordinates and 103 

transformed grid systems.  104 
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 Birchifield and Murty (1974) used a stretched coordinate system to model the combined 105 

system of Lake Michigan, straits of Mackinac and Lake Huron. The grid system is shown in 106 

Figure 4. 107 

The transformed grid is shown in Figure 5. 108 

The original equations (1) to (3) become as follows in the transformed coordinates.  109 

𝜕𝑀𝜕𝑡 = 𝑔𝐷 (𝐴2 𝜕𝑓1𝜕𝑦 − 𝐴1 𝜕𝑓1𝜕𝑥 ) 𝜕ℎ𝜕ƹ + 𝑔𝐷 (𝐴2 𝜕𝑓2𝜕𝑦 − 𝐴2 𝜕𝑓2𝜕𝑥 ) 𝜕ℎ𝜕𝜂 − 𝐶1𝑀 + 𝐶2𝑁 + 𝐵1𝜏𝑠𝑥 − 𝐵2𝜏𝑠𝑦           110 

(8) 111 

𝜕𝑀𝜕𝑡 = 𝑔𝐷 (𝐴2 𝜕𝑓1𝜕𝑥 − 𝐴1 𝜕𝑓1𝜕𝑦 ) 𝜕ℎ𝜕ƹ + 𝑔𝐷 (𝐴2 𝜕𝑓2𝜕𝑥 − 𝐴2 𝜕𝑓2𝜕𝑦 ) 𝜕ℎ𝜕𝜂 − 𝐶2𝑀 − 𝐶1𝑁 + 𝐵1𝜏𝑠𝑦 − 𝐵2𝜏𝑠𝑥           112 

(9) 113 

𝜕ℎ𝜕𝑡 = − 𝜕𝑓1𝜕𝑥 𝜕𝑀𝜕ƹ − 𝜕𝑓2𝜕𝑥 𝜕𝑀𝜕𝜂 − 𝜕𝑓1𝜕𝑦 𝜕𝑁𝜕ƹ − 𝜕𝑓2𝜕𝑦 𝜕𝑁𝜕𝜂                                    (10) 114 

Note that these equations are no more difficult than the original equations. Whereas in the 115 

original equations the coefficients depend only on the depth D, in these equations they depend 116 

also on the derivatives of the mapping function.  117 

4. Storm Surges in the Great Lakes Due to Cyclones 118 

Lake Superior, being the deepest of the five Great Lakes, does not give rise to significant 119 

storm surges. The biggest surges occur in Lake Erie, which is the shallowest of the five Great 120 

Lakes. Surges are generated, not only by the synoptic scale systems, such as cyclones, but also 121 

by meso-scale systems like squall lines and pressure-jump lines. This phenomenon is more 122 

observable in Lakes Erie, Ontario and the Southern part of Lake Michigan. 123 
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Murty and Polavarapu (1975) reconstructed some major storm surges due to storms that 124 

were extensive enough to affect all the Great lakes. Their study considered the period 1679 – 125 

1940. The casualties due to high water levels (attributed to storm surges) in the Great lakes (both 126 

in Canada and the United States) during this period are listed in Table 5. The casualty toll 127 

resulted not only from people drowning near the coast but also from the sinking of ships battered 128 

by high waves. This table, at best, is only a partial list and several surges may have been missed. 129 

The fact that there is no entry for the eighteenth century is astonishing; it is inconceivable that 130 

there were no storm surges on the Great Lakes during a 100-yr duration. 131 

 An examination of Table 5 shows that all the major storm surges listed occurred during 132 

September to November. Irish and Platzman (1961) explained this as due to the convergence of 133 

two primary storm tracks from Alberta and Colorado lows in the Great Lakes region. This is due 134 

to the southward displacement of the polar front. Also, there is a contribution of cyclogenesis 135 

from the Great Lakes themselves.  136 

 Of the 10 entries in Table 5, the storm surges of 1913, 1916, 1940 were reconstructed by 137 

Murty and Polavarapu (1975). The tracks of these storms considered in this study are illustrated 138 

in Fig. 6. The notation used in the diagram represents day and time of storm. For example, 10 139 

(1930) means that the center of the storm was at that location at 19:30 hours  on the 10th day of 140 

that month. The surface weather chart for 7:30 hours  on November 12, 1940, is given in Fig. 7. 141 

The extensive size of weather system and the intensive atmosphere pressure gradients associated 142 

with this can be seen in this diagram. The locations of the water level stations used are shown in 143 

Fig. 8. The observed and computed maximum surges at various locations are listed in Table 6.  144 

 145 



9 

 

Table 5: Casualties due to high water levels in the Great Lakes. (Murty and Polavarapu, 1975) 146 

Date No. of casualties Date No. of casualties 

Sept. 23, 1679 34 Nov. 9, 1913 251 

Nov. 11, 1835 Several hundred Oct. 20, 1916 55 

Oct. 13, 1845 3 Nov. 24, 1918 76 

Sept. 8, 1860 287 Nov. 24, 1919 40 

Nov. 27-28, 1905 78 Nov. 12, 1940 67 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 
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Table 6: Recorded and computed water levels at Canadian stations on the Great Lakes. (Murty 160 

and Polavarapu, 1975). 161 

Date of storm Station Observed maximum 

surge (m) 

Calculated maximum 

surge (m) 

November 1913 Port Colborne 1.36 1.40 

Fighting Island  0.48 0.52 

Kingston 0.33 0.27 

Isle aux Pȇches 0.28  

Port Dalhousie 0.20  

October 1916 Port Colborne 1.22 0.88 

Fighting Island 0.71 0.24 

Collingwood 1.64 0.46 

Isle aux Pȇches 0.51 0.18 

Goderich 0.39 0.12 

Kingston 0.32 0.15 

Michipicoten 0.24 0.15 

Port Dalhousie 0.20  

Port Arthur 0.14  

November 1940 Port Colborne 1.43 1.52 

La Salle 0.81 0.46 

Collingwood 0.77 0.73 

Point Edward 0.71 0.76 

Michipicoten 0.70 0.73 

Sault Ste. Marie 0.58 0.64 

Tecumseh 0.54 0.27 

Port Stanley 0.53 0.46 

Goderich 0.51 0.55 

Thessalon 0.39 0.37 

Port Lambton 0.29  

Kingston 0.24  

Toronto 0.24  

Port Arthur 0.19  

Port Dalhousie 0.18  

 162 

The effect of rate of growth of the storm on the subsequent surge is examined in Table 7 for the 163 

three storms studied here.  164 

 165 

 166 
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Table 7: Effect of the rate of storm growth on the subsequent surge. (Murty and Polavarapu, 167 

1975). 168 

Station 1913 Storm 1916 Storm 1940 Storm 

Port Colborne (Lake 

Erie) 

Faster growth; range 

of surge was >1.22m 

Slower growth; range 

of surge was <0.91m 

Faster growth; range 

of surge was <1.22m 

Fighting Island 

(Detroit River) 

Slower growth; 

positive surge was 

0.48m 

Faster growth; 

positive surge was 

0.71m 

Station did not exist 

Isle aux Pȇches Slower growth; 

positive surge was 

0.28m 

Faster growth; 

positive surge was 

0.51m 

Station did not exist 

Michipicoten Station did not exist Slower growth; 

positive surge was 

0.24m 

Faster growth; 

positive surge was 

0.70m 

 169 

Starting in the 1950s, the early warning systems and navigation techniques improved 170 

significantly, so that catastrophic disasters on the Great Lakes have become somewhat unlikely. 171 

5. Storm Surges in the Great Lakes from Meso-Scale Weather Systems 172 

On August 22, 1971 a squall line passed over Lake Huron and caused significant damage. 173 

The storm surge of August 22, 1971, in the southern part of Lake Huron was a combination of 174 

the effects of an intense and narrow squall line and a cyclonic circulation associated with a low 175 

pressure system (Freeman and Murty 1972; Murty and Freeman 1973). The simplified surface 176 

weather chart at 19:00 on August 22, 1971 (note that the peak surge occurred at 18:00), is shown 177 

in Fig 9. The track of the low-pressure system is also shown and the dots represent 6-h intervals. 178 

The storm moved from west-northwest across the southern portion of the lake with a speed of 179 

about 80.5km·h-1. With the center of the low to the east of the lake, a fairly steady wind from 180 

north-northeast blew along the longitudinal axis of the lake with a fetch almost two thirds of the 181 

lake and with an average speed of 32.2 km·h-1. Some time before 18:00, the deceleration of a 182 

portion of the rapidly advancing cold front produced a squall line with winds peaking to 183 
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112.6km·h-1, which is much greater than the steady winds. The squall line, approximately 32 km 184 

long and 8 km wide, traveled over Lake Huron from the north-northeast to Sarnia and farther, 185 

cutting a 16-km-wide swath inland and causing significant damage onshore. Figure 9 shows the 186 

surface weather chart. 187 

The meteorological and water level stations are shown in Figure 10. 188 

Figure 11 shows the water level fluctuations at three locations. 189 

Figure 12 shows the way the squall line was modeled in the numerical model by Murty and 190 

Freeman (1973) 191 

 192 

6. Seiches, Edge Waves, Helmholtz Mode and Harbor Resonance 193 

A seiche is a special case of a standing wave that is due to repeated reflections (assuming no 194 

dissipation) from the two sides of a closed basin (in the one-dimensional sense). Where anti-195 

nodes exist, the period Tn of the nth mode of oscillation in a rectangular basin of length L and 196 

uniform depth h is: 197 

                                    𝑇𝑛 = 2𝐿𝑛√𝑔ℎ                                              (11) 198 

This is a generalization of the Merian formula and is valid for one-dimensional oscillation 199 

(no transverse motions). Note that at the nodes the motion is purely horizontal and at the 200 

antinodes it is purely vertical. The higher nodal (binodal, trinodal, etc.) seiches that may occur 201 

simultaneously with the fundamental mode (i.e. unimodal oscillation) are higher harmonics of 202 

the fundamental.  203 

 204 
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 From equation 11: 205 

𝑇𝑛𝑇𝑙 = 1, 12 , 13 , … , 1𝑛 , 𝑛 = 1,2, … , 𝑛 206 

However, for irregular water bodies with variable depth (unlike in the case of a narrow 207 

rectangular basin of uniform depth), such a simple relation as above need not exist. Another 208 

point worth remembering is that neither the use of an average depth ħ nor a better version of this, 209 

as done by du Boys (see Defant 1961) improves the Merian formula significantly. 210 

𝑇𝑛~ 2𝑛 ∫ 𝑑𝑥[𝑔ℎ(𝑥)]1/2𝐿0                     (12) 211 

Wilson (1972) gave the periods (in minutes) of the fundamental mode in the Great lakes: 212 

Ontario (289), Erie (858), Michigan-Huron (2,700), Superior (480). 213 

Next, consider the Helmholtz mode in the context of hydrodynamics (Miles (1971) used 214 

the term “Helmholtz mode,” Platzman (1972) used “co-oscillating mode,” and Lee and Raichlen 215 

(1972) referred to it as the “pumping mode”). Basically, Helmholtz resonance represents the 216 

balance between the kinetic energy of water flowing in through a narrow connecting channel and 217 

the potential energy from the rise in the mean water level within the harbor (Freeman et al. 218 

1974). It is an additional gravitational mode of a substantially longer period than the fundamental 219 

free oscillation, as can be seen below.  220 

To conceptualize the Helmholtz mode, Platzman (1972) presented the following 221 

argument. Suppose that at the mouth of a rectangular bay an adjustable barrier exists and that this 222 

barrier is gradually moved from the two sides of the bay to the center, completely closing off the 223 

bay. The open modes with periods initially of the form 2T/(2n-1), n=1,2,3,…, will be 224 

transformed continuously into the closed mode periods of T/n, n=0,1,2,… It is obvious that the 225 
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fundamental mode for the open bay transforms into the zeroth mode for the closed basin, and as 226 

the barrier closes, this period approaches ∞. For small openings, the period of the Helmholtz 227 

mode is less than ∞ but greater than the period for a completely open bay. Plazman (1972) 228 

showed that earth’s rotation changes the period of the Helmholtz mode by, at most, 3%. 229 

Below, how the Helmholz mode in Goderich Harbor (Lake Huron) contributed to an 230 

amplified storm surge will be considered. The classic theory for the Helmholtz mode can be 231 

applied only to a single channel harbor. Freeman et al. (1974) extended this to a harbor (or basin) 232 

with multiple channels (or openings). The dissipative forces (due to the eddy viscosity of the 233 

fluid and to the energy radiated from the mouth) are ignored. These forces affect the 234 

amplification factor at resonance and will shift the resonant frequency slightly. The solution 235 

developed by Freeman et al. (1974) for the frequency ωo is: 236 

ω𝑜 =  √𝑔𝐴 ∑ (𝑆𝑖𝐿𝑖𝑛𝑖=1 )1/2𝑟𝑎𝑑 · 𝑠−1
                                      (13) 237 

Where g is gravity, A is the surface area of the harbor, Si is the cross-sectional area of the ith 238 

channel, and Li is the length of the ith channel.  239 

During March 17-18, 1973, a storm passed over Lake Huron and the resulting surge 240 

caused damage to several ships in Goderich Harbor. This harbor consists of a main berthing 241 

basin for commercial ships and a comparatively small basin called Snug Harbor for pleasure 242 

craft. Protection to the harbor against wave agitation is provided by two offshore breakwaters. 243 

The meteorological situation associated with this storm was studied by Lawford (1977) and the 244 

general water level problem in Goderich Harbor was studied by Shaw (1974). 245 
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Baird et al. (1976) studied the surge in Goderich Harbor associated with this storm. They 246 

showed that the wind waves and seiches were not the main causes of damage in this harbor and 247 

the surge was mainly caused by Helmholtz resonance. Recorded water levels in this harbor at a 248 

normal time (not during any storm) show clearly an average 14-min period Helmholtz mode. 249 

Actually, the period ranged from 13 to 15 min. Note that the independent theoretical calculation 250 

by Freeman et al. (1974) gives 14 min as the period of the Helmholtz mode in Goderich Harbor. 251 

A reconstruction of the possible water level changes showed that the contributions to the 252 

total surge from wind waves, Helmholtz resonance, and static setup were 2 ft (0.6 m), 4 ft (1.2 253 

m), and 1.2 ft (0.4 m), respectively. The fact that this surge is not an isolated event can be seen 254 

from the fact that a surge of 3.7 ft (1.1m) occurred on March 9, 1974, and the recorded water 255 

level for this surge also showed a period of 14 min, which is the Helmholtz period. Next, edge 256 

waves and their contribution to storm surges in the Great Lakes will be discussed.  257 

Stokes (1847) obtained solutions for wave motion over a sloping beach, these solutions 258 

being different from the traditional wave pattern on beaches. In these new solutions, the crests 259 

are perpendicular to the coast, but they travel in a direction parallel to the coast and their 260 

amplitudes decrease drastically from the shore seaward, and at a distance of one wavelength 261 

from the beach, their amplitudes are negligible. Lamb (1945) called them edge waves. Ursell 262 

(1952) showed that the Stokes solution is the gravest of an infinity number of possible modes of 263 

edge waves. For the nth mode (which has n extrema in elevation between the coast and the sea), 264 

the velocity c and the length L are given by  265 

                               𝑐 = 𝑔𝑇𝑠𝑖𝑛(2𝑛+1)2π                       (14) 266 

                              𝐿 = 𝑔𝑇2𝑠𝑖𝑛(2𝑛+1)2π                      (15) 267 
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On June 26, 1954, a squall line passed over the southern part of Lake Michigan and 268 

caused a surge on the Chicago water front. Several people were killed. This was explained by 269 

resonant coupling between the squall line and the resulting gravity waves generated in the lake 270 

(Donn and Ewing 1956). A resurgence (i.e. reflection of the waves from the eastern shore of the 271 

lake) explains its unexpected arrival at Chicago some 2h after the squall line had passed.  272 

On July 6-7, 1954, another squall line crossed Lake Michigan from north to south with an 273 

average speed of 50 mi·h-1 (80.5km·h-1). Long-period waves were recorded at several locations 274 

following this squall line. Donn and Ewing (1956) invoked edge waves to account for these 275 

water level disturbances. The computed period of the edge waves is 103 minutes, which agrees 276 

well with the observed period of 109 minutes.  277 

7. Conclusions 278 

The Great Lakes are influenced by extra-tropical cyclones (ETC) as well as tropical 279 

cyclones from the Atlantic Ocean and the Gulf of Mexico, that get modified somewhat when 280 

they arrive at the Great Lakes region. The storm surges in the Great Lakes are generated by 281 

synoptic scale cyclones, and also by meso-scale weather systems, such as squall lines and 282 

pressure-jump lines. Invocation of edge waves and Helmholtz resonance is needed to account for 283 

some of the water level oscillations. 284 

An approximate periodicity of ten years for an East-West shift and a rough periodicity of 285 

twenty years for a North-South shift, has a great influence on where the surges will occur.  286 

Please note, in this paper, most of the literature on storm surge on the Great Lakes looks dated 287 

because, even if decades ago, storm surge was a threat to the Great Lakes, presently, it is much 288 

less, thanks to improved techniques for timely prediction, existence of much better coastal 289 
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defences and availability of highly improved navigational techniques. As a consequence, active 290 

research on Great Lakes storm surges is much less now than earlier.  291 
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 365 

Figures Captions 366 

Figure 1: Great Lakes of North America (Wikimedia Commons contributors, 2014). 367 

Figure 2: Cyclone tracks during winter in North America (NAV Canada, 2017) 368 

Figure 3: Summer storm tracks over the Great Lakes (NAV Canada, 2017) 369 

Figure 4: a) Basins of lakes Michigan and Huron joined at the Straits of Mackinac. (b) 370 

Curvilinear mesh for the basins of lakes Michigan and Huron. Points A, B, C and D are 371 

special locations where observations were available for comparison with theory. (Birchfield 372 

and Murty, 1974) 373 

Figure 5: Basins of lakes Michigan and Huron as arranged on the (ƹ,η) plane. (Birchfield and 374 

Murty, 1974) 375 

Figure 6: Tracks of three storms in the Great Lakes and surroundings. Numbers denote the dates 376 

(numbers in parentheses denote the time (GMT) in hours) (Murty and Polavarapu, 1975). 377 

https://commons.wikimedia.org/w/index.php?title=File:Great_Lakes_1.PNG&oldid=141673992
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Figure 7: Simplified surface weather chart at 07:30 (GMT) on November 12, 1940. Numbers 378 

represent sea level pressures (millibars). (Murty and Polavarapu, 1975). 379 

Figure 8: Water level stations used in the storm surge study for the Great Lakes. 1, Port Arthur; 380 

2, Michipicoten; 3, Sault Ste. Marie; 4, Thessalon; 5, Collingwood; 6, Goderich; 7, Point 381 

Edward; 8, Port Lambton; 9, Tecumseh; 10, Isle aux Pȇches; 11, Fighting Island; 12, La Salle; 382 

13, Port Stanley; 14, Port Colborne; 15, Port Dalhousie; 16, Toronto; 17, Kingston. (Murty 383 

and Polavarapu, 1975). 384 

Figure 9: Simplified surface weather chart at 19:00 GMT on August 22, 1971, for the Great 385 

Lakes area. Black circles on the storm track show the positions of the center of the low at 6-h 386 

intervals. (Freeman and Murty, 1972) 387 

Figure 10: Locations of the various stations (M, meteorological; WL, water level) used in the 388 

study. Depth contours (meters) are also shown. (Freeman and Murty, 1972) 389 

Figure 11: Five minute digitized water level values as obtained from continuous recorders at 390 

three stations on Lake Huron. (Freeman and Murty, 1972) 391 

Figure 12: Water level (WL) and meteorological (M) stations on and around Lake Huron. The 392 

position of the squall line as a function of time is also shown. (Murty and Freeman, 1973) 393 
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 395 

Figure 1: Great Lakes of North America (Wikimedia Commons contributors, 2014). 396 
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Figure 2: Cyclone tracks during winter in North America (NAV Canada, 2017) 423 
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 424 

Figure 3: Summer storm tracks over the Great Lakes (NAV Canada, 2017) 425 
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 427 

 428 

Figure 4: a) Basins of lakes Michigan and Huron joined at the Straits of Mackinac. (b) Curvilinear mesh 429 

for the basins of lakes Michigan and Huron. Points A, B, C and D are special locations where 430 

observations were available for comparison with theory. (Birchfield and Murty, 1974) 431 
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 432 

Figure 5: Basins of lakes Michigan and Huron as arranged on the (ƹ,η) plane. (Birchfield and Murty, 433 

1974) 434 
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 456 

Figure 6: Tracks of three storms in the Great Lakes and surroundings. Numbers denote the dates (numbers 457 

in parentheses denote the time (GMT) in hours) (Murty and Polavarapu, 1975). 458 
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 478 

Figure 7: Simplified surface weather chart at 07:30 (GMT) on November 12, 1940. Numbers represent 479 

sea level pressures (millibars). (Murty and Polavarapu, 1975). 480 
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 505 

Figure 8: Water level stations used in the storm surge study for the Great Lakes. 1, Port Arthur; 2, 506 

Michipicoten; 3, Sault Ste. Marie; 4, Thessalon; 5, Collingwood; 6, Goderich; 7, Point Edward; 8, Port 507 

Lambton; 9, Tecumseh; 10, Isle aux Pȇches; 11, Fighting Island; 12, La Salle; 13, Port Stanley; 14, Port 508 

Colborne; 15, Port Dalhousie; 16, Toronto; 17, Kingston. (Murty and Polavarapu, 1975). 509 
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 510 

Figure 9: Simplified surface weather chart at 19:00 GMT on August 22, 1971, for the Great Lakes area. 511 

Black circles on the storm track show the positions of the center of the low at 6-h intervals. (Freeman and 512 

Murty, 1972) 513 
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 516 

Figure 10: Locations of the various stations (M, meteorological; WL, water level) used in the study. 517 

Depth contours (meters) are also shown. (Freeman and Murty, 1972) 518 
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 520 

Figure 11: Five minute digitized water level values as obtained from continuous recorders at three stations 521 

on Lake Huron. (Freeman and Murty, 1972) 522 
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 582 

Figure 12: Water level (WL) and meteorological (M) stations on and around Lake Huron. The position of 583 

the squall line as a function of time is also shown. (Murty and Freeman, 1973) 584 
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