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PREFACE 

A request for the U. S. Army Engineer Waterways Experiment Station 

(WES) to conduct an investigation of wave heights on the Great Lakes was 

made by the U. S. Army Engineer Division, North Central (NCO) ., in a con

ference held in Chicago, Illinois, on 22 July 1974. Funds were autho

rized by NCO on 30 August 1974. The study was conducted during the 

period from September 1974 to June 1975 in the Coastal Branch, Wave 

Dynamics Division, Hydraulics Laboratory, WES, under the direction of 

Mr. H. B. Simmons, Chief of the Hydraulics Laboratory, and Dr. R. W. 

Whalin, Chief of the Wave Dynamics Division. 

Drs. D. T. Resio and C. L. Vincent conducted the study and also 

prepared the report. Mrs. Rebecca Brooks and Miss Pearl Smith were 

especially helpful in performing analytical and programming tasks. 

Director of WES during the conduct of the study and the prepara

tion of this report was COL G. H. Hilt, CE. Technical Director was 

Mr. F. R. Brown. 
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CONVERSION FACTORS, METRIC (SI) TO U. S. CUSTOMARY AND 
U. S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT 

Units of measurement used in this report can be converted as follows: 

Multiply By 

Metric (SI) to U. S. Customary 

centimetres 

metres 

square metres 

centimetres per 
second 

metres per second 

Celsius degrees or 
Kelvins 

feet 

miles (U. S. statute) 

miles (nautical) 

miles per hour 

knots (international) 

degrees (angle) 

Fahrenheit degrees 

0.3937007 

3.280839 

10:76391 

0.3937007 

3.280839 

9/5 

U. S. Customary to Metric (SI) 

0.3048 

1.609344 

1.852 

1.60-9344 

0.5144444 

0.01745329 

5/9 

To Obtain 

inches 

feet 

square feet 

inches per second 

feet per second 

Fahrenheit degrees* 

metres 

kilometres 

kilometres 

kilometres per hour 

metres per second 

radians 

Celsius degrees or 
Kelvins** 

* To obtain Fahrenheit (F) temperature readings from Celsius (C) read
ings, use the following formula: F = 9/5(C) + 32. To obtain Fahren
heit readings from Kelvins (K), use: F = 9/5 (K- 273.15) + 32. 

** To obtain Celsius (C) temperature readings from Fahrenheit (F) read
ings, use the following formula: C = 5/9 (F - 32). To obtain Kelvin 
(K) readings, use: K = 5/9 (F - 32) + 273.15. 
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ESTIMATION OF WINDS OVER THE GREAT LAKES 

PART I. INTRODUCTION 

1. Models for estimating wind-driven circulation of lakes, surge 

levels during storms, and wind-generated surface waves all need reliable 

wind input in order to produce realistic results. Past reviews of tech

niques for estimating winds over a lake surface have not been encouraging 

and in general indicate a need for direct measurement of winds. However, 

even if a large network of towers and buoys were initiated today, it would 

be several years before climatological-scale estimates would become 

available for engineering design purposes. The cost of such a field 

program would be immense, and based on past field efforts in the Great 

Lakes region, would probably not provide adequate coverage of extremes. 

This paper reassesses the ability of wind data recorded at land stations 

when properly transformed to provide reliable, unbiased estimates of 

winds over water. The specific data used to demonstrate the reliability of 

this approach are taken from Lake Erie and Lake Ontario, but it is felt that 

the analysis can be applied to other comparable bodies of water as well. 

PART II. THEORETICAL TREATMENT OF WINDS OVER 
WATER AND WIND OVER LAND 

2. The size of bodies of water, such as the Great Lakes, is such 

that they respond primarily to synoptic and meso-scale winds.* Consequently, 

extratropical low and high pressure systems generate the dominant surface 

waves and current systems under most conditions. For this scale of 

motion, the wind near the earth's surface can be idealized as being driven 

by a homogeneous wind-field at some level above the surface. Figure 1 

shows a schematic diagram of such a wind above a land surface and lake 

surface. Density stratified flow over either surface can be treated in 

the context of the Monin-Obukov similarity theory, in which three length 

scales are important: L , the stability length, ~ , the thiakness of 

the viscous sublayer, and h5 , the characteristic height of the surface 

protuberances. For a fully-roughened surface, at a height ~ above the 

surface where h.s, ~ (.<. Z. ~< l , we obtain the familiar quadratic friction 

law 
* The response time of Lake Erie and Lake Ontario is about 3-6 hrs for 
the full development of currents and waves. 
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l =Co u....~) (1) 

where L is the surface stress, Cp is the coefficient of drag, and U. 
is the horizontal velocity at level ~ . These constraints also lead 

to the logarithmic velocity profile 

l.L (z.) = '1< k. (i;) ) (2) 

where UJ is the friction velocity, K is Von Karman's constant and 

~0 is the roughness height. Furthermore, the roughness height is related 

to the characteristic height of surface protuberances by a multiplicative 

constant (Kitaigorodskii, 1970)** 

Z0 = As hs (3) 

3. Equation 3 suggests that there is a fundamental difference between 

the characteristics of wind profiles over land and over a marine surface. 

Since the value of Zc is a function of wave height, which in turn is 

related to the wind speed, the roughness height for a marine surface 

is velocity dependent. On the other hand, the land roughness elements 

if a ratio of are reasonably independent of wind speed. Consequently, 

wind speed over land to wind speed over water is defined as 

'R = ~ ) 
(4) 

where the subscripts ~ and L refer to over water and over land, 

respectively, then this ratio should vary as some function of the wind 

speed. This is at variance with the methods recommended in the Shore 

Protection Manual (1973) and by Cole (1967), where the relationship 

between geostrophic velocity and anemometer level velocity is independent 

of wind speed; and hence a ratio defined as in Equation 4 also would be 

expected to be independent of velocity. 

Winds Over Water 

4. Recent field evidence from Hasse and Wagner (1971) supports the 

** This is not strictly true for the case of water waves as discussed by 
Kitaigorodskii; however, it is a reasonable approximation for most high 
wave conditions on the Great Lakes, with other velocity dependent forms for 
~0 in other situations. 
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proposition that the relationship between geostrophic and anemometer level 

wind speeds over a marine surface are dependent on velocity (Figure 2). 

Additionally, the empirical relationships of Jacobs (1967), which were 

derived from data on Lake Michigan, indicate a pronounced dependence of 

this ratio on geostrophic velocity (Figure 2). Similarly, empirical 

evidence from studies on winds over the Great Lakes by Richards et al., 

(1966) and Richards and Phillips (1970) indicates a very pronounced 

velocity dependence for the value of ~ . 

5. In the development of techniques involved in the specification 

of the wind distribution in the marine boundary layer for wave fore

casting, Cardone (1969) presents a strong physical basis for a more 

sophisticated treatment of winds over a marine surface. A modified 

version of his method is presented here in the derivation of the profile 

equations. 

Winds in the Constant Stress Layer 

6. Given a two-layer model of the atmosphere with a constant

stress bottom layer and a variable-stress, Ekman-type upper layer, the 

velocity in the planetary boundary layer can be specified as a solution 

to the equations for a coupled flow in these two layers. In the lower 

layer, a modified stability length can be defined as 

where~ . the ratio of the eddy viscosity, Km , and eddy 1S 

Kh, 
Ah Kh --

KWl • 

This is equivalent to an assumption of similarity of wind and 
I 

profiles and leads 

(Panofsky, (1963)) 

to a definition of a gradient 1 ength, L.:. , 

L ~ 
~~~"2. 

, 

(5) 

conductivity, 

(6) 

temperature 

as 

(7) 

where ~ is the air 

temperature. If the 

temperature; 3 is gravity and tr is potential 

nondimensional wind shear is defined as 
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kz. -- • 
LL, ) 

and, if the gradient length is constant with height, integrating 
I 

uation 8 up to the level Z =:~ L gives 

u.(z) ::: 
) 

with 

(8) 

Eq-

(9) 

(10) 

For a stable density stratification ( ~-6-k<O) and Zk ('.( 1 a Taylor series 

expansion can be used to obtain 

¢Ci::) ~ J + "Bz. 
r 

(11) } 

where J6 is a constant which has been evaluated for wind profiles over 

land (McVehil, 1964) and over sea (Paulson, 1967) with ] 2 7 provitiing 

the best fit to the data. For unstable •conditions, studies by Kazanski 

and Monin (1956), Ellison (1957), Panofsky (1961), and Sellers (1962) have 

shown that the nondimensional shear is approximated by the so-called 

"KEYPS" profile 

¢~ -- 0 ) I -- ( 12) 

where ~ is a constant taken to be equal to 18. Equations 11 and 12 

can both be integrated directly to give analytical expressions for ~ . 

7. Again applying the Monin-Obukov similarity theory, the non

dimensional temperature gradient is given as a universal function of 

¢,. - 2. a~ - (13) -r; dZ ) 

where 1'; . a scaling temperature defined by. 1S 

T. \ H - - Cp f'. - }< u.. (14) ) 

where H . the heat flux, Cp is the specific heat of air at constant 1S 
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pressure and ~~ is the density of air. From Equation 5 it follows that 

¢u.Cft) - z. ~ 
Ah - -r; a~ (15) 

Integrating Equation 15 and 

-
f1o.-65) 

-z. ) 
(16) 

where the subscripts a.. and to condition at the anemometer 

level and sea surface, respectively. 

8. Substituting Equation 16 into 7 gives 

U: e- [At.(z./z.)- IP(~) -- (17) 
J 

-
where 

K~ ~ -e.s) 
~ is the average potential temperature in the layer between 

and Zo . 
9. Equations 9 and 17 contain three variables 

rl U.. , Z.6 , and '-

which cannot be obtained directly from a specification of wind speed, 

anemometer level, air-sea temperature difference,and the level of the 

air temperature measurement. In order to solve for these a third 

equation is needed. Since considerable theoretical and empirical 

studies have investigated the relationship between the ~oughness height 

of waves and friction velocity, this relationship was chosen to complete 

the system of equations. 

10. Kitaigorodskii (1970) shows that any attempt to determine the 

relationship between the roughness length of waves and friction velocity 

must consider both wave mobility and the transition from an aerodynamically 

smooth to an aerodynamically rough surface. To account for the motion 

of waves relative to the wind, Kitaigorodskii (1970) introduces the 

wave phase velocity, ~ , into Equation 7 (neglecting density stratifi

cation effects) 

u.(z)- G --
) 

(18) 

(19) 
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11. Equation 19 indicates that slow wave forms (shorter wave lengths) 

influence the velocity profile more than fast moving wave forms (longer 

wave lengths). This suggests that the characteristic height of the sea be 

taken as 

6)\ exp (- K c.,;{t~ • hs -- ) 

(20) 
where Co • a parameter related to wave development and 61\ is l.S the 
root mean square surface displacement of the waves around sea level 

[ 'J~ 6' 11. = rtCx)-t) (21) • 
The parameter Ce. is essentially the phase velocity of the wave components 

located at the spectral peak. Thus, the ratio Cy'u. characterizes 

of wave development or "wave age." For low values of C(tt. the degree 

(early stages of wave generation), the waves behave as an aerodynamically 

smooth surface; for intermediate values of c;vtu. , the waves behave as 

an aerodynamically transitional surface; and for large values of C:~. , 
the waves behave as an aerodynamically rough surface. In the limiting 

case for the basic stages of wave generation, the characteristic height 

of the wave surface can be exp[essed as 

h~ = u. ~ (~) (22) 

j ) 

rv 
where 6., 

. nondimensional wave height expressed as l.S a 
,... 
o')t = ~ (23) 

) 
ll~ 

~(6\.} and where, according to Kitaigorodskii (1970), must satisfy the 

conditions 

~(6") 
,.., 

for-
,.., ~ Jo-' - ()h 6T\ -

~ (24) 

C:P (a.,) C.o~s+Q~+ for "" ) IO - <rn - • 

12. From Equation 22 and the assumption that h5 >> ~ , the relationship 

between roughness height and friction velocity can be expressed in a 

general form as (6ll) u; Zo - Yr\o - (25) 
:9 

• ) 
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where t,no is a function characterizing the wave surface. Cardone (1969) 

uses a series expansion in terms of lA• as proposed by Kitaigorodskii 

and Volkov (1965) to cover a broad range of wind speeds in Equation 25 

g1.v1.ng 

Zo -- ) (26) 

are dimensional constants. With c, = o., s&~) c~ = 'i,~ where C. l C.':\ and 

and c3 ::'- !1.'13' Equation 

the analyses of Wu (1969) 

(at 10 m) 7 0 tends to the 

26 leads to drag coefficients consistent with 

and Wilson (1960), and above a 6-m/sect wind 

Charnock-Ellison formula (Figure 3). 

Zo ~ 0 ~03S U.: 
3 

(27) 

13. The value of ~ given in Equations 26 and 27 for high winds 

has received recent support in a study of exchange processes in mature 

hurricanes by Moss and Rosenthal (1975). In this study, the Deardorff 

(1972) model of the planetary boundary layer of a hurricane was shown 

to yield drag coefficients which agreed remarkably well with those cal

culated from the angular momentum budget of Hurricane Inez, provided the 

value of Zo is given by Equation 26 or Equation 27. 

14. Equations 9, 17, and 26, thus represent a system of three 

equations with three unknowns. Cardone (1969) developed an iterative 

computer routine for the solution of these equations. This routine 
, •. L~ converges rapidly and gives accurate estimates of ~ , ~6 , and 

from input values for air-sea temperature difference, air temperature 

measurement level, wind velocity, and anemometer level. 

Winds in the Ekman Layer 

15. In the upper layer, given a steady-state flow with density 

independent at height, the equations govern1.ng atmospheric motion are 

-~ fv -= - ~~ t , 
(28) --

1 

where f is the Coriolis parameter, 'P is atmospheric pressure, X and 

t A table of factors for converting metric (SI) units of measurement to 
U. S. customary units and U. S. customary units to metric (SI) units is 
given on page 3. 
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y are horizontal spatial axes with velocity components 

respectively and 1r represents the horizontal stresses. 

stress can be represented as 

) 

- -u_ and Y, 

The horizontal 

(29) 

where K.., is an eddy diffusivity constant with height. Orienting the 

x-axis in the direction of the geostrophic wind and combining Equa

tions 27 and 28 into a single complex equation give, for appropriate 

vertical and horizontal scales, 

d:l fi.-i. y -u..)-
dl~ -J ) (30) 

where ~ is the geostrophic wind velocity. Given the boundary condi-

tions i.i. ) ~ 

Il = \1=0 
the solution to Equation 30 is 

where 

a = 

as 
a+ 

z. ~ ob 

2. = 0 

I - ex p [ ( 1-+ i. J a z] 

(31) 

) (32) 

(33) 

16. Equation 32 is the classical solution for an Ekman spiral 

in a boundary layer; however, the assumption of constant eddy diffusivity 

throughout the planetary boundary layer is not realistic. As shown 

by Lettau (1962), the proper form of the eddy diffusivity has a dependence 

on height above the surface, since it is definable as a product of 

length and velocity 

k tv\ = 1 u .. ) 

. 
(34) 

where 1. is a function of height. 

17. Blackadar (1962) proposed a specification of J as 

j = k2 /(I ~ K-z/>.) J (35) 

where )\ is a function of the geostrophic wind speed and the coriolis 

parameter and is defined as 

14 



) 
(36) 

whereu •• l·s the he1·ght f th 1 n~ 0 e p anetary boundary layer.* 

18. In order to specify the internal boundary condition between 

the upper and lower layers and calculate the value of )\, the height 

of this boundary must be determined. Blackadar uses a dimensional 
argument to obtain 

"B. ~/f J -- (37) B ,, 
where o is a constant taken to be 3.0 x 10 . Since according to Prandtl 
we haye 

krrt = I< u.az 
(38) 

in the lower layer of the atmosphere, the specification of k~at the 

internal boundary is 

(39) 

19. Matching the velocities of the wind vectors in the upper level 

(Equation 32) and the lower level (Equation 9) at level ~Blprovides a 

system of four equations (Eq s. 9, 17, 26, 32) in four unknowns ( U..., '2.0 , 

L' , K,., ) , with the external parameters u, , f , and $'q-8; . 
20. Using the similarity treatments of Lettau (1961) and Blackadar 

(1965), it can be shown that, for the case of a barotropic atmosphere, 

the angle between the surface wind and geostrophic wind is uniquely 

determined by the Surface Rossby Number. The geostrophic veering associated 

with baroclinicity can be included into the model by incorporating the 

effects of the thermal wind. However, since the baroclinic effects of 

cold air or warm air advection should be similar for over-lake locations 

and overland locations under the same synoptic conditions, the pr1mary 

differences between over-land wind directions and over-lake wind directions 

should be due only to differences in the Surface Rossby Number. Cardone 

extends the model by Blackadar to include the effects of stability on 

the angle of the surface wind relative to the direction of the geostrophic 

* Blackadar' s original form for lwas given by ~:0.~7 l.ljff· This form is 
equivalent to Equation 36 ifij8f-s given by J.leL. ~ 0 .. 0~ U,/f (Blackadar, 1965) . 
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wind. His theoretical results agree substantially with results of a 

study made by Mendenhall (1967) based on observations at a weather ship 

in the Atlantic Ocean. Combining the results of these studies, the 

deviation between over-land wind directions and over-lake wind directions 

can be determined uniquely from a specification of air-sea temperature 

difference and wind velocity (Figure 4). Unfortunately, the wind data 

used in this study are not sufficiently accurate to afford a suitable 

test for the curves shown in Figure 4. Consequently, these small modi

fications to over-land wind angles for estimating over-lake wind angles 

should be regarded as a reasonable first approximation until additional 

information becomes available. 

Wind Over Land 

21. As previously indicated, the surface roughness of land is 

considered relatively independent of wind speed. Whereas this might not 

hold for a small vegetated region in which the vegetation height and 

shape is altered by the wind, over a large region it is a reasonable 

assumption. Cardone (1969) reviews the field evidence of Lettau (1966), 

Blackadar (1965 b) and Appleby and Ohmstede (1966) (Figure 5). These 

all appear to support the original hypothesis of Lettau (1959), that 

surface winds over land under neutral density stratification are a function 

only of the geostrophic wind speed and the surface Rossby number 

defined as 

(40) 

22. Under conditions with even moderate winds, as would be the 

case in situations important to the generation of waves and currents 

on a large body of water, the heat loss at the ground surface is such 

that it rapidly tends toward thermal equilibrium with the overlying air. 

Since the land does not have the heat capacity of water, nor the mixing 

mechanisms present in a lake, winds over a land surface can be considered 

to be almost always in a neutral stratification relative to winds over 

a lake. Consequently, the relationship shown in Figure 5 represents a 

good representation of the behavior of surface winds over land during 

these conditions. The velocity at any level, ~, is then given by 
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where b, :: 0. OS 'I and b,_:: 0. 003 over the range of roughness heights 

common to the Great Lakes region. The low slope of the relationship 

between the ratio of friction velocity and geostrophic velocity and 

surface Rossby number suggests that, for a wide range of wind speeds 

at a fixed level,~~' the velocity over land is represented to :a slightly 

less accurate degree by a linear function of the geostrophic velocity 
I 

k u., ) (43) 
I 

where K is a constant for a specified anemometer level, roughness 

height and latitude. 

PART III. COMPARISON OF LAND WINDS. AND LAKE WINDS 

23. The two previous sections provide a means of estimating 

anemometer-level winds over land and lake surfaces. For the case of 

neutral density stratification, Figure 6 gives the relationships for 

land winds and lake winds as a function of geostrophic winds. For 

comparison, the data from Hasse and Wagner are also plotted on this figure. 

The shaded area in Figure 6 for the land wind indicates the uncertainty 

in assessing a roughness length for the Great Lakes region. If King and 

Lettau's (1961) value of 5-20 em is taken, then this range of values 

is reasonable for an anemometer 20 ft above the ground. 

24. Since winds over both surfaces are dependent only on geostrophic 

wind speed, the ratio ~ defined in Equation 1 can be represented by 

the ratio of the wind speeds as shown in Figure 6. In order to test 

the validity of this relationship, the ratio is calculated empirically 

from ships observations (anemometer level 65 to 70 ft*) and observations 

at airport stations. The ships observations are 1-minute average wind 

speeds read from an anemometer and then corrected for ships speed. The 

airport data also represent a single !-minute average wind for each hour. 

* Personal communication W. E. Kennedy, Port Meteorological Officer, 
NOAA, Cleveland, Ohio. 
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25. There are four airport stations considered in the study of 

Lake Erie and two for Lake Ontario (Figure 7). For Lake Erie, the ships 

observations were first partitioned into three segments as shown in 

Figure 7. The data sets were then merged so that all ships observations 

within each segment were paired with airport observations from the 

two stations which bounded the segment. In the merged data set, each 

ship's observation represents a sample of the winds over the lake set 

between land winds observed at the same time. There were over 63,000 

ships observations on the original tapes provided by the National 

Climate Center in Asheville, North Carolina. Of these 51,249 had wind 

speed, wind direction, and air-sea temperature difference complete, 

giving this many paired data points in the merged set for the two 

lakes. The ratio of land wind speeds to ships wind speeds was defined 

by first averaging the land observations and then forming the ratio as 

defined in Equation 1. To test the dependence on velocity as predicted 

by Figure 6, these samples were stratified into 3 knot categories. 

Figure 8 gives the results of the comparison between the observed ratio 

for each of the three lake segments as a function of velocity.* Results 

from studies by Richards et al. (1966) and Johnson are included for comparison. 

26. Figure 8 demonstrates a strong agreement between theory and 

observation in estimates of winds over Lake Erie, over the range of 

observed velocities. This provides a well calibrated estimate of mean 

over lake winds up to about 40 knots. The sparse data available beyond 

this velocity indicate that the same relationship as shown in Figure 6 

holds for high velocities as well. Consequently, the extension of the 

theoretical line to situations in which conditions were too rough for 

ships to be out•on the lake can be taken as a good unbiased estimate. 

27. Since the results in Figure 6 were derived for neutral density 

stratification, the dependence of the ratio, R , on stability still 

needs to be considered in order to obtain a general formulation of winds 

over a lake. As discussed previously, the assumption of neutral density 

* There is a nonlinearity in calculations such as this which tends to 
result in an overestimation of R at low velocities and an underestimation 
of R at high velocities. The amount of bias is dependent on the standard 
deviation of sample points around the mean category value of R and in this 
case was relatively small. 
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stratification over land appears reasonable; thus, the dependence of 

~ on the stability is due primarily to variations in stability over the 

lake and can be expressed as 

) (44) 

where '\P is the function given by the line in Figure 8 and ~I'\ is a 

normalized function which relates the stability-dependent flow over the 

lake surface to the geostrophic wind. Although Cardone (1969) demon-

strates that the function ~n can be evaluated theoretically, such an 

estimate requires data on surface temperature and surface pressure fields. 

Strong correlations between baroclinicity and air-sea temperature differences 

further complicate the application of a theoretical model for the evalu

ation of a climatological estimate of R . Consequently, an empirical 

method was used to determine the form of ~n . The data used in Figure 8 

were further stratified into 3°C classes of air-sea temperature differ

ences. For each class the value of ~~ was calculated by 

~n. 
J 

-- ) (45) 

where ~j is the mean ratio for all data in the i th velocity class 

and jth air-sea temperature class and Rt is the mean ratio for all 

d . h .th 1 . 1 F" 9 h h 1 f h ata 1n t e 1 ve oc1ty c ass. 1gure s ows t e resu ts o t e 

calculations for the three previously defined segments on Lake Erie and 

the single Lake Ontario segment. The similarity of the sample char

acteristics in these four cases is striking. The form of ~nwas found 

to be independent of velocity for wind speeds above 6 knots; therefore, 

the behavior of R for moderate to high velocities can be written as 

the product of two independent functions \}'and ~ as given in Figures 8 

and 9, respectively. 

28. There is considerable evidence from previous investigations 

which tend to support the form of relationship between the land lake 

wind ratio and stability shown in Figure 9. Lettau (1959), using data 

from cornfields in O'Neill, Nebraska,showed that the ratio of the friction 

velocity to geostrophic wind varied in a manner similar to that 

in Figure 9. Figure 10 shows results from Lettau's study along with 

calculations by Cardone (1969) using the two-layer model by Blackadar 
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and Ching (1965). As discussed by Cardone, additional evidence that 

this form is appropriate comes from a study by Clarke (Priestly, 1967) 

which investigated the dependence on stability of the ratio of u.to 

the wind at 500 m (Figure 11). If stability over land is always near 

neutral, the value of R should contain the same pattern of variation 

as•the results of these empirical and theoretical studies. The good 

agreement among the sets of data shown in Figures 9, 10, and 11 at least 

indirectly supports the contention that the land surface is usually much 

closer to thermal equilibrium than the lake surface. 

29. Several investigators have studied the ratio of anemometer 

level winds to geostrophic winds. Figure 12 summarizes the results of 

studies by Johnson (1955), Bivjoet (1957) and Sverdrup and Munk (1951) 

as presented by Cardone (1969) along with results taken from Figure 9*. 

The agreement between these sets of data is striking, even thou§? the 

data only cover the region with primarily linear variations in ~n· 

Larger ranges in the stability are covered in studies by Bretschneider 

(1971) and Richards et al. (1966). Although Richards et al. fits a 

straight line through the data for different velocity classes (Figure 13), 

a better fit is achieved by using the form of~ given in Figure 9. 

Figure 14 shows the data of Richards et al. replotted along with the 

results (for zero isobaric curvature) from Bretschneider and the results 

from the present study. Again, the agreement between the data and 

results from these independent studies is excellent. 

30. Thus far, the entire derivation of 1R has been based on 

having a large homogeneous lake surface and a large homogeneous land 

area. This situation is never met exactly but does not appear to be 

unreasonable for land and lake points sufficiently removed from the 

shoreline. However, when the wind is blowing off the land, it takes 

about 15 to 25 miles to 

(Richards et al. 1966). 

alter the land wind profile to a marine profile 

Thus, a function of over-water fetch, f'._, 
must be included to further generalize the representation of R : 

R = 'f ~~ F~ ) (46) 

where F. is possibly dependent on stability and wind speed. A similarity 

* These values were converted by dividing U/ij~ by the ratio of land winds 
to geostrophic winds. 
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form for r~ would . many more parameters than there exist data requ1re 

from Richards et al. (1966), to test. A simple form for F. • . by 1S g1ven 
0. ~II F c.~ct7 tor F ~~o 

F.,-::. 
J. 0 .for F >~O ) 

where f is the over-water fetch 1n miles. Since there are very little 

data involved in this analysis and since the data are given by Richards 

et al. within only four fetch classes, Equation 47 should be regarded 

only as a preliminary estimate of the variation of~ with over water 

fetch. Considerably more theoretical and empirical evidence as to the 

variation of Ji at very short fetch and as a function of wind speed and 

stability must be acquired before the actual form of F,. can be 

known with any confidence. However, for many problems on bodies of 

water such as the Great Lakes,the relative size of the transition zone 

from land to water is sufficiently small so that it can be neglected. 

PART IV. ANALYSIS OF ERROR IN WIND ESTIMATES 

( 47) 

31. The prev1ous sections have provided a means of estimating over 

lake winds from winds recorded along the lake perimeter; but before these 

results are applied,it is instructive to evaluate errors associated with 

the estimated winds. A convenient measure of this, the root mean square 
. error, 1s defined from 

A 

6u.. :::-

a sample 

I 
N -I 

N 
(u.- ~y 

of observations as 
y~ 

) 

where tl is the actual wind over the lake (observed wind) 

( 48) 

-'\ 
and U is the 

estimated wind over the 

"' 
lake. It is important to point out here that 

both U. and Ll are, themselves, statistics, since they represent average 

values over inherent time and space increments. Atmospheric motion is 

organized into several scales of superimposed phenomena and in order 

for a particular analysis to be meaningful, the scales of motion which 

are relevant to the study must be isolated. For the Great Lakes, these 

scales are in the range of 1 to 3 hours and 30 to 100 miles. Unfortunately, 

wind data averaged over such time and space intervals do not exist for 
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the Great Lakes reg1on and analyses must use data which are based on 

1-minute samples at single locations. The effect of the shorter averaging 

period is to increase the percentage of variance in the higher frequency 

portion of the wind record. Since the characteristic spatial extent 

of random perturbations is directly related to the characteristic time 

scale of those perturbations, this is precisely that part of the record 

that has a spatial autocorrelation rapidly tending toward zero. Con

sequently, when comparing simultaneous wind records at different sites 

this scale of motion shows up as unexplained deviations. This means 

that an error estimate based on such statistics tends to be somewhat 

conservative, predicting larger rms values than are really associated 

with only the synoptic- and meso-scale variation in wind. 

32. Cole (1967) investigated the estimation of winds over Lake Michigan 

for the purpose of wave hindcasting. In this study he compared the 

winds observed at a research tower located near Muskegon, Michigan, to 

winds predicted by various techniques. Table 1 gives the results of 

these comparisons in terms of correlation coefficients . These coefficients 

cannot be converted directly to estimates of the root mean square error 

since, unlike the rms estimate, they tend to be very dependent on the 

relative range of the two variates. As an example of this, let us 

consider a hypothetical system with an output, Y , that is linear 

function of a time-varying input, X , coupled with a source of random 

error that is independent of X . The output is then representable at 

any time as the sum of a linear function of X and a random vector 6 

Y(1:)::: ) (49) 
I 

where B 1s a constant . 

33. If a linear regression were calculated from a sample population 

of X and Y , the correlation coefficient would be given by the square 

root of the explained variance to the~nexplained variance 

6
Q ~~ ~ 
"( - U£ 

6~ f - (50) -

34. It can be seen from Equation 50 that the correlation would 

improve as the range of input values (and consequently output values) 
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increased. Conversely, as the range of input values decreased relative 

to the error term, the correlation would tend toward zero. 

35. Since Cole's analyses were performed with few data pairs 

(less than 50) during a month which typically has low wind speeds, the low 

values of the correlation coefficients are not surprising. Other factors 

such as the lack of treatment of possible gradients in the velocity field 

and the nonlinearity of the relationship between winds over land and 

over water might also contribute to the exceedingly low correlation. 

36. In the present study, the data are stratified by velocity and 

stability class. The rms value as calculated from Equation 48 is shown 

as a function of wind speed in Figure 15. There did not appear to be 

a well defined dependence of the rms values on stability. These results 

indicate that the technique described in this paper provides a reliable 

estimate of over-water winds at moderate to high velocities. It should 

be noted, however, that the ships were almost always located beyond 10 

miles from shore; hence, these results do not necessarily imply the 

same accuracy in the transition zone close to shore. 

37. 

g1ven 1n 

The relationship between winds over land and over water, as 

Equation 46 along with Figures 8 and 9, requires information 

on air-sea temperature difference. In many instances, this is not 

available in the case of historical data or even for contemporary data. 

A reasonable estimate of over-water winds can still be obtained if a 

climatological basis for air-sea temperature difference is established. 

This should not create significant bias but will increase the rms 

error of the estimate. 

38. Given that in a body of water the size of the Great Lakes 

the thermodynamic coupling between air and water is such that the temper

ature of the water surface, -r$ , can be approximated by a time-averaged 

function of the air temperature, To.. , 
Ts (l) ~ t.lt t I; (t') dt 

) 
(52) 

t t-~~ 
where A is a (non-constant) characteristic averaging time (of the 

order of months); then for a random sequence of air temperatures, the 

air-sea temperature difference can be represented as a random sequence 
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I 
with frequencies above~ only. This means that climatic-scale variations 

should not strongly alter air-sea temperature differences and that the 

advection of cold or warm air by the wind is most likely the major 

contributor to air-sea temperature differences for the Great Lakes. 

39. It is hypothesized here that three factors control the deviation 

between the short term advection (air temperature) and longer term 

response (sea-surface temperature). These are time of year, direction 

of wind, and duration of wind. The direction and time of year dictate 

the a1r-mass source and temperature; whereas, the duration relates to 

the amount of adjustment by the water surface temperature and variations 

in air temperature with duration from a single direction. If it is 

further assumed that the variation of wind direction is much more rapid 

than the variation in water surface temperature and that the effect of 

duration on air temperature is minimalythen the major components 

of air-sea temperature difference are wind direction and time of year. 

Consequently, the mean square error can be minimized by calculating the 

expected value of air-sea temperature difference as a function of these 

two factors 

t:-s -- ) 
(52) 

-
where lra-S 1s the mean air-sea temperature difference calculated for 

each category of wind direction itt and time of year t ~ . For the 

Great Lakes the time scale of seasonal change and the sampling density 

of air and sea temperatures are such that one month and 10° were chosen 

as reasonable class widths for time and direction, respectively. Table 2 

gives the mean air-sea temperature differences defined for Lakes Erie 

and Ontario along with the standard deviations of the distributions within 

these categories. 

40. The rms error due to the use of climatological airJsea temperature 

values can be approximated from the sample standard deviations of air-

sea temperature difference as 

--
) 

(53) 
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where the bar over the partial derivative denotes an averaging over 

the distribution of air-sea temperature differences. Equation 53 

combined with the forms of ~ and ~nshown in Figures 8 and 9 indicates 

that the rms error is highly dependent on air-sea temperature difference 

and wind velocity. Approximating Equation 53 

temperature difference and wind velocity, one 

A 
""' dR_ <)u. ~ 6 u.L 

for a g1ven 

obtains 

Tq .. .s 'dTc:t .. s 
Ua..) T4 _5 

. a1r-sea 

For most conditions on the Great Lakes this rms error calculated 

this manner is under 4 knots. 

(54) 

. 1n 

41. In order for the rms value alone to characterize the error 

distribution, the errors must be normally distributed. Figure 16 shows 

the distribution of estimated winds around observed winds for a random 

sample of 53 ships observations. This distribution was compared to 

a normal distribution~and the deviations between the two distributions 

were used to calculate a -x._"- statistic. The calculated X" value, 9. 53, 

is not significant even at the 0.5 level of confidence. Six sets of 

air-sea temperature differences were used to test the distribution of 

observed air-sea temperature differences around the climatological mean 

air-sea temperature differences. Table 3 gives the number of samples 

in each set and the calculated i(1 
values. Out of these values two 

are significant above the 0.33 level as one might expect from random 

deviations. Consequently, the errors associated wath the wind estimates 

using the technique described in this report are probably adequately 

described by the normal distribution, at least at moderate to high wind 

speeds. 

PART V. COMPARISONS OF RESULTS TO OTHER STUDIES 

42. It remains to be seen why previous investigations have found so 

little evidence of a strong relationship between winds observed over land 

and those observed over the lake. Figure 17 shows the location of there

search tower at Muskegon, Michigan, and several airports around the lake. 

Jacobs (1965) calculated a correlation coefficient of 0.23 between winds 
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observed at the research tower and Muskegon Airport. Cole (1967) 

calculated a correlation coefficient of 0.35 between winds observed at 

the 16-m levels of the research tower and upwind airport stations and 

0.24 between the 10-m level and upwind airport stations. Such low 

correlations certainly suggest that the use of winds over land to predict 

winds over the lake is not very accurate. In order to examine the possible 

causes of such low correlations, winds observed at the research tower 

1n late October 1965 (as reported by Elder and Soo, 1967) were compared 

to winds observed at the Muskegon Airport during the same period (Figure 18). 

Again, the correlation coefficient is quite low (0.32). Noting that the 

tower is located well within the transition zone for winds coming off 

the land, the data were divided into two parts, observations taken with 

the wind blowing nearly straight onshore and observations taken with the 

wind blowing extremely oblique to the shore or off the land. For the 

winds blowing nearly straight onshore, Equation 47* (with F, set equal to 1) 

was used to transform the airport data to estimated winds at the tower. 

For the remainder of the observations the tower is located so close to 

land that the airport data were assumed to represent reasonable esti-

mates of the wind at the tower. Figure 19 shows a comparison between the 

winds estimated in this way and the observed winds, and Figure 20 gives 

the time histories of the two sets of data. For this sample of 27 paired 

observations, the correlation coefficient is 0.95. 

43. A deficiency in the previous studies at the Muskegon tower 

1s the small number of samples used to formulate empirical conclusions 

as to the adequacy of the airport data for over-lake wind estimates. 

Jacobs (1965) based his pessimism on a sample of only seven comparisons. 

Cole (1967) used 44 data pairs at the 16-m level and 36 data pa1rs 

at the 10-m level to arrive at the conclusion that over-land winds were 

not very representative of over-lake winds. The study by Jacobs used 

a linear correlation coefficient to measure the very nonlinear relationship 

between untransformed over-land winds and over-lake winds. As shown in 

* The exact curve for 
and Lake Ontario but 

lp on Lake Michigan is very similar to Lake Erie 
is displaced somewhat toward higher values. 
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Figure 8, this nonlinearity is most pronounced at low velocities. Since 

the study by Jacobs was based on low winds observed during August, a 

low correlation is not unexpected. Likewise, the Cole study appears to 

examine cases in which the observed tower winds were less than 25 knots. 

As discussed in Part III, the use of a small range of input values tends 

to bias the correlation toward low values. Consequently, neither study 

offers strong statistical evidence against the use of over-land winds to 

estimate over-lake winds. 

44. It is interesting to note that in high wind speed-comparison 

made by Cole, only the Richards winds (which is similar to the technique 

advocated in this paper) come close to the observed wind speeds. Lake 

wind observations were made by the Coast Guard cutter ACACIA on 

28 November 1966 with winds estimated at 44 knots and wave heights esti

mated to 20 ft. For this case the Bretschneider wind was estimated to 

be 68 knots, the Jacobs wind to be 25 knots, and the Richards wind to 

range from 38 to 46 knots. Hence, neither of the winds based on pressure 

field calculations provided reasonable results. whereas, that based on 

the observed winds at nearby land stations did. In light of the lack of 

a wind speed dependence in the Bretschneider wind model, the overpre

diction by this technique is expectable. Returning to Figure 2, it is 

particularly evident that these wind estimates will overpredict under 

unstable conditions (lake surface warmer than overlying air).* The 

underprediction of the Jacobs wind model in this case is more difficult 

to assess, but it appears to be related to· one of three factors: 

(a) the lack of validity of the gradient wind approximation in this 

instance, (b) the lack of adequate calibration at high wind speeds, or 

(c) the influence of land on the winds upon which the empirical coefficients 

of the Jacobs technique were based. 

45. As a final comparison of different studies, Figure 21 presents 

the results of all the methods based on Great Lakes data: Richards et al. 

(1966), Jacobs (1965), and the present study. These are contrasted to 

* Associated overestimates in significant wave heights based on wind 
speeds obtained by this technique have been documented by Cole (1967), 
Brebner and Kennedy (1962), and Resio and Vincent (1976). 
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the technique advocated by Cole (1967) and the SPM which are based 

primarily on empirical studies by Pierson et al. (1955) and Bretschneider 

(1971). Clearly, the agreement between the first three methods indicates 

a general support of a velocity-dependent behavior of R . The variations 

among these three studies are expectable due to sampling variabilities 

and possibly to small biases in the data sets and data analyses. It is 

recommended, therefore, that the nonvelocity dependent technique not 

be applied to winds in the Great Lakes region. For other areas, the 

theoretical and empirical works of Lettau (1959, 1961), Blackadar 

(1962, 1965), Cardone (1969) and Hasse and Wagner (1971) all indicate 

that a ratio of anemometer-level winds to geostrophic winds which 

are dependent only on air-sea temperature difference is inconsistent 

with our present knowledge of the planetary boundary layer. 

DISCUSSION 

46. Appendix A offers four sets of comparisons of winds estimated 

by the method presented in this paper and observed winds: 

a. Comparisons of estimated winds over Lake Erie to sequences of 

high winds observed by ships. 

b. Comparisons of winds estimated from Muskegon Airport data to 

winds at the Muskegon tower. 

c. Comparisons of friction velocities estimated from Muskegon 
• 

Airport incorporating climatological values of air-sea temperature difference 

to friction velocities obtained from the Muskegon tower. 

d. Comparisons of winds estimated from Rochester (New York) Airport 

and winds observed at an offshore buoy in Lake Ontario. 

47. The generally good agreement 1n these comparisons, particularly 

for high wind conditions, confirms the capability of the wind technique 

presented in this paper to function adequately over a wide range of 

moderate to high wind conditions. Since the theoretical basis involves the 

geostrophic wind, low wind conditions are probably not well estimated 

by the derived relationships. However, the dominant processes at the 
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scale of the Great Lakes are affected primarily by higher winds; hence, 

the technique suffices for many design and planning purposes. The simplicity 

and low cost of this technique make it ideal even for small investigations; 

and when several stations around a body of water are transformed, an 

interpolation scheme can be employed to obtain a relatively reliable wind 

field over the entire area. 

48. The statements in support of the proposed wind technique 

in the previous paragraph should not be regarded as an indication that 

winds obtained in this way cannot be improved. Several potential 

improvements capable of reducing the random error and possibly of removing 

some bias in the transition zone near the shore can be made with additional 

effort. The replacement of one-minute wind averages at land sites with 

averages over a longer interval would definitely help remove some of 

the high frequency noise. The use of observed air-sea temperature 

differences would also tend to remove error due to fluctuations around 

the climatological means. Although such information is not readily 

available today, small modifications in the data collection and storage 

routines by NOAA could provide these data in many instances. Beyond 

these improvements in data, a numerical model based on the work of 

Lettau (1961), Blackadar (1965), and Cardone (1969) could be programmed 

to provide real time or historical wind fields over the Great Lakes. A 

model of this type could incorporate previous theoretical and numerical 

treatments of the transition of atmospheric flow over a sudden change in 

roughness and could even include temperature land-sea gradients for 

estimates of lake breeze effects. 

49. For studies involving only a few wind conditions, each result 

is usually regarded in a somewhat deterministic sense. Consequently, 

if estimated peak winds differ by 5 to 10 knots from observed peak winds 

(as they certainly will once in a while), there will be a tendency to 

reject the basic scheme of wind relationships presented in this paper. 

For such studies, it would certainly be advantageous to return to a 

detailed analysis to geostrophic (or gradient) flow conditions coupled 

with the appropriate numerical models to estimate surface winds. Such 
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an effort requires considerably more time and expertise than the simplified 

model based on expected wind ratios and presupposes the availability of 

a good deal of meteorological and lake-surface data. 

50. It is important to emphasize the need to calibrate the actual 

transformation ratios which are used on any body of water. Latitude 

and regional roughness variations may introduce significant deviations 

from the coefficients derived for Lake Erie and Lake Ontario, even though 

the general patterns of the curves should remain the same. For example, 

a preliminary investigation of the transformation ratios for Lake 

Michigan has revealed that, although they are remarkably similar to 

those for Lake Erie and Lake Ontario, they average about 18 percent 

higher than those reported in this paper. Besides the aforementioned 

factors of latitude and surface roughness, it is possible that such a 

calibration accounts empirically for any implicit dependence on lake 

S1Ze. 

51. As a final point, it should be noted that the ratios presented 

in this paper pertain to a specific transformation from a level of 20 ft 

on land to 19.5 m over water. They are calculated in this manner because 

the winds are used in a wave hindcast program on the Great Lakes in 

which the wind is input at 19.5 m (Resio and Vincent, 1976a, 1976b) 

and the vast majority of airport data is now recorded at a standard 

height of 20 ft. Any land data at other than 20 ft must first be converted 

to 20 ft before the specific ratios derived in this paper can be applied. 

If the over-lake velocity is desired at some level other than 19.5 m, 

then the wind must be transformed to this other level by the appropriate 

means. 

SUMMARY 

52. A theoretical treatment of winds over land and over a marine 

surface has been presented. The theoretical results provide a basis for 

comparison of many empirical data sets and help to establish a rational 

means of studying the differences between wind over land and over a 

marine surface. This in turn affords a means of examining systematic 

variations in the ratio of winds over a lake to winds over land. The 
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good agreement between theory and observation indicates that wind estimates 

over the lake can be made for a wide range of synoptic conditions with 

an rms error of under 5 knots. The theoretical curve for the lake-wind/ 

land-wind ratio provides a stable estimate of lake winds well beyond 

wind speeds for which there is good empirical data. Consequently, the 

technique presented here offers relatively good accuracy even in extreme 

wind conditions where there are little or no direct measurements of winds 

over the lake. 
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Table 1 

WIND SPEED COMPARISONS BY COLE (1967) 

Number of Correlation 
Type of Comparison Data Pairs Coefficient 

Bretschneider winds vs 10-m winds 36 0 . 63 

Jacobs 7.5-m winds vs 7.5-rn winds 43 0.55 

Jacobs 19.5-rn winds vs 16-m winds 49 0.37 

Richards winds vs 16-m winds 44 0.36 

Richards winds vs 10-m winds 36 0.24 
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TABLE 2A 
Air-Sea Temperature Differences: Lake Erie 

Month 

Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec. 

E -3.0 -3.1 -0.9 1.6 1. 1 0.4 -1.1 - 2.1 -3.1 -4.3 -3.2 -2.9 
-13.3 -3.8 -4.9 1.6 0.7 0. 7 -0.4 -2.4 -3.1 -3.3 -3.4 -5.5 
-3.9 3.5 -3.1 2.7 2.0 0.3 -0.7 -1.9 -3.0 -3.0 -2.5 -4.4 
-3.3 1.5 -1.4 2.3 2.4 1.0 -0.4 -1.5 -2.7 -1.8 -2.0 -5.9 
-3.9 - . 7 2.6 1.9 1.2 0.8 -0.5 -1.2 -1.9 -1.7 -3.5 -2.5 

-11.8 -2.7 2.8 2.0 2.1 1.6 -0.0 - 1.1 -2.0 -1.5 -3.5 -2.6 
-8.6 -3.9 0.3 1.7 2.1 1.1 0.4 -0.7 -1.5 -1.1 -2.8 -3.4 
-8.8 -1.4 -0.1 2.5 2.4 1.4 0.1 -1.2 - 1.5 -1.5 -1.8 -2.8 
-2.0 1.4 2.7 2.4 2.5 1.4 .-0.2 - 0.7 -0.9 -0.9 -2.4 -1.9 

N -1.0 -4.0 -1.5 2.3 3.1 1.6 0.7 - 0.5 -1.1 -0.6 -2.6 -2.5 
-4.5 -5.8 1.3 3.2 2.5 2.1 0.1 - 0.3 -1.3 -0.4 -2.0 -2.9 

-10.1 -2.4 -0.1 2.7 2.6 2.3 1.0 -0.2 -0.9 -1.0 -1.5 -2.3 
-1.5 -0.7 3.9 3.7 3.6 1.5 0.4 -0.7 -1.1 -0.2 -1.6 -2.2 
-7.5 -4.3 -1.4 3.4 3.7 2.2 1.2 -0.2 -0.9 -0.1 -1.4 - 1.7 

s:: -1.8 -3.2 0.2 4.3 2.4 1.9 0.4 0.3 - 0.9 0.0 -1.9 -0.5 
0 1.9 7.5 1.6 3.6 3.5 2.8 1.0 0.4 -0.1 -0.1 -0.8 -1.6 ·r-l 
+-l 2.0 1.4 1.0 4.6 4.6 2.6 0.3 0.3 - 0.0 0.0 -1.1 -0.5 (,) 
(]) . 4 1.7 6.4 4.8 3.7 3.2 0.9 0.5 0.2 -0.3 -0.6 -2.4 H -

•r-l w 
Q -2.9 2.0 3.4 4.8 4.5 3.2 1.0 0.1 -0.0 0.1 -0.9 0.5 

-3.8 3.6 2.6 5.0 4.5 3.1 1.2 0.4 0.3 -0.2 -1.5 -0.9 
-3.8 1.0 0.4 4.5 4. 1 3.3 1.3 0.9 0.3 0.3 -1.2 - 0.4 
-1.0 -3.5 -0.7 4.3 3.5 3.0 1.3 1.1 0.4 -0.7 -1.3 -1.3 
- 2.2 0.3 2.1 3.1 3 .. 8 3.1 1.4 1.0 -0.1 -0.5 -1.5 -0.6 
-0.6 -1.3 -0.7 3.0 4.0 2.6 1.3 0.9 -0.5 -0.4 -2.4 -2.2 
-1.9 -2.2 -2.7 2.3 3.7 2.9 1.5 0.7 -0.7 -1.9 -3.0 -2.2 
-9.2 -5.6 -2.9 2.3 3.6 2.8 1.0 0.5 -0.7 -2.2 -3.0 -2.6 
-9.4 -11.4 4.5 1.6 2.7 1.6 1.2 -0.0 - 1.2 -2.3 -3.9 -3.8 

s -7.3 0.7 -1.5 1.6 2.6 2.4 0.7 -0.8 -1.7 -3.1 -4.5 -4.9 
-10.4 -5.5 -0.6 1.6 1.7 1.9 0.6 -1.2 -1.2 -3.2 -4.5 -4.9 
-8.5 -2.5 3.5 1.9 1.1 1.3 0.4 -1.3 -2.2 -3.9 -4.6 -5.5 
-7.9 -5.4 -0.4 1.4 1.7 0.7 -0.4 -1.9 -2.7 -4.1 -5.0 -5.6 
-7.0 -8.9 2.3 1.8 1.6 0.6 -0.7 -2.2 -3.1 -4.6 -4.6 -5.0 
-5.3 4.2 -3.2 2.2 0.8 0.9 -0.7 -1.7 -3.2 -4.8 -5.3 -5.5 
-5.9 -5.4 0.9 2.0 1.3 0.7 -1.1 -2.5 -4.4 -5.3 -4.8 -6.5 
-8.8 -6.1 2.1 1.4 1.6 0.5 -1.3 -2.4 -3.9 -4.9 -4.1 -4.9 
-8.6 '-9. 4 2.0 2.2 1.8 0.0 -0.5 -2.2 -3.5 -4.7 -3.9 -5.0 

Columns represent averages of air-sea temperature differences by month. 
Rows represent averages of air-sea temperature difference by wind vector di
rection within 10° classes (class 1 = due East, 10 = due North, 19 = due 
West, 28 = due South) 

(Continued) 
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TABLE 2A 
Standard Deviations From Climatological 

Mean Air-Sea Temperature Difference: 
Lake Erie 

Month 

Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec. 
E 5.87 4.79 3.04 3.88 3.91 3.57 2.53 3.07 4.49 5.46 4.73 4.60 

13.36 7.06 5.58 3.03 3.45 3.09 2.59 4.06 4.54 4.71 5.07 6.74 
4.87 4.36 3.53 3.97 3.88 2.64 2.58 3.06 4.27 4.87 4.17 6.12 
6.00 1.66 1.98 3. 67 4.28 3.05 2.69 2.81 4.03 3.64 3.93 7.36 
4.53 2.96 4.05 4.12 3.70 2.95 1.85 2.70 3.78 3.05 4.71 4.13 

11.80 4.26 2.80 3.85 3.85 3.51 2.68 2.35 3.07 3.03 4.48 4. 06 
8.60 5.57 3.06 3.20 3.85 2.59 2.32 2.23 2.74 3.18 4.25 4.42 
8.80 3.83 0.22 3.77 4.50 2.95 2. 39 2.55 3. 24 3.62 3.70 4.23 
4.05 1.98 3.47 3.61 4.06 2.93 2.05 2.08 3.07 2.78 3.79 4.01 

N 1.41 7.22 4.15 3. 94 4.13 2.74 2.17 2.41 2.88 2.97 4.21 3.85 
6.50 5.80 2.59 4.69 4.34 3.47 2.00 2.27 3.16 3.27 3.68 3.92 

10.10 3.05 3.93 4.08 4.20 3.41 2.92 2.12 2.45 3.68 3.55 3.15 
~ 

8.10 0.70 3.90 4.99 5.38 2.90 2.50 2.47 2.67 3.15 3.49 5.16 
0 7.58 6.09 1.40 5.18 5.19 3.82 .:!.41 2.21 3.25 2.89 3.09 4.20 

·r-4 
~ 4.3 4.00 0.20 5. 81 4.30 2.93 2.36 1.99 2.96 2.55 4.01 3.89 (.) 
Q) 2.17 7.50 1.82 4.96 4.86 4.40 2.71 2.84 2.51 2.80 3.48 3.43 H 

·r-4 2.06 3.30 1.34 6.11 5.81 4.02 2.11 2.75 2.38 2.61 3.85 3.25 
0 

2.5 1.81 6.53 5.96 4.76 4.49 2.40 2.69 2.05 2.91 3.94 3.66 
w 2.98 2.77 4.83 6.01 5.96 4.28 2.39 2.51 2.67 2.90 3.76 3.61 

3.95 3.60 3.11 5.96 5.79 4.29 2. 70 2.05 2.71 3.03 4.38 4.02 
5.72 2.26 0.81 5.62 5.57 4.57 2.69 2.64 2.68 2. 76 4.15 3.88 
2.99 3.50 1.07 6.38 4.60 4.12 2.55 2.73 2.71 3.03 4.43 4.00 
5.68 4.07 3.46 3.94 5.54 4.46 2.95 2.48 2.99 3.12 3.87 4.06 
1.68 5.71 0.70 4.85 5.26 4.33 2.49 2.45 3.11 3.34 4.29 4.89 
3.86 5.57 4.01 4.69 5.23 4.05 2.63 2.38 2.91 3.45 4.98 4.67 
9.67 10.02 4.17 4.58 5.32 4.06 2.55 2.32 3.09 3.76 5.05 4.67 
9.63 12.65 4.50 4.38 4.39 3.47 2.82 2.51 2.79 3.68 5.41 5.38 

s 7.53 0.70 3.26 4.33 4.30 3.73 2.44 2. 89 3.44 4.32 6.02 6.13 
10.87 2.75 3.74 3.66 3.97 4.19 2.79 2.93 3.44 4.33 6.07 6.44 
8.75 6.03 3.50 4.24 3.33 3.50 3.04 3.03 3.89 4.96 5.89 6.71 
8.10 8.15 4. 39 3.90 4.00 2.58 2.82 3.56 3.88 5.28 6.23 6.72 
6.28 8.90 2.30 4.09 3.72 2.94 3.14 3.78 4.45 5.73 5.93 6.14 
5. 30 7.23 6.20 3.57 3.75 3.47 2.74 3.63 4.70 6.25 6.62 6.53 
7.51 5.57 0.90 4.13 3.64 3.04 3.22 3.59 5.26 6.43 6.06 7.60 
9.68 6.12 2.10 3.68 3.69 3.16 2.81 3.42 4.91 6.02 5.31 5.65 
8.60 9.44 2.55 4.19 4.01 2.45 2.68 3.59 4.77 6.02 5.50 7.52 

Columns represent averages of standard deviation of air-sea tempera-
ture differences by month. Rows represent averages of standard deviation 
of air-sea temperature differences by wind vector direction within 10° 
classes (class 1 = due East, 10 = due North, 19 = due West, 28 = due 
South). 
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TABLE 2B 
Air-Sea Temperature Differences: Lake Ontario 

Month 

Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec. 

E -6.0 -8.7 -0.2 -0.0 3.2 3.2 0.3 -0.1 -1.8 -3.1 -4.1 -8.4 
-9.0 -8.9 -0.0 0 .. 2 3.3 3.1 1.0 -0.7 -2.1 -1.7 -3.2 -6.7 

-11.1 -10.7 -1.5 0.8 3.2 2.3 1.5 -0.9 -1.2 -1.5 -3.3 -7.5 
-12.2 -5.6 -0.3 1.1 2.6 3.5 1.3 0.5 -0.7 -1.2 -2.1 -6.9 
-10.5 -15.1 -1.7 1.7 2.6 2.9 1.7 -0.2 -0.6 -1.1 -2.0 -5.4 
-8.3 -4.9 -0.6 1.1 2.7 2.8 1.8 0.6 -0.2 -0.7 -1.3 -6.6 

-10.1 -1.2 -0.3 2.2 2.5 2.7 1.5 0.1 -0.3 0.9 -1.5 -6.3 
-5.6 -2.8 -0.7 1.7 2.8 3.3 2.9 0.9 0.5 1.2 -1.2 -5.3 
-1.6 -3.1 -0.4 1.9 2.8 3.1 3.3 1.0 0.5 0.9 -2.0 -4.0 

N -4.2 0.5 -0.6 2.8 3.6 3.2 2.9 0.8 0.7 -1.1 -1.6 -2.8 
-0.8 -2.9 -1.0 2.5 3.6 3.4 2.6 1.0 -0.5 -0.1 ~2.2 -5.8 
-6.3 -1.8 1.1 2.4 4.2 3.5 3.0 1.6 0.3 0.1 -1.8 -3.4 
-3.7 -1.1 1.3 2.8 3.5 4.8 2.6 1.4 1.2 0.4 -1.7 -1.7 
-4.9 -1.8 1.4 3.0 3.5 4.2 2.7 1.1 0.2 0.0 -1.3 -7.2 

s:: -1.3 -3.0 1.4 3.5 4.5 4.1 2.5 0.9 0.0 0.4 0.0 -5.3 
0 

-4.0 -0.8 1.5 3.5 4.1 4.1 2.2 0.9 0.8 0.1 -0.4 -4.3 · M 
+J 

-1.2 0.0 0.9 2.5 4.7 4.4 1.8 0.3 -2.7 u 2.5 0.5 -0.3 
(!) 

H -1.8 -1.3 0.1 2.8 4.4 4.2 3.1 2.1 1.0 1. 1 0.3 -4.0 
·M 
0 w -2.5 -2.6 0.3 2.4 5.2 4.9 3.8 2.1 1.2 0.6 , -0.7 -3.9 

-1.9 -2.2 -0.0 1.8 4.1 4.7 3.4 2.0 1.0 1.5 -0.4 -2.9 
-2.7 -2.3 1.6 3.6 4.5 4.9 3.3 1.8 2.0 1. 1 -1.2 -2.9 
-2.7 -2.4 1.4 2.9 4.3 4.2 3.0 1.8 1.2 0.8 -1.1 -2.0 
-2.0 -3.3 0.8 2.9 4.5 3.9 2.6 1.8 1.5 -0.1 -1.1 -1.6 
-3.2 -3.7 -0.3 3.0 3.8 4.5 2.8 1. 1 1.4 0.0 -1.4 -3.0 
-4.1 -3.0 -0.2 2.4 3.7 4.2 2.4 1.4 0.1 -0.7 -2.1 -3.2 
-3.3 -3.4 -0.3 2.2 3.5 4.0 2.5 1.0 0.2 -0.4 -2.9 -2.8 
-3.6 -4.4 -0.6 2.5 2.9 3.9 2.2 1.7 -0.0 -0.9 -2.2 -2.8 

s -4.4 -5.1 -1.4 2.0 2.9 3.8 1.9 1.4 -0.5 -1.4 -2.9 -5.9 
-4.5 -4.6 -1.8 2.3 3.5 3.2 2.2 1.3 -0.5 -1.3 -2.9 -5.3 
-7.3 -6.7 -2.3 1.8 3.6 4.0 2.2 0.4 -0.7 -2.1 -3.1 -7.4 
-7.1 -5.9 -2.4 1.8 2.9 3.3 2.0 0.6 -0.4 -2.9 -4.3 -6~9 
-8.2 -6.6 -2.7 2.2 2.5 3.3 1.8 0.8 -1.2 -2.5 -4.0 -7.5 
-7.4 -8.2 -2.5 2.6 2.5 3.2 2.1 1.2 -0.9 -3.5 -4.6 -7.5 
-8.7 -6.2 -1.9 1.3 3.4 3.3 1.9 -0.2 -1.6 -4.3 -5.1 -7.9 

-12.5 -5.5 -1.4 1.8 3.0 3.0 2.0 1.2 -1.4 -2.6 -4.9 -9.1 
-8.3 -6.7 -3.2 0.4 3.7 2.8 1~3 0.1 -0 o 8 I -3.9 -4.2 -8.1 

Columns represent averages of air-sea temperature differences by 
month. Rows represent averages of air-sea temperature difference by wind 
vector direction within 10° classes (class 1 - due East, 10 - due North, 
19 - due West, 28 - due South) 

(Continued) 
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TABLE 2B 
Standard Deviations From Climatological 

Mean Air-Sea Temperature Difference; 
Lake Ontario 

Month 

Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec. 
E 9.23 9.48 1.36 2.64 4.25 4.47 2.43 2.88 3.62 4.55 5.33 8.86 

10.95 12.08 2.61 3.87 4.46 4.36 2.44 2.74 3.62 3.87 4.58 7.52 
12.61 11.97 4.05 4. 26 4.22 3.22 2.91 2.56 3.21 4.22 4.88 8.25 
13.82 6.87 1.32 4.32 3.60 4.94 2.70 3.05 2.45 3.15 3.69 7. 7 8 
12.74 15.10 3.62 3.30 3.54 4.35 2.64 3.42 2.82 3.47 3.50 6.62 
11.01 7.25 1. 99 3.18 3.79 4.18 2.87 2.39 2.48 3.02 3.18 7. 94 
11.47 1.49 1.99 3.27 3. 78 3.71 2.57 2.49 2.60 3.43 3.79 7. 08 

8.36 3.66 2. 75 2.57 3.58 4.38 3.91 2.97 2.12 3.23 3.51 8 00 
3.56 3.41 2.17 2.90 3.91 4.12 4.18 3.16 2.43 2.71 3.65 7. OS 

N 6.38 o.so 1.51 3.71 4.54 4.36 4.07 2.52 2.57 3. 98 3.34 1.93 
2.59 4.09 2.57 3. 28 4.58 3.96 4.26 3.15 2. 72 3.03 4.10 6.87 
9.60 2.70 1.60 3.18 4.99 4.56 3.82 3.48 2.37 3. 34 3.92 3.98 
5.60 3.10 3.43 4.19 4.43 5.72 3.49 3.09 2.92 2.93 3.79 2.92 
8.55 5.59 2.15 3.66 4.40 5.46 3.94 2.50 2.30 2.97 3.39 8.48 

s:: 4.10 4.93 3.23 4.50 5.44 5.35 3.78 3.09 2.91 2.97 3.14 7.08 0 
·r-1 5.98 2.75 2.58 4.66 4.96 5.45 3.27 2.35 2.47 2.75 3.30 6.86 
+J 
(.) 3.16 0.86 2.21 3.78 5.87 5.60 3.36 2.86 3.30 2.61 3.06 4.66 
~ 
H 3.66 2.07 3. 79 3.67 5.69 5.32 4.50 3.40 2.76 2.29 3.21 5. 4 7 

·r-1 ow 3.99 4.64 1.85 3.82 6.43 5.95 4. 77 2.98 3.38 2.68 3.70 6.46 
5.06 3.91 3.91 3.29 s. 77 5.63 4.53 3.56 2.81 3.09 3.78 4. 76 
5.27 3.96 2.36 5.08 5.72 5.80 4.32 3.54 3.31 3.12 4.02 5.14 
5.43 4.67 2.68 4.52 5.70 5.06 3.94 2. 84 3.10 3.23 4~18 4.58 
4.31 4.36 2.62 4.81 5.59 4.89 3.87 2.75 3.16 3.36 3.86 4.17 
5.66 5.00 2.78 4. 27 5.12 5.43 3.99 2.51 3.25 3.16 3.62 4.93 
6.39 5.47 2.04 3.54 4.74 5.11 3.82 2.48 2.21 3.54 3.30 5.21 
5.64 4.67 1.50 3.46 4.62 5.02 3.52 2.67 2.56 2.93 4.12 5.14 
5.66 5.42 2. 74 3.83 3.96 5.00 3.52 3.20 2.66 3.49 3.70 4.61 

s 5.87 5.83 2.96 3.59 3. 72 4.81 3.43 3.20 3.20 3.55 4.48 7.30 
5.91 5.33 3.93 3.67 4.48 4.40 4.04 3.59 3.32 3.33 4.35 7.19 
9.29 7.73 4.07 2.85 4.85 5.15 3.83 3. 74 3.37 4. 77 4. 13 8.43 
8.15 6.81 4.02 3.34 3.92 4.70 4.04 2.80 3.68 4.46 4.93 7.89 
9.22 7.54 4.08 3.35 3.75 5.02 3.35 3.70 3.05 5.30 4.90 8.17 
9.43 9.80 3.60 3.47 3.34 4.32 4.15 4.64 2. 73 5.41 5.51 8.38 

10.33 7.44 3.52 2. 70 4.24 4.28 3.44 2.83 3.25 5.81 6.93 8.38 
13.55 7.05 2.47 3.70 4.44 4.44 3.80 2.66 3.47 4.85 6.30 9.61 

9.94 7.82 5.16 3.93 4.82 4.25 3.43 3.02 2.85 5.88 6.14 8.88 

Columns represent averages of standard deviation of air-sea te~e:a-
ture differences by month. Rows represent averages of standard dev1at1on 
of air-sea temperature differences by wind vector direction within 10° 
classes (class 1 = due East, 10 = due North, 19 = due West, 28 = due 
South). 
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Degrees of 
Freedom 

7 

7 

7 

7 

7 

7 

Table 3 

x2 VALUES FOR TEST OF ERROR DISTRIBUTION 
OF AIR-SEA TEMPERATURE DIFFERENCES 

Number of 2 Significant above 
Samples x Value 0.33 level 

31 12 . 5 no 

91 8 . 8 no 

86 5 . 6 no 

98 10.7 no 

151 25 . 8 yes 

131 15.4 yes 
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Symbol 

I 

l3 

c 

~ 
h.s 
H 
~BL 
k 

/ 

k 

NOTATION 

Definition 

Eddy diffusivity in Ekman spiral formulation 

Ratio of eddy diffusities of momentum and heat 

Constant relating roughness height to the characteristic 
roughness length over a fully roughened surface 

Constants in regression equation for friction velocity over land 

Constant in linear term of log-linear wind profile 

Constant in Blackadar's similarity form for depth of constant 
stress layer 

Arbitrary constant 

Constants in Volkov and Ki taigorodskii's equation for rough
ness length 

Phase velocity of surface wave 
~ 

Phase velocity associated with wave frequency located at 
spectral peak 

Coefficient of drag 

Specific heat of air at constant pressure 

Coriolis acceleration 

Nondimensional term relating variations 1n f? to over 
water fetch 

Acceleration due to gravity 

Characteristic height of surface protuberances 

Heat flux 

Height of boundary between constant stress layer and 
Ekman layer 

Von Karman's constant 

Constant relating surface wind velocity to geostrophic 
wind velocity 
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Symbol 

kh 
Km 
1 
L 
Ll 

mo 
N 
1' 
R -R .. 
r{ .. 

lJ 

Ro 
5 
t 
At 
Tq 
~ 
~ 
u_ 

--
, u.Jv 

u~ 

U.L 

U..w 

u.,. 

Definition 

Eddy conductivity 

Eddy viscosity 

Mixing length 

Stability length 

Modified stability length 

-Function relating variation in roughness length to lrn 
Number of observations in a sample 

Pressure 

Ratio of over-lake wind speed to over-land wind speed 

Average value of R within .th velocity class 1 

.th . th • Average value of R within 1 velocity class and J a1r-
sea temperature class 

Surface Rossby number 

Constant in KEYPS profile equation 

Time 

Characteristic averaging period 

Air temperature 

Water surface temperature 

Nondimensional scaling temperature 

Wind velocity in constant stress layer 

Components of velocity in Ekman layer p~rallel to and 
perpendicular to geostrophic wind, respectively 

Geostrophic wind speed 

Wind velocity 1n constant stress layer over land 

Wind velocity 1n constant stress layer over water 

Friction velocity 
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Symbol 

X 

y 

z 

E 

fJ 
A 
p 

~ 

<S'n 

(x'l. J 1yz. 
¢h 

• 

¢u. 
~ 
~n 
x" 
l!Jo. 
tp 

Definition 

Horizontal coordinate parallel to geostrophic wind vector 

Horizontal coordinate perpendicular to geostrophic wind 
vector 

Vertical coordinate 

Roughness length 

Depth of viscous sublayer 

Error vector 

Potential temperature 

Function in Blackadar's mixing length formulation 

Correlation coefficient 

Density of air 

Variance associated with )' and E sample 

Estimate of wind speed rms error 

Estimate of air-sea temperature standard deviation around 
climatological mean 

rms value of surface displacements 

Nondimensional function of Cf~ 

Vertical stress in x and y direction, respectively 

Nondimensional heat flux 

Nondimensional momentum flux 

Function relating h.s to ~ 

Normalized function relating variations in;R to air-sea 
temperature difference 

Chi-square statistic 

Integral function of stability in Equations 9 and 10 

Function relating 'R to UL 

61 



APPENDIX A: COMPARISONS OF OBSERVED AND ESTIMATED WINDS 

1. This appendix presents additional comparisons between winds 

estimated by the technique described in the body of this paper and 

winds measured over a lake . It is hoped that these comparisons will 

aid any person using this technique in understanding the types of errors 

encountered in var1ous applications. 

High Wind Comparisons 

2. Three comparisons of estimated over-lake winds to winds 

observed by ships are presented in Figures Al, A2, and A3. These 

compar1sons are taken from segment 1 of Lake Erie as shown in Figure 6 

and are compared to winds estimated from airports located in Cleveland 

and Toledo. It can be seen in these figures that the one-minute ships 

observations contain a consi derable amount of variation for the same 

observation period. Such variation is not seen in longer average 

observations taken in the IFYGL program on Lake Ontario; hence, much 

of this variation is probably due either to observer error or fluctua

tions in wind velocity at the turbulent or convective scale of atmos

pheric motion. Figure A4 shows a scattergram type of comparison for 

estimated winds and ships observations . 

Additional Comparisons at the Muskegon Tower 

3. Figure AS presents a scattergram type of comparison between 

winds estimated from Muskegon Airport data and winds observed at the 

Muskegon tower (Elder and Soo, 1967). The line on this chart has a 

slope of 1:1 . 1 in order to compensate for the difference in anemometer 

levels. The wind estimates are calibrated to a level of 19.5 m; whereas, 

the tower observations are made at 10m. The 1.1 factor is used in this 

case purely for simplicity. A more realistic factor for the conversion 

to 10 m from 19.5 m would be dependent on roughness length and stability. 

4. A single set of data is available at the Muskegon tower which 

indicates wind speeds 1n excess of 35 knots. These are the data collected 

at the tower just before its collapse on 23 September 1964. Figure A6 shows 

a compar1son of winds observed at the tower, ships observations between 

Al 



42°N and 44.5°N latitude, and over-lake wind estimates based on winds 

observed at the Muskegon Airport. The general synoptic-scale variations 

in wind speed appear to be well represented 1n this storm by winds 

estimated from the Muskegon Airport. 

Comparisons of Estimated Friction Velocities (U~ With Friction 
Velocities Observed at the Muskegon Tower 

5. Figure A7 presents a scattergram type of comparison between 

friction velocities obtained by the solution of the system of Equa

tions 9, 17, and 26 and those estimated at the Muskegon tower (Elder 

and Soo, 1967) from anemometers 8 m and 14.6 m above the mean water 

surface. Although the compar1son is favorable on the whole, there 

appears to be a slight tendency of the predicted friction velocities to 

be higher than those observed at the tower. 

Comparisons of Data From PDCS Station 10 to Wind 
Estimates Based on Rochester Airport Data 

6. During part of 1972, a large experiment to measure over-lake 

meteorological conditions was performed. A comparison of wind estimates 

based on observed winds at Rochester Airport, located about 10 miles 

inland, to winds observed at a buoy positioned approximately 10 miles 

offshore from Rochester is included here (Figure A8) to indicate the 

agreement and error distribution encountered at relatively low winds on 

Lake Ontario. Also included on this figure is a comparison of n1ne days 

of average transformed winds from Buffalo and Rochester Airports to winds 

observed at this PDCS buoy. Unfortunately, there were few reliable 

observations of high wind speeds during this program. As shown in 

Figure 15, the rms error in Figure A7 tends to decrease from low to 

moderate velocities, approaching a somewhat constant value at wind speeds 

(over lake in this example) above 20 knots. 
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at Muskegon tower and transformed Muskegon Airport wind spyeds 
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Figure A6. Sequence of wind speeds observed at Muskegon tower (Jacobs, 1965) compared to 
transformed Muskegon Airport wind speeds and wind speed reported by ships located between 

42°N and 44.5°N 
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Figure A7. Scattergram type of comparison between friction velocities estimated from wind speeds 
observed at the 8-m and 14.6-m levels on the Muskegon tower and friction velocities estimated from 
the solution to the system of Equations 9, 17, and 26 based on transformed wind speeds from Muskegon 
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Figure A8. Scattergram type of comparison between wind speeds observed 
at PDCS buoy located off of Rochester and transformed wind speeds from 

the airport in Rochester 

AlO 




