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ABSTRACT

Five years of wind observations taken by the research vessel C.C.G.8. Porte Dauphine on Lake Erie and Lake
Ontario have been compared to simultaneous observations taken at land stations upwind of the ship. The resultant
ratios of over-lake winds/over-land winds have been sorted by speed classes, conditions of atmospheric stability,
and the length of the over-water fetch to assess the relative influence of each factor on the over-lake wind.

The effect of changes in atmospherie stability as created by air-water temperature differences is shown quanti-
tatively with results confirming that wind speeds increase over water during unstable conditions and decrease during

stable conditions.

It is also shown that these changes are greatest in low winds and least in high winds.

An inerease in the length of the over-water fetch up to about 25 mi. contributes to an increase in wind speeds

during unstable conditions.
the changes are highly erratic.
layer associated with the stable conditions.
further change in speeds.

1. INTRODUCTION

One of the major problems confronting the Great
Lakes physical scientist is that of precisely describing
the wind field over a particular lake. For any given
moment the wind pattern over the land areas around
each lake is adequately known through reports from fixed
land-based anemometers. However over-water observa-
tions are taken from irregularly spaced and always moving
ships, the data are sparse, and the reports are still plagued
by communication delays. As a result, all too frequently

the wind field over the lake is, at best, only partially .

defined.

There are many reasons why an adequate knowledge
of the true over-lake wind is required and these cover a
broad spectrum of scientific and commercial activities:

(i) The meteorological forecaster must begin with the
correct data and valid theories to formulate his marine
and lakeshore forecasts.

(i) The mariner (commercial or small craft operator)
must bave the best possible indication of present and
future winds and wind-driven waves. _

(ili) Water level fluctuations caused by wind-induced
set-up and seiche can seriously affect navigation and the
water supply for power developments and domestic
intakes.

(iv) Winds and the resultant waves and currents can
cause damaging shore erosion and are also factors in the
formation, movement, and dissipation of ice.

*Messrs. Dragert’sand McIntyre’s contributions were made while they were cimployed
with the Meteorological Service as student assistants during the summer of 1965. Both
are Honours Mathematics and Physics undergraduates at the University of Toronto.

Under very stable conditions the lake winds become lighter with longer fetches but
This is likely due to intermittent breakdowns of the shallow atmospheric inversion
An increase in fetch beyond 25 mi. does not appear to contribute to any

(v) Finally, but not necessarily least in importance,
evaporation (by far the greatest water loss from the
Great Lakes system) is a function of the speed of the
over-water wind.

For these, and other less evident reasons, the Great
Lakes meterologist must continue to seek ways and means
of better defining the over-lake wind field.

PREVIOUS STUDIES

A number of earlier studies have approached the
problem of defining the over-lake wind by evaluating an
empirical relationship between the winds over the water
as compared to simultaneously observed winds over the
land; i.e., to evaluate a wind ratio

g Ue
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where U,=wind speed over water, and U,=wind speed
over land.

Without further interpretation the ratio R has the
effect of lumping all the various influences which cause
the winds over water to vary from winds over land; i.e.:

(i) difference in frictional effect between land and
water; '

(ii) difference in atmospheric stability created by
air-water temperature differences; and

(iii) the length of the over-water fetch.

Hunt [2] was one of the first to employ the wind ratio
technique in a well-documented study of southwesterly
winds on Lake Erie and their effect on set-up and seiche
activity in that very shallow body of water. Employing
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data from commercial shipping for the navigation seasons
of 1950-56 he found an average value for R of 1.59 (table
1). In addition he also found values of B for three broad
classifications of atmospheric stability (stable, neutral,
and unstable) based on average monthly air and lake
temperatures.

Lemire [3] in extending a study by Bruce and Rodgers
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relationship, only Hunt established a quantitative rela-
tionship and this was for only very broad classifications of
stability based on average monthly temperatures. None
indicated qualitatively or quantitatively the influence of
the length of the over-water fetch.

TaBLE 1.—Estimates of Wind Ratio R for the Great Lakes

[1} used early data from the research vessel C.C.G.S. Author:
Porte Dauphine to obtain a value for B of 1.63, again based
only on the navigation season. He also evaluated R for Hunt 2] Lemire[3) | Eutomsion | Disgort and
each of the months of March to November and noted [4] M?fé’s%%“’
seasonal values of R=1.38 for spring and 1.87 for fall
(table 1). b, 161

In an effort to produce improved evaporation estimates Aor ISt 18t
for each month of the year, Richards [4] used more recent Spring 1.3 y1.38 Wev M| 13
Porte Dauphine data to extend Lemire’s figures by calcu- f{’.ig, I 13
lating values of B for the late fall and winter months Fall L8 LE SRLIR| 16
(table 1). An average of the 12 monthly values produced Nev: R
a mean annual B of 1.66. Average 1.56% [*1.63 166 1,56

Although these studies indicated qualitatively the im-
portance of atmospheric stability in the lake/land wind i gasion Season.
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Ficure 1.—Map of Lower Great Lakes showing lake sec

tors and location of land-based observing stations.
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2. METHOD

It was the purpose of this study to compare a substan-
tial period of reliable wind observations from the research
vessel C.C.G.S. Porte Dauphine with simultaneously
observed winds upwind of the ship; i.e., to evaluate the
wind ratio R for predetermined ranges of atmospheric
stability and over-water fetch in order to assess as ac-
curately as possible the influence of these factors on winds
as they move from land to lake. After consideration of
the available data the study was limited to Lakes Erie
and Ontario, mainly because of the lack of a suitably
dense anemometer network around the other lakes.

The two lakes were divided into a total of seven sectors
(fig. 1). Each sector was assigned two or three land
observing stations and, as indicated on the map in figure
1, each station was assigned a sector of winds considered
to be solely off-land. For each ship’s observation the
position of the ship was noted and its wind U, was com-
pared to a simultaneous observation U,; from the appro-
priate upwind anemometer. The resultant wind ratio
R=U,/U, was then tabulated. Also recorded were the
air temperature at the land station (7,) and the surface
water temperature at the ship (7%) as well as the distance
from the ship to the upwind shore along the direction of
the wind (fetch F), To assure that this distance was
close to the true fetch and that there were no intervening
discontinuities such as fronts or pressure troughs, only
those observations in which the ship’s wind and land winds
agreed to within 30 deg. were used. The difference
between the land air temperature and the ship’s water
temperature (7,—Tw) was taken as an index of the
stability of the lower level of the atmosphere over the
lake.

To assess the effect of atmospheric stability the wind
ratios X were tabulated according to five stability classes
and five wind speed classes. To assess the effect of the
over-watch fetch the above tabulation was further sorted
over six classes of fetch distances.

3. DATA
SHIP

The study was based on five years (1960-64) of year-
round over-water meteorological data from the C.C.G.S.
Porte Davphine,—a 400-ton weather ship and research ves-
sel operated by the Marine Service of the Canadian De-
partment of Transport. The Great Lakes Institute,
University of Toronto is responsible for the ship’s scien-
tific program and the Meteorological Service of Canada
(Meteorological Branch, Department of Transport) pro-
vides the regular and specialized meteorological instru-
mentation.

The ship’s wind sensor is an M.S.C. U2A cup-wheel
located on the main mast at a height of 10 m. or approxi-
mately 33 ft. above water level. Water temperatures are
observed by the usual bucket technique. For most of the
5-yr. period observations were taken hourly while the ship
was “‘at sea’’.
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The ship’s data have two areas of potential bias al-
though neither is considered important to the study: (i)
between mid-December and early April the observing pro-
gram was restricted to Lake Ontario because of ice condi-
tions in Lake Erie, and (ii) the ship occasionally had to
take cover in especially violent storms thus introducing a
small “fair weather” bias.

LAND

Thirteen observing stations were used for the over-land
data. These were assigned to the lake sectors as shown in
ficure 1 and are listed below showing the height of each
wind sensor.

Western Lake Erie

Windsor—M.S.C. (Meteorological Service of Canada)

10 m., (33 ft.)
Toledo—U.S.W.B. (United States Weather Bureau)
6.1 m., (20 ft.)

West-Central Lake Erie

London—M.S.C. 12.5 m., (41 ft.)

Cleveland—U.S.W.B. 6.1 m., (20 ft.)
East-Central Lake Erie

Simcoe—M.S.C. 10 m., (33 ft.)

Erie—U.S.W.B. 15.2 m., (50 ft.)
Eastern Lake Erie

Buffalo—U.S.W.B. 6.1 m., (20 ft.)
Western Lake Ontario

Buffalo

Hamilton—M.S.C. 17.4 m., (57 ft.)

Toronto—M.S.C. 16.8 m., (55 ft.)
Oentral Lake Ontario

Trenton—M.S.C. 10 m., (33 ft.)

Rochester—U.S.W.B. 6.1 m., (20 ft.)
Eastern Lake Ontario

Kingston—M.S.C. 13.1 m., (43 ft.)

Syracuse—U.S.W.B. 6.1 m., (20 ft.)

Because the heights of wind sensors varied from one
location to another, a check was made using the power
law equation:

U, é 17

U: \Z
where U;=wind speed at anemometer 1, U;=wind speed
at anemometer 2, Z,=height of anemometer 1, Z,=height
of anemometer 2. This check indicated that even the
greatest height difference between the ship and land
station anemometers would require a correction con-
sidered negligible compared to possible errors introduced
by the variability in exposures.

Over the 5-yr. period 3240 hourly observations were
inspected and 1940 of them were deemed usable.

4. INFLUENCE OF ATMOSPHERIC STABILITY

As indicated earlier, in order to assess the relative
influence of the over-lake atmospheric stability (as
represented by the index 7,— T'y) on over-water winds,
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TaBLr 2.— Definition of stability classes

Class Median Value

Range
(T, —~Tp), °F. of Range, °F.

=-23 —~32
—8t0 —22 ~15
—7t0 7 0
8to 22 16
S23 29

Unstable. .o eceeaaaa

the wind ratios B were tabulated according to five stability
classes and four wind classes (table 3). The stability
classes were arbitrarily chosen as shown in table 2.

The four wind speed classes were also arbitrarily chosen
as 1-5, 610, 11-15, and =16 kt. Speed classes of 16-20
and 21-30 kt. were originally employed but the sparseness
of the data in the higher classes did not warrant the
additional tabulations.

Inspection of section 3.1 of table 3 and the graphical
presentation of the data in figure 2 leads to a number of
observations:

(i) The average annual value of R for all the data was
1.56. This is comparable to evaluations made in earlier
studies (table 1) and helps to confirm the representative-
ness of the data.

(i1} Wind ratios become larger as the over-lake insta-
bility (represented by the negative values of the index
(Ty—Tw)) becomes greater. This confirms the theory
that the resultant convective turbulence in the atmos-
phere associated with unstable conditions increases the
surface wind speed to closer to the geostrophic wind speed.
This increase was found in each speed class as well as
for all the data regardless of speed.

TaBLe 3.—Effect of atmospheric stability on over-lake winds; wind
ratio R for lower Great Lakes

3.1. Tabulated According to Atmospheric Stability (774~ Tw) and Wind Speed

Classes. 1960-1964
Stability (Ta—Tw) (° F.) Wind Speed Classes (kt.)
Range Median 1-5 6-10 11-15 216 Al
Speeds
—47t0 23 _______.._. -32 3.00 1.70 1.73 1.35 2,24
—15 2,65 1.80 1.41 1.29 1.88
0 2.09 1.48 1.27 0.96 1.44
15 1.71 1.14 1.02 0.83 1.06
23 to 42 - 29 1.40 1.13 0.94 0.80 0.92
AN Ranges. . __________|__..______ 2.65 1.55 1.26 1.02 1.56

3.2, Tabulated According to Atmospheric Stability (74— T'w) and Wind Speed Classes
and including Standard Deviations (s.d.) and Number of Occurrences (n). 1960-1964

Stability (T'a—Tw) (°F.} Wind Speed Classes (kt.)
Range Median 1-5 6-10 11-15 =16
Rfs.d.fn Rfs.d./n Rfs.d.fn Rfs.d.fn
—47to —23..___. —32 |} 3.00/1.71/50__1 1.70/0.78/33_-| 1.73/0.47/16__} 1.35/0.30/13.
—22to —8.._.._. —15 | 2.65/1.38/151 _| 1.80/0.68/254 _| 1.41/0.47/125 _| 1.20/0.39/62.
—7to7._______ 0 | 2.09/1.39/142 _{ 1.48/0.64/390 | 1.27/0.47/250 . | 0.96/0.35/132.
8to22_______..__. 15 | 1.71/0.87/21 __| 1.14/0.50/95_ _} 1.02/0.36/98__| 0.83/0.33/69.
23to42..._______ 29 | 1.40/—/1_..__ 1.13/0.45/6 ___{ 0.94/0.41/14__| 0.86/0.25/18.
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Ficure 2.—The lake/land wind ratio R versus atmospheric stability
(T4— Tw) (° F.) for four speed classes.

(iii) For any given stability range (described by 7’ — Tw)
the ratio becomes smaller as the wind speed increases.

(iv) For strong winds and neutral stability conditions
R=1; i.e., there is no difference between over-water and’
overland winds.

(v) Strong winds are least affected by changes in atmos-

pheric stability:
—Under very unstable over-lake conditions the average
value of R was 1.35 in strong winds as compared to 3.00
in light winds; i.e., strong winds were increased by only
35 percent with passage over the lake in unstable condi-
tions as compared to a 200 percent increase in light winds.
—Under very stable over-lake atmospheric conditions the
average value of R in strong winds was 0.80; i.e., the
strong winds decreased by about 20 percent after passage
over the lake in stable conditions.

The fact that strong winds are increased by only 35
percent even in very unstable conditions is of major
significance to the physical scientist working in the field
of over-lake winds and wind effects. Although this con-
cept has received very little attention in the literature it
does have a good physical explanation. Strong winds
blowing over land areas are subject to mechanical tur-
bulence in the lower layer of the atmosphere which has
much the same effect as convective turbulence in increas-
ing the surface wind speed to closer to the geostrophic
speed. The changes in the strong mechanically-turbulent
winds as they pass over the relatively smoother water are
a function of the atmospheric stability regime over the
lake:

—1If the over-lake passage is under stable couditions, as
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denoted by the index 7., — Tw, an inversion is created in
the lower layer of the atmosphere. This counteracts the
land-induced mechanical turbulence and reduces the wind
speed; i.e., R<1.
—If the over-lake passage is under unstable atmospheric
conditions the additional convective turbulence adds to
the land-induced turbulence to increase the wind speed
(B>1) but the percentage increase is not nearly as
great as when the land winds are light and there is little
or no land-induced mechanical turbulence.
—If the over-land passage is under neutral conditions
there is little or no change in the wind speed, R==1.
Section 3.2 of table 3 repeats the previous tabulation
of R found in the first section (3.1) but adds the standard
deviations (s.d.) and the number of observations (n) for
each set of data. As might be expected the standard
deviations are highest in the low speed classes and the
most unstable conditions and become lower with the
increased wind speeds and more stable conditions.

5. INFLUENCE OF THE LENGTH OF OVER-WATER
FETCH

In order to assess the relative effect of the length of
the over-water fetch the data in table 3 were subdivided
according to five ranges of fetch, 1-5, 6-15, 16-25, 26-35
and =236 n. mi. The results are shown in a rather
complex table 4 which indicates:

(1) In general, in unstable atmospheric (as denoted by
T.—Tw) conditions an increase in fetch is accompanied
by an increase in the wind ratio £ up to and including
the fetch class of 16-25 n. mi.;

(ii) In stable conditions an increase in fetch is not
always accompanied by a corresponding decrease in £ as
might be expected from physical considerations.

To help overcome this and several other inconsistencies
apparent in table 4 which might be due to sparseness of
data, and to indicate more clearly the effect of the over-
water fetch, the speed classes in table 4 were amalgamated
to produce table 5. This condensed table groups values
of R under the same five stability ranges and four fetch
classes of 1-5, 5-15, 16-25, and =26 n. mi.

Table 5 and the corresponding graphs in figure 3
indicate more clearly that:

(i) With unstable atmospheric conditions there is an
increase in the wind ratio with an increase in fetch up to
the fetch class of 16—-25 n. mi.; an increase of fetch beyond
this class apparently does not increase the over-lake
wind speed.

(ii) The increase in over-lake winds with fetch becomes
less marked as atmospheric conditions become more stable
but is still evident under neutral conditions.

(iii) Under very stable conditions the lake winds be-
come lighter than the corresponding land winds (R<(1),
but as noted earlier the actual change of B with an increase
in fetch is highly erratic. This may be due to too few
data in the sample, but it is more likely associated with
the physical fact that the temperature inversions created
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TaBLE 4.—Effect of felch on over-lake winds; wind raito R for lower
Great Lakes tabulated according to atmospheric stability (Ta— Tw)
and speed classes for five ranges of fetch and including number of
occurrences (n).

Stability (T4—Tw) (°F.) Wind Speed Classes (kt.)

Range 1-5 6-10 11-15 16-20 21-3¢ All
Speeds
Fetch: 1-5n. mi.
—471t0 —23__ 2.A48/7.._.) 1.66/7____) 1.545___. 1.86/22.
-22to0 ~8.__ 2.14/22___| 1.55/45...| 1.11/26.__] 1.00/13__ 1,50/106.

21 1063/17.07) 1.38/67..| 1.19/200.. D.97/21...| 0.80/6_.. | 1.20/131.
T 1135/3.277| 0.63/5..__| 1.03/10__| 0.94/a_ | 0.96/4____| 0.96/26.
__________ 1.00/1___| 0.66/2__| 0.81/1.---—....._.| D.78/4

Fetch: 6-15 n. mi.

2.43/18_.) 1.60/7.___) 1.83/3..__| 1.38/1.__| 1.14/1..__| 2.10/30,
| 2.68/40...| 1.88/64__.| 1.51/32__.| 1.19/14___| 1.33/1_.._| 1.95/151.
1.92/43___] 1.37/84___| 1.18/67___{ 1.00/29__} 0.91/8 .__{ 1.36/231.
S 2.50/2 | 1.01/22___| 1.00/18__.| 0.79/14___| 0.96/1_._.| 1.00/57.
1.40/1__..) 0.54/2___.| 1.12/3____| 0.82/5.__.i 0.27/1_...| 0.85/12.

Fetch: 16-25 n. mi.

—47 t0 —23. .
—22 to —8_

o] 3.37/12..) 1.78/8__..| 1.96/4___ | 1.25/3 .. .. .. 2.46/27.
(1 2.68/30__ 1.82/44_ 1 1.40/23_ .1 1.31/4 . | 1.28/2___.| 1.97/112.

=7t07 ... 2,09/33...1 1.49/78_..| 1.31/38.__| 1.09/13._.; 0.

8t022.. 1.65/4.. . 1.15/22_ | 0.90/17___{ 0.93/10_._{ 0.98/4____i 1.06/57.

230042, o 0.71/6.._ ) 0.58/1___.| O

Fetch: 26-35 n. mi.

—47 to —23__

4.18/5....0 1.37/6__._| 1.68/3____| L71/2. [ .c_..___ 2.33/16.
—22 {o — 7!

-} 2.53/22._.) L.74/27__.) 1.27/18..) 1.23/10._) 1.38/1_...} 1.78/78.

—7t07. | 2.37/17_.| 1.44/51.__| 1.23/38___| 0.85/9..__| 0.98/5._._] 1.44/120.
8to22. . S 19073 ] 1.12/10._) 1.02/18___| 0.48/7_.__ 0.76/2__..| 1.00/40,
23 to 42 [ DS 0.53/1.

Fetch: 36 n. mi.

—47to 23 .. 3.50/8....0 2.14/5____| 1.60/1____| 1.22/2_._.| 1.19/1_.._| 2.58/17,

—22to —8._ ---] 3.19/28___| 1.90/74.__| 1.71/26._.) 1.62/15._.| 1.44/2._..| 2.08/145.
—7to7. ---| 2.44/32___| 1.64/110._.| 1.37/87._.| 1.00/25.._| 0.86/11.__| 1.55/265.
8t022__ _.} 1.62/9._.| 1.26/35.__] 1.10/35.__| 0.81/19___| 0.90/4____| 1.14/102.

23t042 |l 1.57/3. "1 1.42/3__77) 0.98/7_- -} 0.7131__| 1.18/14.

TABLE 5.—Effect of fetch on over-lake winds; wind ratio R for lower
Great Lakes tabulated according to atmospheric stability Ta— Tw and
over-water fetch for all wind speeds, 1960-1964

Stability (T4—Tw) (° F.) Fetch (n. mi.)
Range Median 1-5 6-14 16-25 =26
~47 to —23 —-32 .86 2.10 2,46 2.46
—22t0 —8 —15 1.50 1.95 1.97 1,97
—7to 7. 0 1.29 1.36 1. 52 1,52
8to22___ 15 0.96 1. 00 1.06 1.10
23 6042l 29 0.78 0.80 0.68 1.14

by relatively warm air passing over cold water are fre-
quently shallow and are known to break down from time
to time. This phenomenon may be more pronounced
with the ship’s wind sensor located 10 m. above the water.

6. CONCLUSIONS

From analyses of five years of data employing almost
2000 sets of simultaneous observations from the Lower
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Fieure 3.—The lakef/land wind ratio R versus atmospheric stability
(Ta—Tw) (° F.) for four fetch classes.

Great Lakes area it may be concluded that the value of
the lake/land wind ratio R=Uy/U, is influenced by the
atmospberic stability created by the air temperature—
water temperature difference (7, — T%) and the length of
the over-water fetch. In summary:

Dragert, and D. R. MclIntyre
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(i) R increases as the over-lake atmospheric instability
increases.

(il) Of major significance is that this increase is most
pronounced in light winds (200 percent) and least pro-
nounced in strong winds (35 percent).

(iii) Under unstable over-lake conditions R increases
as the over-water fetch increases, but only up to a fetch
of about 25 n. mi.

(iv) Under stable over-lake conditions the relationship
between R and the length of fetch is highly erratic. This
is likely due to the shallowness and variability of the re-
sultant inversion.

These conditions are outlined qualitatively in sections
5 and 6 and are shown quantitatively in tables 3, 4, and 5
and in the graphs of figures 2 and 3. Although derived
empirically the results have been shown to be theoretically
sound and should be useful for improving estimates and
forecasts of over-lake winds.

Although the study was confined to Lake Erie and Lake
Ontario the results have been spelled out in terms of
atmospheric stability and fetch and so should be valid
for the other Great Lakes and for all bodies of water of
comparable size.
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