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LAKE TO LAND COMPARISON OF WIND, TEMPERATURE
AND HUMIDITY ON LAKE ONTARIO DURING THE
INTERNATIONAL FIELD YEAR FOR THE GREAT LAKES (IFYGL)

INTRODUCTTION

Defining the magnitude and variability of climatological parameters
over the water area of the Great Lakes has interested many scientists during
the past two decades. A network of climatological stations, often of great
density in urbanized areas, exists over the land portion of the Great Lakes
basin., But, the lakes themselves remain virtually devoid of climatological
sampling.

Except for some lighthouse stations, located on points of land and on
the larger islands, and which operate only during the navigation season, no
information from fixed locations is available on over lake air temperature,
humidity and wind.

Due to this scarcity of over-lake data, investigators have used in
their studies observations taken from commercial vessels operating on the Great
Lakes, and in a few cases, specially equipped research ships. Ships' obser-
vations have undeniably enriched the over lake data log. However, for obvious
reasons, ships could not fulfill the need for continuous in situ acquisition
of data over extended periods.

The lack of permanently fixed observing platforms on the Great Lakes
has directed investigators to seek alternate solutions to the problem. Much
scientific effort and data acquisition have been concentrated on the development
of techniques for adjusting over land data to synthesize over lake conditions.
This procedure involves the comparison of ships' observations with simultaneous
observations over land. The paired observations yield adjustment factors for
wind, temperature, and humidity that subsequently can be applied to over land
data, in order to extrapolate conditions over the lakes.

During IFYGL, extensive lake data were collected from many different
observing platforms, such as buoys, towers, islands, ships, and airplanes.
More significantly, data collection extended over 12 months, giving a fairly
good seasonal distribution to the sampling rate. Thus, IFYGL provided a unique
opportunity for re-examination of the methods used in synthesizing an over lake
climatology.

The value of a knowledge of climatological fields over the Great Lakes
can be easily appreciated by noting the numerous applications which can be made
of accurate estimates. For example:

B Improved estimates of wind, temperature, and restrictions to
visibility in marine weather forecasts would benefit both
commercial shipping and small pleasure craft. With the trend
towards year-round navigation on the Great Lakes, it is impor-
tant to have over lake temperature and wind data for forecasting
the movement, formation, and decay of ice.
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2 Knowledge of over lake conditions would aid in forecasting mesoscale
weather phenomena, such as lake-effect snowstorms, lake- and land-
breeze circulations, and pollution-trapping inversions.

3 Specification of over lake wind is crucial in modelling lake currents,
predicting storm surges, and calculating wind stress, all of which
are useful in understanding such dynamic processes as shoreline
erosion, water-level fluctuations, and wave generation.

4. Knowledge of wind, atmospheric stability, and energy exchange rates
are important in evaluating the dispersion of discharges of o0il and
other toxic substances, and in monitoring the dissipation of thermal
pollution from conventional and nuclear power plants and assessing
the consequences of waste heat on biota.

2 PREVIOUS STUDIES

A number of earlier studies approached the problem of data paucity over
the lakes by averaging land data near the perimeter of the lake, or by computing
differences between upwind and downwind stations, or island and shoreline stations.
A more rigorous approach, which has proven to be quite popular, consists of es-
tablishing empirical relationships between observations, collected from research
vessels on the lake, and simultaneously-observed data from the land.

2,1 Wind Ratio R.W (lake wind/land wind)

Hunt (1958) is credited with being the first to employ the wind ratio to
compute short-period set-up and seiches on Lake Erie. He established the impor-
tance of air mass stratification in determining over water wind speed and described
how R varied with the seasons and time of day. Bruce and Rodgers (1962) compared
simultaneous meteorological readings observed at Toronto International Airport and
aboard the CCGS Porte Dauphine on Lake Ontario. The data were combined regardless
of the type of weather, intervening frontal weather systems, time of day, season,
wind direction, or ship's location. Their results confirmed on Lake Ontario what
Hunt had found for Lake Erie. Lemire (1961) combined new data collected from the

‘ Porte Dauphine with data from Bruce and Rodgers to evaluate wind ratios for each
of the months from March through November. Richards (1964) completed the calcu-
lations for the remaining months: December, January, and February. Table 1 is a
listing of the various monthly and seasonal wind ratios compiled by these authors.
A later study was undertaken by Richards in co-operation with Dragert and McIntyre,
(1966) to quantify the effect of atmospheric stability and fetch on winds as they
move from land to lake. Five years of paired observations were accepted, and were
used to compute average ratios for different groups of: a) stability (defined as
land air temperature minus water temperature), b) over water fetch, and c¢) land

! wind speed. Because of the limited amount of coincident data available to these

i early researchers, it was not possible to produce wind ratios in sufficient detail
f to describe the regional variation in the wind field. Moreover, rigorous testing

of their statistical significance was precluded.

2.2 Humidity Difference ATd (land dew point - lake dew point)

Several researchers have considered the effect of large lakes on humidity
when calculating evaporation losses from large bodies of water. Rodgers and
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TABLE 1

ESTIMATES OF WIND RATIO
Rw FOR THE GREAT LAKES

Author: r TR T T el i
Richards | Phill; d
Hunt Lemire Richards Dragert and | | é 2?37;;
(1958) (1961) (1964) Mclntyre | ' '°°
(1966) | (This Study)

January 1.96 | 1.3

February 1.94 1% 57

March 1.88 | 1.39

April 1.81 % 1430

May M | . T5
Spring 1.35 1.38 |

June 1 | | 1.20

July 1416 j

August 1.39 1.49

September .78 1.61

Fall 82 1.87

October 1.99 }

November 2.09 | 1.93

December 1.98 § 1.78
!

Average 1.56 1.63 1.66 1.56 ; 1.53




Anderson (1961) chose climatological differences from opposite shorelines to
arrive at a mean dew point, representative of conditions over the water.
Richards and Fortin (1962) computed humidity ratios by pairing lake/land vapour
pressure for approximately 700 observations over the Great Lakes. Monthly
values varied from 0.86 in May to 1.33 in January, with a 12-month average of
1.14. Phillips (1973) used the same number of observations to derive regression
equations for five stability groups in order to predict over lake dew point,
when given a corresponding land value, surface water temperature, and over water
residence time.

253 Air Temperature Difference AT, (land air temperature - lake air temperature)

Studies of air temperature modification over the Great Lakes have received
much less attention. Rodgers and Anderson (1961) examined weather observations
from ships and found that air temperatures at 2 m were much closer to surface water
temperature than the temperatures measured at land stations. For this reason the
over lake air temperature for summer conditions was arbitrarily taken as:

— l —
Ty = St e Gl s (1)

where TAW is air temperature over water (OC)

L o
Tw is surface water temperature ( C)

TAL is air temperature over land (OC)

Phillips (1972) used a step-wise regression technique to derive equationms
for five stability classes, with over lake air temperature as the dependent variable.
The resultant models based on 700 observations explained 80 per cent of the variance
and had a standard error of approximately 1.5 degrees C. The over lake data were
obtained entirely from ship observations and were not adjusted to a common observing
height.

PURPOSE OF STUDY

The purpose of this study was to re-evaluate earlier studies of differences
of air temperature and humidity, and wind data observed over-land and over Lake
Ontario. IFYGL archives of data from buoys and ships, and meteorological stations
received from the Atmospheric Environment Service (AES) in Canada and the National
Weather Service (NWS) in the United States were the principal sources of data used
to calculate new values of Ry, AT,, and AT4.

The results of the study are presented in three different ways, in order
to accommodate various applications ranging from broad estimates of climatological
means to complex modelling techniques. The data were sorted and analysed to
provide the following:

104 simple monthly averages

25 values of Ry, AT, and ATq grouped for different classes of stability,
fetch distance, and land wind speed




. P regression equations suitable for modelling, with the capability
to predict variables at specific locations, for all situations,
and with a known degree of accuracy.

4 DESCRIPTION OF OVER LAKE DATA

Reliable meteorological observations from Lake Ontario were obtained
from Canadian and American IFYGL buoy networks and from research vessels. A
detailed description of the systems is given in Data Acquisition Systems, IFYGL
Technical Plan, Volume 2 (IFYGL Project Office, 1972).

The Canadian buoys had a sampling interval of ten minutes, the U.S. buoys,
six minutes. The buoys were instrumented to measure air temperature, dew point
temperature (or relative humidity), wind speed and direction, and lake surface
temperature. In addition, some buoys measured atmospheric pressure, total in-
coming radiation, and current speed and direction, but these parameters were not
considered in this study.

All atmospheric parameters were normalized to a common level of 3 m,
relative to the calm water surface, by logarithmic interpolation. Water tem-
perature, measured within the top 1 m, was assumed to approximate closely the
surface temperature. Measurements of relative humidity were converted to equiva-
lent dew point temperatures by using the existing air temperatures.

Observations taken aboard three Canadian scientific vessels operated by
the Canada Centre for Inland Waters were also incorporated into the study.a « ‘[In
the case of ships' observations, wind speeds were normalized to the standard 3 m
height by using the power-law equation:

Us h 1/7 (2)

]
c
—
m'm

— IR

where Up; = wind speed at height level two

U; = wind speed at height level one
Zo = height level two
2] = height level one

However, no height corrections were imposed on temperature or humidity readings.
It was assumed that even the greatest height difference between ships and land
stations would require a negligible correction, when compared to possible dis-
crepancies in readings introduced by variability in exposures.

5 PAIRING OF LAND/LAKE OBSERVATIONS

The over lake observations were paired with over-land observations recorded
at seven first order meteorological stations located around Lake Ontario. The
land stations used were: Toronto International, Trenton, Kingston, Watertown,
Syracuse, Rochester, and Niagara Falls (NY), all airports (see Figure 1). Several
other land stations were initially considered for inclusion in the study, but these
were discarded because they did not have a full 24-hour observing schedule.
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- Location of stations used in paired simultaneous weather observations over land and lake during IFYGL
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One of the major tasks in this study was to devise a technique that would
ensure reliable pairing of land and lake observations. Lake Ontario occupies an
area approximately 300 by 100 km. Changes in wind direction, either of geostrophic
or localized nature, are inevitable over a region of this size. Unless the entire
wind field is known in detail, the confidence with which land/lake observations
can be paired decreases rapidly with distance.

Ideally, pairing of simultaneous land and lake observations requires
examination of the general weather situation and streamline analysis. This pro-
cedure, however, is too time-consuming when dealing with a large volume of data,
as in this study. Therefore, a compromise method was devised in which specific
limits were established for determining the upwind land station, fetch, and allow-
able divergence in wind direction with respect to each buoy location. In the case
of ships' observations, similar limits were devised for geographical sectors of
Lake Ontario.

Fetches were measured upwind to the shore along the wind direction observed
at the buoy or ship. For ships' observations the fetch distance had to be measured
in each individual case; for the 20 buoys, distances were pre-determined for 36
compass points. A 30-degree difference in wind direction was allowed between the
over land and over lake observations in the pairing process.

Pairing of observations was carried out for each synoptic hour. A quick
scan of all available wind directions was sufficient in most cases in order to
decide whether or not a uniform circulation existed over the lake. If the flow
was well established, data selection could proceed smoothly with the aid of the
limits described above.

If the winds appeared to be variable over the region, observations were
paired with more caution, after examination of synoptic weather maps. Often land/
lake pairs with matching wind directions were rejected, due to the nature of the
general circulation. In other cases, although the land/lake wind directions
differed by more than 30 degrees, paired data were accepted if the synoptic
situation revealed an unmistakable geostrophic flow pattern over the basin.

This method of data selection functioned reliably for the majority of
paired observations. However, certain shortcomings and difficulties remained
in this quasi-systematic approach. Two situations, in particular, arose frequently,
causing uncertainties in matching of land/lake observations:

| 1. Due to the orientation of Lake Ontario, difficulties were

1 experienced in selecting land stations under westerly and
easterly wind regimes. Frequently, any one of two or three
possible upwind stations and appropriate fetches could be
chosen.

| e Under light winds, wind directions at near-shore buoys often

| diverged considerably from directions over land, probably due
to shoreline and local eddying effects; while winds at buoys
located further in the lake conformed to the general direction
of flow.

In these instances it was difficult to ascertain which over lake
observations, if any, could be paired with land station data.




Once the data set was created and placed on computer tape a lurther
screening of data was performed. Computer computations were prepared of the
difference in air temperature and dew point temperature, and the wind ratio for
each of the paired observations. The results of these calculations were grouped
and printed chronologically. A check was then made to identify erratic values
that departed significantly from the range of the group. For these suspected
values, synoptic weather maps and, in some cases, wind plots, were then consulted
to verify whether the paired data were still acceptable.

That all of the remaining pairs are valid matches is not guaranteed.
It is hoped, however, that a statistical amalysis of a large sample of obser-
vations will tend to minimize the effects of a few incongruous values and yield
reasonably stable results.

RESULTS AND INTERPRETATION
6.1 Presentation of Results

More than 11,000 hourly observations were initially considered for pairing.
Of the total, 3800 were rejected because wind speed was calm, lake/land wind
directions did not agree within 30 degrees, or no station was located within
the upwind sector. An additional 300 observations were discarded after the final
screening process. In all, 6926 observations were deemed usable, having met all
the necessary requirements. Table 2 is the summary of the number of paired ob-
servations by month, stability, synoptic hour, and by ship number and buoy number.

The Canadian buoys accounted for 827 of the selected data, evenly divided
among the 11 buoys. There was also a tendency for most of the ships' paired
observations to come from the Canadian side of Lake Ontario. For the most part,
there was no definite bias to any synoptic hour, although usable records from
12Z were more common, constituting 287 of the total. Unfortunately, there was
a serious shortage of winter-time observations, with only 87 of the total falling
within the December to March period.

Monthly averages of Ry and results obtained by previous investigators
are listed in Table 1. Considering that the estimates were based on data from
different periods of time, for various lengths of record, and were arrived at by
different techniques, the results are in good agreement.

The three parameters governing the magnitude of R, AT; and ATq are:
atmospheric stability (defined as air temperature on land, minus surface water
temperature), wind speed over land, and over lake fetch. 1In order to assess the
relative effects of each of these parameters, the Ry, AT5, and ATq values obtained
in this study were sorted according to five categories of atmospheric stability,
four classes of land wind speed, and four fetch groups. The results of these
analyses are shown in detail in Tables 3 to 5 and in Figures 2 to 5.

While the results obtained in past investigations appear theoretically
sound and have been shown to be useful for estimating wind speed and air tempera-
ture over the lake, it was decided to undertake a rigorous statistical analysis
to detect the association between over water and over land data. A stepwise
multiple linear regression program was used to formulate the best predictive
model of over lake wind speed, air temperature, and dew point temperature. In-
cluded in the list of meteorological parameters, both measured and derived, were:
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TABLE 2

TOTAL NUMBER OF OBSERVATIONS BY MONTH

J F M A M J J A S O
B0 25 B4 444 388 902 871 849 1033 1033

N D o YEAR
927 " 280 "'B6926

TOTAL OBSERVATIONS BY HOUR

002 067 127 187 TOTAL
1721 1842 1944 1419 6926
OBSERVATIONS BY BUOY/SHIP NUMBER
BUOY (CANADIAN) SHIP BUOY (AMERICAN)
1 570 12 283 15 15
2 592 13 360 16 31
3 538 14 145 17 17
4 556 18 171
5 468 TOTAL 788 19 29
6 422 20 16
7 529 21 49
8 510 9 91
9 441 23 54
10 481
14 558 TOTAL" " 473
TOTAL 5665
OBSERVATIONS BY STABILITY TEMPERATURE
STABILITY CLASS DIFFERENCE C
VERY STABLE 478 (AIR-WATER)
STABLE 1685 VERY STABLE >105
NEUTRAL 2695 STABLE 3510 10.4
UNSTABLE 1687 NEUTRAL -34t0+34
VERY UNSTABLE 381 UNSTABLE -10.4t0 —3.5
TOTAL 6926 VERY UNSTABLE <-10.5
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wind, air temperature, humidity, atmospheric pressure, surface water temperature,
over-water fetch, residence time, air/water stability and air mass modification.

Only those variables which contributed a significant percentage of the
explained variance were included in the final equations. Table 6 shows the equa-
tions, together with results of statistical tests that describe their effectiveness
in predicting over lake conditions.

6.7 Diurnal and Seasonal Variations

The data were sorted into four synoptic hours for each stability class and
plotted for each month to give an indication of the daily and seasonal variation
(see Table 7 and Figures 6 and 7). It is evident that there is a substantial
variation in Ry over the period of a day within each stability group. There is
also a large variation from stability to stability, although less variation occurs
at 18Z than at any other synoptic hour.

The highest value of Ry occurs near midnight and the lowest shortly after
noon. The existence of this diurnal change can be attributed to the unequal
heating and cooling rates of the land and lake surfaces. Winds display a marked
response to diurnal temperature changes of land surfaces. This effect is greatly
reduced over water surfaces, where diurnal temperature variations are relatively
small. For all synoptic hours, identical land winds produce, in unstable condi-
tions, over water winds that are 80 to 100 per cent stronger than in stable
situations.

Monthly estimates of Ry range from a peak in November (1.9) to a low in
May (1.2). The controlling factor here is also stability: the more stable the
air, the lower the wind speed over the lake. Ry increases slowly during the spring
months. The trend changes abruptly in July, when Ry begins to increase very rapidly
to the November peak. During the winter months Ry remains high. In March the
ratio starts a decrease to the May low. The low value of Ry in January is due to
above normal wind speed in January, 1973 (Phillips, 1974). Given strong prevailing
land winds, Ry can be expected to be lower. The average Ry of 1.28 in spring and
1.81 in the fall agree well with Hunt's seasonal ratios of 1.35 and 1.82 respec-
tively (Figure 7).

Temperature differences between air over the lake and air over the land
(AT,) are greatest at midday (3 degrees C at 18Z), and least from 03Z to 12Z, when
over lake air temperatures begin to exceed those over the land. Land-lake air
temperature differences are the greatest in February and May, -5 degrees C and
+5 degrees C, respectively. From September through March AT; is negative. ATq4
remains negative throughout the day with little diurnal variation, although
humidity differences are slightly less near midday. Dew point temperatures over
land exceed those over the lake only in May and June. Richards and Fortin (1962)
also found that lake/land vapour pressure ratios were less than unity during
these two spring months.

6.3 Effects of Land Wind Speed, Stability, and Fetchl'an Ry, AT; and ATj,.

b3, 1 Wind Ratio R

As stated before, data were sorted into several classes of stability,
fetch, and land wind speed, in order to assess the relative influence of each
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of these parameters on the modification of air, as it moves from land out to the
lake. The class ranges were made to correspond closely to those used by Richards

et al (1966).

Generally, the results obtained are similar to Richards'. Ry values were
less erratic and their standard deviations were significantly less in this study,
compared to the earlier work. However, with 31 times as many observations than in
Richards' study, these results are to be expected. In addition, the observations
were taken primarily from meteorological buoys with narrow error windows.

Several conclusions can be reached with respect to Ry by inspecting Table
3 and Figures 2 and 3.

1. The average value of Ry for all data is 1.53. This compares well
with the Ry of 1.56 obtained by Hunt (1958) and Richards et al (1966).

2. R, increases as stability decreases, being 1.15 for very stable
situations and 2.38 for very unstable ones.

3. For stability groups neutral through very unstable, R, increases
with fetch. An exception to this situation occurs in the very unstable
case with a fetch of 25 to 40 nautical miles. For this stability/fetch
class Ry is 2.1, whereas for shorter and longer fetches Ry is 2.6.
Richards et al (1966) reported a similar decrease in Ry for the same
stability/fetch class. No physical explanation is readily available
for this apparent anomaly. The 89 paired observations, falling within
the very unstable/fetch of 25-40 n mi groups, were examined for a pos-
sible sampling bias. There is a preponderance of observation pairs
from Kingston A/Buoy #11 and Toronto International A/Buoy #4 in this
group, constituting roughly 1/3 of the sample. The above bias has a
logical explanation. Most very unstable situations (water temperature
exceeding air temperature by 10.5 degrees C, or more) occur with strong
northerly winds. Due to the configurations of Lake Ontario and the
network of buoys, and with northerly winds, pairing for this fetch of
25-40 n mi was often restricted to the above-named land stations and
buoys.

Upon further investigation it was found that, in a northerly flow, winds
at Kingston A are approximately 1 ms—l stronger than at other stations
along the north shore of Lake Ontario. Exposure of the land station
could be a factor here. Similarly, the location of Buoy #4 near the
western shore of the lake could have influenced the results. The prox-
imity of the Niagara escarpment could induce local turbulence here, thus
disrupting a northerly wind flow.

If the observation pairs in question are removed from the group, the Ry
value calculated from the remaining pairs becomes 2.83. This value
conforms better with others in the very unstable class. However, the
possibility that there is a physical reason for the low R, in this
stability/fetch class cannot be excluded on the basis of the above
speculations. This problem bears further investigation, preferably

on another of the Great Lakes and in a more favourable exposure setting.




EFFECT OF FETCH ON Rw
(OVER LAKE/OVER LAND WIND SPEED)

=g
TABLE 3a

TABULATED ACCORDING TO ATMOSPHERIC STABILITY

FETCH (n mi)
l All

STABILITY 0-6 7-14 15-24 25-40 =41 Fetches

1.07 1.01 1.10 0.97 1.54 1.45

Very Stable 29 86 113 134 116 478
0.65 0.94 0.65 0.60 1.18

1.06 1.04 | 1.04 1.14 1.21 1.10

Stable 95 369 458 368 395 1685
0.50 0:b5b 0.52 0.59 0.56

1.27 1.33 | 1.39 1.60 1.67 1.47

Neutral 225 619 704 603 544 2695
Q.78 0.75 0.77 0.93 0.94

1.65 1.83 1.96 2.07 215 1.96

Unstable 125 470 448 | 378 266 1687
0.98 0.89 0,97 % A tsiEs 1.09

212 2.35 282 o | LR 2.57 2.38

Very Unstable | 36 89 108 | 89 59 381
s 123 104, | 4186 0.99 2.29

ARG 1.37 1.45 i 1.49 1.58 1.66 1.63

g 510 1633 1831 1572 1380 6926

Mean E a

Number of Observations
Standard Deviation
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TABLE 3b

EFFECT OF WIND SPEED ON Ry
(OVER LAKE/OVER LAND WIND SPEED)
TABULATED ACCORDING TO ATMOSPHERIC STABILITY

WIND SPEED CLASSES (ms1)

| All
STABILITY <] 2.1-4.0 4.1-6.0 6.1-8.0 8.1-10.0 | >10.1 Speeds
2.69 1.35 0.98 0.66 0.68 0.65 1.15
Very Stable 54 117 140 125 33 9 478
157 0.57 0.37 Q22 | 026 0.12
1.84 1.30 1.00 082 7 079 0.89 1.10
Stable 170 436 517 ‘dinf 415 <t ¢ 123 244 1685
0.68 0.55 842 ¥ 031 & 033 024 |
9.37 1.47 122 #-D94p | 117 096 | 1.47
Neutral 464 827 885 | 368 | 89 62 | 2695
1.36 0.61 D48 4= 040 i} 036 033 |
3.03 1.88 1.62 .47 4110 q98 Bl 401 1.96
Unstable 378 452 531 i 1 200 4, 72 45 1687
1.42 0.65 0.50 0:38 gt 036 0.12
3.55 2.11 1.63 146 %¢.0 147 91 2.38
Very Unstable | 129 107 83 48 | 11 3 381
2.25 0.61 0.51 D82 & 333 0.28
oL 2.64 156 1.27 1.08 S0 1.01 96 1.53
figes 1195 1939 2156 1165 328 143 6926

Mean
Number of Observations
Standard Deviation




TABULATED BY FETCH, WIND SPEED, AND ATMOSPHERIC STABILITY

i

TABLE 3c

EFFECT OF FETCH AND WIND SPEED ON R,,
(OVER LAKE/OVER LAND WIND SPEED)

WIND SPEED CLASSES (ms—1)

: ; : > Al
STABILITY <2. 2.1-4.0 4.1-6.0 6.1-8.0 8.1-10.0 =101 Gapde
FETCH: 0-6 n mi
1.10 1.85 0.88 0.61 0.76 1.07
Very Stable 1 7 15 8 1 0 29
0.89 0.26 0.25 0.65
1.31 142 1.08 0.87 1.05 0.67 1.06
Stable 10 24 29 22 8 2 95
0.80 0.52 0.45 0.33 0.22 0.06 0.50
1.95 1,29 1.09 0.96 1.26 1.06 1.27
Neutral 40 71 80 227 5 74 225
1.29 0.43 0.38 0.34 0.24 0.24 0.73
3.03 1.54 1.24 1.22 0.89 0.83 1.65
Unstable 24 38 43 13 4 3 125
1.32 0.53 0.37 0.24 0.03 011 0.98
3.41 2.03 1.30 1.04 0.63 2142
Very Unstable 12 8 11 4 0 1 36
1.25 0.52 0.30 0.22 1.23
2.37 1.36 1.12 0.96 1.06 @iy - | 37
All Ranges 87 148 178 66 18 13200 510
1.44 0.57 0.40 0.35 0.24 D251 |
1
FETCH: 7-14 n mi |
2.49 1.28 0.90 0.68 0.67 H i e
Very Stable 6 19 29 26 4 > 86
2.73 0.40 0.24 0.22 0.15 0.94
1.91 1.28 0.87 0.79 0.87 0.90 1.04
Stable 33 91 111 96 32 6 369
| 0.72 0.58 0.31 0.26 027 0.21 0.55
|28 1.27 1183 1.09 1.17 0.85 1.33
Neutral | 106 171 213 90 20 190 . 618
T 0.51 0.44 0.34 0.30 0.34 0.75
2.75 1.76 1.56 1.44 1.22 0.98 1.83
Unstable 103 133 134 68 17 15 470
197 0.59 0.42 0.29 0.28 0.15 0.89
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TABLE 3c (CONT’'D)
WIND SPEED CLASSES (ms—1)
STABILITY <2.1 2140 " 4.160°¢/ 6180 8.1-10.0 | >10.1 al
Speeds
FETCH: 7-14 n mi (cont’'d)
3.07 2.18 1.61 1.28 1.19 2.35
Very Unstable 39 21 20 7 2 0 89
1.06 0.57 0.38 0.20 0.11 1.04
2.46 1.47 1.19 1.04 105 0.90 1.45
All Ranges 287 435 507 287 75 42 1633
1.31 0.62 0.48 0.40 0.33 0.21
FETCH: 15-24 n mi
2.36 1.37 0.95 0.67 0775 0.73 1.10
Very Stable 12 30 24 33 11 3 113
0.83 0.44 0.27 0.19 0.31 0.18 0.65
1.79 1.20 0.96 0.79 0.76 0.87 1.04
Stable 43 112 142 122 33 6 458
0.53 0.55 0.42 0.26 0.31 0.22 0.52
223 1.37 1.18 1.06 112 0.90 1.39
Neutral 116 211 243 94 2) 19 704
1.23 0.54 0.46 0.39 0.37 0.31 0.77
3.02 1.95 1.61 1.43 1418 1.00 1.96
Unstable 100 120 143 59 14 12 448
1.26 0.64 0.50 0.39 0.34 0.16 0.97
3.70 2.14 1.54 1.63 1.93 0.63 2.62
Very Unstable 46 27 21 10 3 1 108
2.55 0.56 0.50 0.24 0.06 1.96
2.64 1.51 1.24 1.00 0.96 0.92 1.50
All Ranges Jil7 500 573 318 82 41 1831
1.58 0.65 0.52 0.43 0.43 0.30
FETCH: 25-40 n mi
2.06 181 0.86 0.65 0.75 0.55 0.97
| Very Stable 8 36 38 42 6 4 134
1.05 0.58 0.33 0.23 0.26 0.05 0.60
1.85 1.30 1.05 0.78 0.67 0.72 1.14
‘ Stable 47 103 113 80 21 4 368
0.66 0.51 0.44 0.34 0.29 0.29 0.59
2.62 1.63 128 0.99 .02 1.14 1.60
Neutral 108 211 186 70 19 9 603
1.40 0.64 0.49 0.35 0.32 0.24 0.93
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TABLE 3c (CONT'D)

WIND SPEED CLASSES (ms—1)

STABILITY <2.1 2140 | 4160 | 6.18.0 8.1-100 | >10.1 i
Speeds
FETCH: 25-40 n mi (cont’d)
3.24 2.04 1.61 1.48 1.35 1.08 2.07
Unstable 91 94 130 4 20 10 378
1.62 0.63 0.47 0.41 0.34 0.18 1.12
3.32 2.04 1.68 1.36 1.41 1.48 2.12
'1 Very Unstable 20 34 14 15 5 1 89
1.12 0.65 0.49 0.26 0.20 0.99
275 1.64 1.29 0.95 1.01 0.99 1.58
All Ranges 274 478 481 240 71 28 1572
1.43 0.67 0.53 0.44 0.42 0.30
FETCH: 241 n mi |
|
3.12 1.29 1.26 : 0.67 0.58 1.54
Very Stable 27 25 34 | 19 11 0 116
1.35 0.53 0.43 0.18 0.18 1.18
1.94 1.48 1:10 0.90 0.76 1.07 1.21
Stable =7 106 122 95 29 6 395
0.62 0.50 0.41 0.35 0.39 0.14 0.56
2.71 1.69 1.36 1.27 1.31 1.04 1.67
Neutral 94 163 163 92 24 8 544
1.46 0.65 0.53 0.45 0.36 0.24 0.94
32 2.00 1.92 1.67 1.45 1.07 2.15
Unstable 60 67 &l 36 17 5 266
‘ 1.61 s 0.70 051 alus D40 0.36 0.55 1.09
5.06 2.18 1.95 1.67 0.96 2.57
Very Unstable 12 17 2 7 12 1 0 59
4.00 0.58 0.57 0.25 2.29
2.89 1.68 1.41 116 1.04 1.05 1.66
All Ranges 230 378 417 254 82 19 1380
1.80 0.66 0.58 0.50 0.49 0.34

Mean
Number of Observations
Standard Deviation
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6.3.2

R

4. Stronger over lake winds with increasing fetch are less marked as
atmospheric conditions become more stable. Another unexpected value of
Ry is the 1.54 for very stable situations and distances greater than 40
nautical miles. By ignoring light winds below 2 ms—1l, this ratio was
reduced to a value of 1.05.

= Under all atmospheric conditions, Ry decreases with increasing land
wind speed. For strong speeds above 10 ms—l, Ry remains between 0.8 and
1.2, depending upon the stability. For light wind speeds over land, lake
winds are 2 to 3 times as strong.

6. For strong winds and neutral stability Ry is approximately 1.0.

i3 Strong winds are least affected by changes in atmospheric stability.
In very unstable air the average value of Ry is 1.46 for strong winds,
compared to 3.55 for light winds. In other words, strong winds are in-
creased by only 467 with passage over the lake of unstable air, compared
to a 2557 increase for light winds. Under very stable conditions, the
average value of Ry is 0.66 for all winds in excess of 6 ms—1l.

Air Temperature ATgz

A similar sorting by stability, fetch, and wind speed over land was ordered

for AT,, defined as air temperature over land minus air temperature over the lake.
The results of this analysis are shown in Table 4 and Figure 4. Some of the more
noteworthy points are listed below:

i The average AT, value for all data was 0.48 i.e., for the period of
study, the average air temperature over land was 0.5 degrees C greater
than air temperature over the lake.

24 The absolute AT, gagnltude increases as stablllty deviates more from
neutral, reaching +8. 8 C at very stable and -5. 3°C for very unstable con-
ditions.

Jis Increases in fetch produce larger absolute AT, values for all stability
classes. This is more marked on the stable side of neutral (*ve AT,) than
on the unstable side (-ve AT,).

4, In neutral conditions average AT, is only ~0.17°C and it remains within
the range of -1 to +1 degree regardless of wind speed.

i Under stable and very stable conditions, increasing the wind speed has
little effect on AT,. In very unstable cases, however, variations in wind
speed have a pronounced effect on AT,. Under light winds, the air tempera-
ture over land averages 5.6 degrees C below the air temperature over the
water, but during brisk winds exceeding 10 ms~1, this difference is reduced
by about 507%Z. Obviously, the longer residence time of the air mass over
the lake under light winds allows air temperatures to moderate closer to
the surface water temperature, thus increasing the over land to over lake
air temperature difference.
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TABLE 4a

EFFECT OF FETCH ON AT,

TABULATED ACCORDING TO ATMOSPHERIC STABILITY

FETCH (n mi)
STABILITY 0-6 7-14 15.24 2540 > 41 o
Fetches
5.l 7 7.68 8.47 9.42 9.90 8.78
Very Stable 29 86 113 134 116 478
3.16 2.68 2.70 2.58 2.38
1.75 3.00 3.51 4.37 4.58 3.74
Stable 95 369 458 368 395 1685
1.74 177 1.80 1.91 1.91
=0.47 -0.36 ~0.23 =010 0.17 =0.17
Neutral 225 619 704 603 544 2695
1.38 1.41 1.58 1.67 1.78
- 2.41 12089, 1 :fs+ T 2,70 -2.96 | -3.18 - 2.81
Unstable 125 470 448 378 266 1687
1.71 1.7 1.79 1.76 1.88
- 4.06 — .83 ~4.:83 =02 " ==F.058 =“B-75
Very Unstable 36 89 108 89 59 381
2.10 2.05 1.37 2.04 242
Al Ran 0.43 0.06 037 0.74 1.30 0.48
Aanges 510 1633 1831 1572 1380 6926
Mean

Number of Observations
Standard Deviation
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TABLE 4b
EFFECT OF WIND SPEED ON ATja

(LAND-LAKE AIR TEMPERATURE °C)
TABULATED ACCORDING TO ATMOSPHERIC STABILITY

WIND SPEED CLASSES (ms—1)

STABILITY < 2.1 2.1-4.0 4.1-6.0 6.1-8.0 8.1-10.0 =10.1 e
Speeds
8.88 8.90 8.32 9.04 8.93 9.49 8.78
Very Stable 54 117 140 125 33 9 478
% 1 |1 2.50 3.16 271 2138 1.97
3.76 3.96 3.59 3.68 3.97 2.34 3.74
Stable 170 436 il 415 123 24 1685
1.94 2.02 1.98 1.97 2.06 1.61
-0.66 ~0.12 =053 0.33 —{12 —0.59 ~-0:17
Neutral 464 827 885 368 89 62 2695
1.76 163 155 1.46 1.31 1.11
~3.88 -3.09 ~2.30 ~2.03 -2.09 =2.20 281
Unstable 378 452 531 209 72 45 1687
1.88 1.90 1.53 1-33 1.09 1.20
-5.67 —5.91 -4.87 -4.05 —3 11 -2.56 -5.25
Very Unstable| 129 107 83 48 11 3 381
211 2.14 2.49 1.98 1.62 1.15
-1.14 0.33 0.59 1.85 1.79 0.02 0.48
All Ranges 1195 1939 2156 1165 328 143 6926
Mean

Number of Observations
Standard Deviation
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TABLE 4c¢

EFFECT OF FETCH AND WIND SPEED ON AT,
(LAND-LAKE AIR TEMPERATURE °C)
TABULATED BY FETCH, WIND SPEED, AND ATMOSPHERIC STABILITY

WIND SPEED CLASSES (ms1)

STABILITY < 2.1 2.1-4.0 4.1-6.0- 1..6180 8.1-10.0 | =101 2
- ol B i Speeds
FETCH: 0-6 n mi |
0.34 6.72 459 1% E.73 12,31 571
Very Stable 1 7 16 | Sy | 1 0 | 29
2.76 .51 SIS mgE 0 216
221 1.93 148 ke 77 ¢ ST SlEE 1.76 1.75
Stable 10 24 29 | 22 8 2 95
1.79 1.79 87 O e 1.04 1.10 1.74
~1.03 -0.35 -0.43 0.11 -0.48 |-0.85 | -0.47
Neutral 40 71 80 22 5 7 1 "azs
1.37 1.35 1.37 1.15 gzs®\ Y og8 || 132
| i |
-284 | -3.08 | -173 | -194 -1.51 | -3.22 | -2.41
Unstable 24 2l |38 43 13 40 ey s 125
1.55 "7 1.96 1.32 1.43 0.24 981" 1.99 1.71
4.81 532 TH=310 95086 =341 | -406
Very Unstable 12 8 11 4 41 R 36
1.65 1.17 21 2.01 | 28
-1.66 .| -0.61 150,17 0.67 g1 kel | -043
All Ranges 87 148 178 66 1BO8I 1T 93 BeNAG1g
2.42 3.01 2.46 2.95 5 0 < i
it ¥ Tk ' |
FETCH: 7-14 n mi | |
6.43 1.72 7.76 7.89 7.58 et 20 7.68
Very Stable 6 19 29 26 R R
4.12 2.08 2.57 2.51 1.93 2.68
2.96 3.01 2.77 3.30 307 | 342 3.00
Stable 33 91 111 96 32 6 369
1.78 151 1.78 1.78 1.77 231 T
085 | ~o90 | -B3H | 009 065 | -043 | -0.36
Neutral 106 | 171 213 90 20 19 Wiy 619
160 il 42 185 L 1.22 0.64 1.07 1.41
~380 | =Eaais aqa s 169 | -164 | -2.69
Unstable 108 ; | 133 134 | 68 | 7 15 470
1,86 iU 7B eI R R 1.77
r - e e - S e
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TABLE 4c (CONT'D)
WIND SPEED CLASSES (ms—1)
1 & T A R R ,
STABILITY < 9.1 [ 2140 | 4160 | 6180 | 81100 >101 i
| Spee-ds :
FETCH 7-14 n mi (cont'd)
505 | -445 .| 365 | 271 1837 -4.33

Very Unstable 39 21 20 7 2 0 89

| 2.09 1.82 172 0.70 0.25 2.05

' -1.89 -0.28 0.20 1.33 1.12 |-0.13 - 0.06
All Ranges | 281 435 507 287 7 42 1633

397 3,37 3.06 3 97 2.91 2.53

FETCH: 15-24 n mi

. 8.41 9.05 8.12 8.10 8.21 10.66 8.47
Very Stable i 12 30 24 33 11 3 113

| 2.54 2.79 3.05 2.16 2.37 1.59 2.70

| 342 3.68 3.39 3.43 4.06 1.93 3.51
Stable | 43 112 142 122 33 6 458

g 1.72 1.95 1.66 1.72 1.67 1.12 1.80

| -090 | -0.16 | -0.11 0.33 040 |-088 | -0.23
Neutral 116 211 243 94 . [Pt LS ¢ 704

| 1.78 1.65 1.44 1.26 1.09 1.06 1.58

[

' -3.84 _293 -2.28 -1.64 187" 105 L9 70
Unstable | 100 120 143 59 14 12 448

iY'1.79 1.83 1.48 1.32 0.81 1.02 1.79

| -5.27 -5.42 -4.47 -2.59 -2.89 | -4.61 -4.83
Very Unstable| 46 27 21 10 3 1 108

. 1.67 1.78 1.69 1.05 0.28 1.87

I =450 0.30 0.40 1.87 291599503 0.37
All Ranges | 317 500 573 318 82 41 1831

| 3.75 3.86 3.18 3.31 3.72 3.59

l
FETCH: 25-40 n mi

8.87 8.99 9.36 10.19 755 9.72 9.42

Very Stable | 8 36 38 42 6 4 134

| 252 1.66 295 2.64 1.15 2.44 2 58

| 4.16 460 4.17 428 5.22 3.80 4.37
Stable | % 47 103 113 80 21 4 368

' 168 1.94 1.85 1.86 2.16 1.15 1.91

- -0.46 -0.37 0.10 0.47 068 | -0.08 -0.10
Neutral 108 211 186 70 19 9 603

A 1.66 1.61 1.35 155 1.03 1.67
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TABLE 4c (CONT'D)

WIND SPEED CLASSES (ms—1)

STABILITY <21 | zi4p | s160. | 6130 | siic0 |l =i0] s
Speeds
FETCH: 25-40 n mi (cont’'d)
-3.84 -2.93 =975 -1.64 ~1.87...-198 =270
Unstable 91 94 130 33 20 10 378
1.91 107 1.59 1.14 0.99 1.05 1.75
~7.65 | =636 | =510 | -5103 142 et - 6.02
Very Unstable 20 34 14 | 15 5 | 1 89
1405 2 418 1.84 1 1163 1.91 | 2.04
o4 | - 0Er 0.93 266 | 145 | 090 0.80
All Ranges 974 || 478 481 | 280" 71 28 1572
5,00 |2 452 g 9432 &| 50486 Sip 1446 1.84
| ? | 4
FETCH: >41 n mi | | | |
9.96. | 1008 .| 943 .| -10.01 o4y 1859, 9.90
Very Stable 20 25 : 34 19 | 1Tes 0 116
227 ¢8|y 233 ol 247 G 245 gy Radee 2.38
i ' ‘
479 | . 480 ;| 452 o} 435 i o ME30E N ITEI6 4.58
Stable 37 ol . A06 G 127 g5 20 4+ | 6 395
185, 174 .f; 188 L1188 i, 1.695¢} 067 1.91
-0.24 | 041 | -001 | 062 I, T T 0.17
Neutral 94 163 a4 . 163 ' 82 24 8 544
| 1.86 170 (| 1.70 gh . 1.88 of, 3dgc) 091 1.78
| | | |
| -4.18 349 o} =255 cf BB i 5 P60 g ALB -3.18
Unstable o Bh 67 | 81 365" v 17 a8 ) 5 266
1.88 219 iy ¢ 157 b ¢ 120 gb ¢ Ti@gsy 028 1.88
~B199 | TTET R Gl R0 gk s =0 e -7.05
Very Unstable 12 g V7 17 12 | 1 | 0 59
|w2iaar . 288 20 1.87 | | 2.42
=gge " Har T 198 | 243 |0k 1.30
All Ranges 230 | 88| 4ir 254 | 82 |" 7195 11380
500 4582 gl 41452 4.06 J 4.46 | 184
Mean

Number of Observations
Standard Deviation
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6.3.3 Dew Point ATy

Analysis of dew point observations produced results which were similar to
those for AT,, except that the variability of ATq was less marked.

In stable, neutral, and unstable cases there is no apparent association
between ATy and wind speed. In very stable conditions, an increase in wind speed
increases the humidity differences between land and lake.

Insufficient data for winds in excess of 8 ms~l precludes definitive
statements about the effects of very strong winds on the behaviour of humidity.
The information obtained on AT4 in this study can be found in Table 5 and Figure 5.

6.4 Prediction of Over Lake Parameters

For each data pair, a total of 22 observed elements and derived variables
were compiled. Table 8 is a one-by-one correlation matrix of these variables for
the 6926 sets.

A stepwise multiple linear program was used to formulate the predictive
models for wind, temperature, and humidity over the lake. This subroutine selected
independent variables in the order of their importance. The criterion for selection
is based on the reduction of sums of squares and the independent variable which is
most important in this reduction in a given step is entered in the regression. A
limit can be chosen so that when the proportion of the sum of squares reduced by an
entering variable is less than this limit the variable will not be entered. 1In our
analysis, this limit was set at 0.0l1. The subroutine prints the mean, the standard
deviation, and a correlation coefficient matrix for all variables. For each step
of the regression, it gives the sum of squares reduced, proportion reduced, multi-
ple correlation coefficient, F-value for analysis of variance, standard error of
estimate, regression coefficients, standard errors of regression coefficients, and
computed t-values. A table of residuals is also available.

More specific comments can be made on the results of regression analysis
with respect to wind, air temperature, and dew point temperature:

641 Wind

For all stability classes, the first independent variable selected was
over-land wind speed, which accounted for up to 60 per cemt of the wvariance.
Residence time, i.e., over water fetch divided by land wind speed, was also
important in explaining a significant portion of the variance. The stability
term was found to be significant in the regression equation for neutral cases.
Over land air temperature was statistically significant. However, its inclusion
increased the multiple correlation coefficient only by 0.2 and reduced the stan-
dard error by less than 0.2 ms=1.

6.4.2 Air Temperature

All stability groups had correlation coefficients above +0.9 and standard
errors below 2 degrees C. Best results were obtained in the neutral stability
class, with r = .99 and a standaed“error of 1.2 degrees. "Over land air temperature
is an important parameter in explaining the variance in all stability classes.
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TABLE 5a

EFFECT OF FETCH ON ATy

TABULATED ACCORDING TO ATMOSPHERIC STABILITY

FETCH (n mi)
STABILITY 0-6 7-14 15-24 25-40 4 ol
Fetches
3.06 4.06 4.59 4.28 4.88 4.38
Very Stable 29 86 113 134 116 478
3.28 2.77 3.02 3.79 3.15
0.20 0.42 0.41 0.82 0.45 0.50
Stable 95 369 458 368 395 1685
2.07 2231 2.13 2.60 2.71
-1.05 -1.01 1,18 -0.99 =115 ~1.08
Neutral 225 619 704 603 544 2695
1.58 1.79 1.82 1.80 2.03
=446 ~1.28 - 1.65 -1.69 -2.49 =1.63
Unstable 125 470 448 378 266 1687
1.80 1.54 1.66 1.98 2.06
-2.85 ~207 -2.40 =341 =551 =308
Very Unstable 36 89 108 89 59 381
287 231 2.02 2.88 4.28
Al Ranaes -0.74 -0.56 -0.59 =0.42 -0.63 -0.56
g 510 1633 1831 1572 1380 6926
Mean

Number of Observations
Standard Deviation
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TABLE 5b

EFFECT ON WIND SPEED ON ATy

TABULATED ACCORDING TO ATMOSPHERIC STABILITY

WIND SPEED CLASSES (ms-1)

STABILITY <2.1 2140 | 4160 | 6.180 8.1-10.0 | >10.1 s
Speeds
5.60 5.37 4.12 3.48 4.38 0.95 4.38
Very Stable 54 117 140 125 33 9 478
3.68 3.28 3.26 3.07 1.75 1.79
1.35 0.87 0.61 -0.18 ~0.30 1.12 0.50
Stable 170 436 517 415 123 24 1685
2.30 2.75 2.59 2.37 2.47 2.00
-1.04 ~0.91 114 97 |4 g e -1.07
Neutral 464 827 885 368 89 62 2695
1.84 1.88 1 | Migs [V | S 1.58
“974. | =166 | =A< 1B3 |2 0E e T A 6P
Unstable 378 452 531 209 72 45 1687
1.84 1.93 1.76 164 |  1.69 1.85
-2.44 =280 -3.87 -4.02 " [ =327 - 288 S8.18
Very Unstable 129 107 83 48" | 1 4 382
2.55 2,28 | B 887 [\ ¥6rv|losp
A | O | -055 | -053 | -056 |-125 | -0.56
g 1195 1939 || 2156 1165 Il 328 143 6926
Mean

Number of Observations
Standard Deviation




TABULATED BY FETCH, WIND SPEED, AND ATMOSPHERIC STABILITY
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TABLE 5c¢

EFFECT OF FETCH AND WIND SPEED ON ATq4
(LAND-LAKE DEW POINT TEMPERATURE °C)

WIND SPEED CLASSES (ms-1)

STABILITY < 2.1 2140 | 4160 | 6.180 8.1-10.0 | >10.1 3l
Speeds
FETCH 0-6 n mi
3.28 4.86 1.99 4.26 7.06 3.06
Very Stable 1 7 15 5] 1 0 29
3.29 2.95 13 3.28
1.05 0.30 0.12 -0.37 0.34 1.75 0.20
Stable 10 24 29 22 8 2 95
1.59 2.05 2.48 1.41 Tl 0.18 2.07
~-1.27 -0.74 -1.17 -1.63 -0.47 -0.62 -1.05
Neutral 40 21 80 22 5 7 225
132 1.61 1.56 1.85 0.49 0.66 1.58
-0.85 -1.42 -0.72 -2.64 -0.44 -1.40 -1.16
Unstable 24 38 43 13 4 3 125
1.54 1.54 1.42 2.73 0.64 3.15 1.80
-3.39 -3.75 -2.03 -1.92 -1.76 -2.85
Very Unstable 12 8 11 4 0 1 36
2.78 313 2.69 1.46 2.82
~1.20 -0.64 -0.64 -0.95 0.31 —0.57 —0.74
All Ranges 87 148 178 66 18 13 510
2.03 242 2.19 2.55 1.88 1.72
FETCH: 7-14 n mi
4.44 4.71 4.42 3.38 3:03 2.49 4.06
Very Stable 6 19 29 26 4 2 86
3.54 2.89 2.35 2.51 2.24 2.0
1.28 0.67 0.23 0.09 0.11 2.25 0.42
Stable 33 91 111 96 32 5 369
2.09 2.55 2.44 1.82 1.97 2.09 2.31
-0.94 -0.74 -1.20 =1.13 -0.56 -1.565 -1.01
Neutral 106 172 213 90 20 19 619
W& 1.63 1.90 1.98 0.78 1.00 1.79
-1.46 -1.48 -1.06 -1.00 -1.76 -0.90 -1.28
Unstable 103 133 134 68 17 15 470
1.65 1.55 1.62 1.18 1.24 1.54 1.64




WIND SPEED CLASSES (ms-1)
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TABLE 5¢ (CONT'D)

STABILITY < 91 | 2440 |" a6 0 MNETED 8.1-10.0 | >10.1 0
Speeds
FETCH: 7-14 n mi (cont’d)
=211 -2.36 -1.84 ~1.52 -2.42 -2.07
Very Unstable 39 21 20 7 2 0 389
24 1.67 3.22 1.88 0.40 2.31
-0.92 -0.51 ~0.55 -0.29 -0.40 | -0.58 -0.56
All Ranges 287 435 507 287 75 42 1633
2.23 2.39 2.46 2.25 1.94 2.14
FETCH: 15-24 n mi
6.38 5.52 4.67 3.46 4.28 0.96 4.59
Very Stable 12 30 24 33 1 3 113
2.28 3.18 2.55 3.01 1.13 0.53 3.02
158 | 0.89 0.66 -0.44 -0.70 0.48 0.41
Stable o AE g N 142 122 33 6 458
252 | 290 2.56 2.42 2.66 1.98 273
a5l a0 8 15 BF s “a8s™ 2 Y NE
Neutral | el R 243 | 94 21 19 704
183 | 1.96 1.72 1.67 0.88 1.86 1.82
1775 | MA8 -1.41 -1.56 -172"'| =2.23 -1.55
Unstable 100 ‘ 120 143 59 14 12 448
1.68 | 1.69 1.67 1.33 1.25 1.58 1.66
| —2i04%H 298 324 _2.46 328 'Y 336 -2.40
Very Unstable| 46 | 27 | 21 10 3 1 108
208 | 122 | 2da 1.98 0.48 = 2.02
| -0/82 |, ~0.29 T ~0.57 9134 2| -1.92 ~0.60
All Ranges 317 24% 500 S 573 318 82 41 1831
267,.|. 285 7,249 261 2.65 2.19
FETCH: 25-40 n mi |
4.11 5.80 { 3.97 3.83 317 oel 0018 4.28
Very Stable <A a6 | 38 42 6 4 134
4770510 3.43 ¢t 4 388 3.28 1.47 291 3.79
| |
1095 aier SIS an 0.01 0By s 1.75 0.82
Stable A7 =GR 113 80 21 4 368
2 93 2.86 237 2.60 2.16 0.74 2.60
~Ou7d sl -0.95 _1.00 10 asl i 24 ~0.99
Neutral 108 "7 211 186 70 19 9 603
168 ¢ 178 1.81 1.70 2.26 1.09 1.80
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TABLE 5¢ (CONT'D)
WIND SPEED CLASSES (ms—1)
STABILITY <21 2140 | 4160 | 6.1-8.0 8.1-10.0 | >10.1 ik
Speeds
FETCH: 25-40 n mi (cont’d)
-1.76 -1.42 —=1.57 227 -1.76 -3.10 -1.69
Unstable 91 94 130 34 20 10 378
1.90 1.90 2.09 1.43 1.63 1.86 1.98
-3.00 -2.81 -3.28 -5.25 -4.09 -3.16 -3.41
Very Unstable 20 34 14 15 B 1 89
2.78 2.54 2.74 3.23 1:91 2.88
-0.79 -0.34 -0.27 -0.26 -0.78 -1.36 -0.42
All Ranges 274 478 481 240 71 28 1572
2.54 3.05 2.84 3.36 2.59 174
FETCH =41 n mi
6.28 5.23 4.59 263 5.41 4.88
Very Stable 27 25 34 19 11 0 116
3.05 2.85 3.05 2.92 1.19 3.156
1.53 1.16 0.38 -0.25 081 -0.00 0.45
Stable 37 106 122 95 29 6 395
2.18 2.61 2.74 247 2.76 0.31 2.71
= 128 =0.70 =1.25 -1.26 =223 =2 01 ~1.15
Neutral 94 163 163 92 24 8 544
2.18 2.09 1.98 1.51 1.67 1.16 2.03
=247 =293 =211 -1.98 =3.39 -3.83 -2.49
Unstable 60 67 81 36 17 5 266
2.00 2.56 1.49 1.81 1.86 0.63 2.06
.13 =3.87 -8.74 -6.02 -0.85 -5.51
Very Unstable 12 17 17 12 1 0 59
3.74 2.43 4.35 3.51 4.28
~-0.35 0. 32 ~-0.77 5092 ~0.92 +=1.85 -0.63
All Ranges 230 378 417 254 82 19 1380
3.63 3.22 3.41 3.76 237 1.76
Mean
Number of Observations
Standard Deviation
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TABLE 6
WIND SPEED
- Number Multiple £ Adjusted
Stability of Regression Equation Correlation Standard
e Observations Coefficient Vel Error
Very Stable 478 Ww =3.28 +0.32 W_ + 0.00001 Time - 0.02 0.36 8.1 1-7
TAL
Stable 1685 Ww=2.65+ 0.49 W + 0.00001 Time -0.02 0.47 20.2 2.0
TAL
Neutral 2695 Ww =-355+092W,_ - 0.28STAB + 1.29 0.67 43.3 2.0
log T
Unstable 1687 Ww =-250+1.01W_ +1.33logT 0.70 38.0 2,1
Very SR
Uristabla 381 Ww=-279+1.05W_ +1.461log T 0.72 19.1 2.1
All Classes 6926 Ww=-190+081W_-0.17STAB + 1.03 0.67 61.7 2
log T o At
AIR TEMPERATURE
Very Stable 478 Taow =1283+056 Tyw - 2.77 log T + 0.90 15.1 1.9
0.30 AL
Stable 1685 Taw=7.93+065Tw - 1.63log T + 0.98 37.6 1.3
0.29 TaL
Neutral 2695 Taw =029+ 052 Tw + 0.47 TaL 0.99 40.3 1.2
Unstable 1687 Taw=-4.78+ 067 TaoL +042Tyw + 0.98 39.3 1.5
1:112log T
Very b
U 381 Taw == 9.77 + 060 Ta +054 Tw + 0.98 173 1.6
nstable
2.08log T
All Classes 6926 Taw=-0.11+048TaL +0.55Tw - 0.16 0.98 |160.5 1:6b
log T

Ww = over-water wind speed (ms-1); W_ = over-land wind speed (ms-1); Time = duration of air over water (seconds);
log T = log of duration of air over water (seconds); T o = over-land air temperature (°C); STAB = stability of air
(TaL - Tw); Tw = surface water temperature; Taw = over-water air temperature (°C); Tpy = over-water dew-point
temperature (°C); TpL = over-land dew-point temperature (°C); Fetch = distance over-water (n mi).
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TABLE 6 (CQNT'D)

DEW POINT TEMPERATURE

Stabilit Number Multiple e Adjusted
tCa‘ Hity of Regression Equation Correlation v Standard
ass Observations Coefficient e Error
Very Stable 478 Tpw =8.07 +0.43 TpL +0.53 Tw - 2.04 91 20.9 1.9
log T
Stable 1685 Tpw =-0.16 +0.55 Tyw + 0.44 Tp .98 57.1 1.4
Neutral 2695 Tpw =-035+0.72Tp +0.31 Tw .98 17.8 1.5
Unstable 1687 Tpw =0.03 +0.94 Tp + 0.02 Fetch + .97 59.8 1.7
0.11 Tw
Very 381 Tpw =- 5.64 + 0.56 Tp + 0.05 Fetch + 0.95 14.2 1.9
Unstable 0.46 Tw
All Classes 6926 Tpw=-1.31+0.70TpL +0.35 Tw 0.97 [192.6 1.9

Wy = over-water wind speed (ms—1; W_= over-land wind speed (ms=1); Time = duration of air over-water (seconds);
log T = log of duration of air over water (seconds); T o = over-land air temperature (°C): STAB = stability of air

(TaL - Tw); Tw = surface water temperature; Taw = over-water air temperature (°C); Tpw = over-water dew-point
temperature (°C); Tp = over-land dew-point temperature (°C); Fetch = distance over-water (n mi).
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TABLE 7

DIURNAL VARIATION OF Ry, ATy, and ATq4
TABULATED BY ATMOSPHERIC STABILITY

Rw 00Z 06Z 122 182
Very Stable 1.24 1.30 325 0.97
Stable 1.18 d.23 =l & 0.92
Neutral 1.47 1.58 1251 147
Unstable 1.98 2.02 2.18 1.45
Very Unstable 2.43 2.32 262 1.47
All Cases 1.53 1.70 1.66 1412
AT,

Very Stable 8.8 7.7 8.4 9.4
Stable 33 2.9 3.6 4.7
Neutral -0.1 -0.8 -0.2 0.9
Unstable -2.9 -3.6 -3.0 -0.9
Very Unstable =50 =B =5y -2.7
All Cases 0.7 -1.1 -0.0 2.9
ATy

Very Stable 4.6 5.3 5.4 3.3
Stable -0.1 1:1 1.6 -0.1
Neutral -1.6 -1.2 -0.7 -0.8
Unstable -1.4 -2.1 -1.6 -1.0
Very Unstable =34 -3.0 -3.2 -2.4
All Cases -0.7 -1.0 -0.3 =0.1




ONE-BY-ONE CORRELATION MATRIX OF THE VARIABLES CONSIDERED FOR

0O N A WN =

TABLE &

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1.00 -0.06 -0.28 -0.31 -0.14 0.11 0.11 -0.43 0.00 051 -0.33 -0.34 0.25 0.19 -0.31 0.04 0.00
1.00 -0.16 -0.12 -0.24 0.06 0.05 0.08 0.01 0.01 -0.09 -0.11 -0.10 -0.30 0.10 -0.02 -0.01
1.00 0.96 0.87 -0.01 0.02 0.16 0.00 -0.07 0.91 0.90 -0.23 -0.32 0.41 -0.03 0.02
1.00 0.80 0.03 0.06 0.21 0.08 -0.09 0.91 095 -0.31 -0.35 0.48 -0.03 0.01
1.00 -0.29 0.00 008 -0.06 -0.13 0.67 0.69 0.08 -0.16 -0.03 -0.26 0.03
1.00 0.87 0.71 0.04 0.01 0.04 002 -013 -0.02 0.09 -0.01 -0.00
1.00 0.82 0.04 0.01 0.08 006 -0.14 -0.03 0.10 -0.02 -0.01
1.00 0.04 -0.24 0.24 022 -026 -0.13 0.25 -0.03 -0.00
1.00 0.02 0.07 0.12 -0.15 -0.11 0.15 0.02 -0.01
1.00 0.02 -0.08 -0.18 0.06 0.15 0.03 0.00
1.00 094 -062 -0.46 0.72 -0.03 0.01
1.00 -0.48 -050 062 -0.04 0.01
1.00 0.44 -0.90 0.01 0.02
1.00 -0.46 0.02 -0.02
1.00 -0.01 -0.02
1.00 -0.00
1.00
Variable Number Variable Name
1 wind speed over water
2 atmospheric pressure over water
3 air temperature over water
4 dew point temperature over water
5 surface water temperature
6 fetch distance
7 log of fetch distance 16 (%) actual/potential air temperature
8 log of residence time from lake wind modification; variable 13/variable 15
9 cloud cover over land 17 (%) actual/potential dew point temperature
10 wind speed over land modification; variable 14/variable 15
11 air temperature over land 18 residence time over water from lake wind
12 dew point temperature over land 19  atmospheric pressure over land
13 air temperature difference (lake-land) 20 ratio of lake/land wind speed
14 dew point temperature difference (lake-land) 21  residence time over water from land wind
15 stability (land air temperature — surface 22 log of residence time over water from land
water temperature) wind

18

-0.25
0.05
0.09
0.11
0.06
0.36
0.33
053
0.02

-0.09
0.13
0.11

-0.13

-0.07
0.02

-0.02
0.00
1.00

19

~0.22
0.09
-0.09
-0.14
-0.01
0.06
0.07
0.16
0.04
-0.35
-0.09
-0.14
0.04
-0.05
-0.11
-0.02
0.00
0.07
1.00

THE REGRESSION ANALYSIS.,

20

0.29
-0.05
-0.15
-0.17

0.00

0.09

0.09
-0.11
—-0.06
-0.46
~0.27
-0.19

0.36

0.10
-0.37
-0.01
-0.00
-0.12

0.16

1.00

21

—0.13
0.05
0.01
0.04
0.02
0.66
0.57
0.57

-0.02

-0.39
0.01
0.04
0.01

-0.05

-0.01

—-0.04

-0.00
0.32
0.17
0.46
1.00

22

-0.16
0.04
0.05
0.09
0.07
0.73
0.84
0.82
0.01

-0.50
0.04
0.08

-0.01

-0.06

-0.01

-0.03

-0.00
0.33
0.23
0.40
0.75
1.00




-39 -

However, its order of significance varies, being first in unstable cases and third
in stable ones. Water temperature was included as an independent variable in all
stability classes; there was an increase in over lake air temperature with increas-
ing surface water temperature. Residence time was also included in the final
equation. Under stable conditions, the longer residence times decrease over lake
air temperatures, bringing them closer to the surface water temperature. In un-
stable conditions a reverse effect is produced. It was found that expressing
residence time in logarithmic form gave a better fit in the regression equation

for air temperature, as well as for wind and dew point temperature.,

6.4.3 Dew Point Temperature

Again, statistical results for estimating over lake dew point are similar
to those for estimating air temperature. The multiple correlation coefficient r
is 0.97 and the average standard error is 1.9 degrees C. The statistical results
are better than those obtained by Phillips (1973) for the same stability classes.
The improvement in this study is likely due to the larger sample size. Residence
time was not considered for the stable and neutral stability classes in the final
analyses, since this term did not explain additional variance. Moreover, its in-
clusion resulted in a small increase in standard error.

6.4.4 Summary of Regression Analyses

Figures 8, 9, and 10 are a collection of scatter diagrams which depict
estimated versus measured wind speed, air temperature, and dew point temperature
over Lake Ontario during IFYGL. The graphs show a one-to-one correlation line and
the least-squares regression line resulting from the plotted points.

Figure 8 shows that for land wind speeds between 3 and 8 ms~l the estimated
over-water speeds agree well with the observed. For winds below and above these
limits, estimated speeds tend to diverge from observed at progressively increasing
rates, underestimating the low speeds and overestimating the high ones. Over 757
of the data occurred within the rather narrow land wind speed group of 3 to 8 ms—1.
Graphical presentation of the existing relationships became difficult with so many
data points clustered in a narrow range. A clearer picture of the land/lake wind
relationship was obtained by sorting the data into one metre per second land wind
speed classes, averaging the observed lake wind speeds in each class, and plotting
the results, as in Figure 1l1. It can be seen that the relationship between the
variables is curvilinear. The correlation coefficient of the grouped and averaged
data is 0.93. This figure compares with a coefficient of 0.53 when all data points
are considered individually. The regression equations for the grouped and ungrouped
data are almost identical.

APPLICATION AND VERIFICATION OF THE REGRESSION MODELS

Since data from only synoptic hours were used to develop the climatological
relationships, there were ample observations for independent verification. Con-
sidering the number of data sets which were used to formulate the equations, it
was not surprising that almost identical coefficients were computed when the analysis
was performed on only half the data.

Another means of verification was sought, which would demonstrate the
application of the regression models. The mass transfer method of computing
evaporation has been adapted successfully where meteorological data are readily
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available. However, its application to the Great Lakes is difficult because the
lakes are virtually devoid of any climatological sampling. Consequently, compu-—
tations are usually based on observations from stations at the periphery of the
lake, a procedure which usually does not reflect conditions over the water. This
disadvantage was, in part, overcome during IFYGL by the availability of over lake
meteorological data obtained from a number of towers and buoys. Quinn and his
colleagues at the Great Lakes Environmental Research Laboratory in Ann Arbor
(GLERL) used measurements of over lake wind, humidity, and temperature averaged
for each 24-hour day ending at 12 GMT, from April 7 to November 20, 1977, to
compute daily evaporation from Lake Ontario. Of course, IFYGL data acquisition
systems are not in operation today, so that most of the data required to calculate
evaporation by the mass transfer method are not available. In order to test the
regression technique, lake-averaged estimates of wind speed, air, dew point, and
surface water temperatures were obtained from regression for 224 days during IFYGL
and plotted against the same variables averaged by Quinn from buoy and tower
measurements. Figure 12 presents the scatter diagrams which are based on these
data, with a one-to-one correlation line plotted through the origin. A best-fit
line through the average points was also plotted to show that linear relationships
can be obtained. Statistical analyses were also undertaken to obtain monthly cor-
relation coefficients, standard errors, and a difference of means tests between
the estimated data and the measured data. Table 9 lists these statistics, which
are significant at the 0.01 level. 1In summary, it is not possible to reject the
assumption that the two sets of data are not significantly different, and therefore
the estimated data can be used to calculate evaporation in the absence of atmos-
pheric measurements over the lake.

SUMMARY AND FURTHER RESEARCH

A large sample of data collected over Lake Ontario during IFYGL permitted
the re-examination of the relationships between meteorological parameters measured
over the land and over the lake. An additional result of this study was the de-
velopment of a reasonably dependable technique for pairing simultaneous weather
observations.

Ratios of wind speed (Ry), and differences in air temperature (AT;) and
dew point temperature (ATq) between lake and land are presented in three modes.
Calculations were carried out to obtain: monthly averages; statistically-sorted
values for different classes of stability, fetch, and over-land wind speed; and
regression equations for designated stabilities.

Generally, the results of this study are similar to those obtained by
previous investigators, although the new values are less erratic and their standard
deviations are smaller, compared to earlier works. The wind ratio (Ry) s With an
average value of 1.53 for all data, was found to have a strong dependence on
stability, fetch distance and land wind speed.

Average AT, and ATy were 0.48 and -0.56 degrees C, respectively. Final
multiple regression equations formulated from a potential list of 20 independent
variables explained as much as 987 of the variance. Independent testing of the
regression equations was done on a sample of data collected from buoys and towers
during IFYGL.

It is doubtful whether additional pairing of meteorological observations
obtained on Lake Ontario during IFYGL, more rigorous statistical analyses will
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TABLE 9

COMPARISON OF SPATIALLY-AVERAGED MEANS
FROM OBSERVATIONS OVER LAKE ONTARIO DURING
IFYGL AND ESTIMATES FROM REGRESSION

K-S Two Sample
statistic (D)

Correlation Standard (Reject Ho if D exceeds
Coefficient Error the critical value
of .415 significant
at 0.01 level)

Air Temperature °C 0.985 1.058 .189
Dew Point Temperature °C 0.982 1.262 220
Surface Water Temperature °C 0.981 1.185 273
Wind Speed ms-1 0.826 0.794 218
Evaporation mm d-1 0.925 0.766 211
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produce results that are different from those obtained in this study. However,
testing of the findings on other Great Lakes, especially on Lake Superior (the
largest) appears to be warranted. The technology of limited-capability buoys
has advanced to the point where year-round deployment of meteorological and lim-
nological buoys is feasible.

The authors plan to continue working with the IFYGL data archive of
paired weather observations in order to develop relationships for other para-
meters, such as solar radiation, atmospheric pressure, and cloud cover. 1In
addition, analyses have already begun of climatological relationships between
lake and land under light-wind situations.
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