AN UNREGARDED FACTOR IN LAKE TEMPER-
ATURES.

EDWARD A. BIRGE.

[Notes from the Laboratory of the Wisconsin Geological and Natural History
Survey. V.]

In this paper I wish to call attention to one of the factors
regulating the distribution of heat in lakes, which seems to
have been overlooked hitherto. It is well understood that the
heat of the sun is delivered almost wholly to the surface strata
of a lake; most of it to the upper meter. This heat is distrib-
uted from the surface to the lower strata by various agencies.
Chief of these is the wind, which mixes the warmer surface
‘water with the cooler water below. The efficiency of the wind
as a distributing agent is opposed and limited by the thermal
resistance to mizture offered by the decreased density of the
warmed surface water. I wish to point out that the effective-
ness of this thermal resistance increases as the temperature of
the water, which the wind is trying to mix, departs from the
temperature of maximum density and decreases as the tempera-
ture approaches 4°. A given temperature difference causes
a thermal resistance which varies according to the position of
that difference on the scale of the thermometer. This vari-
ability aids to explain many of the phenomena associated with
the distribution of heat. '

It is a well known fact that the density of water is at a
maximum at 4°, and that it decreases as the water is cooled be-
low or warmed above that temperature. This fact lies at the
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foundation of all considerations on the distribution of heat in
lakes. It is an equally well known fact that the decrease in
density corresponding to one degree increase of temperature
is not constant but increases as the temperature departs from
4°, either toward 0° or toward a higher temperature. Gen-
eral references to this fact have been made by writers on lake
temperatures, but no one called especial attention to it, so far
as T am aware, until Groll (05) showed its application in the
production of convection currents. T desire to apply the same
fact in the reverse direction and to show its relation to the
{hermal resistance offered by the warmer upper strata of the
lake to the distribution through its mass of the heat received
by its surface. Convection currents are far less important
agents for distributing heat than are mechanical currents
caused by wind. Indeed, it would be difficult to show that
convection currents have any such efficiency in carrying heat
as to make them worth serious consideration. Currents caused
by wind do more work in equalizing temperatures and in carry-
ing heat to the deeper strata than do all other agencies com-
bined. Any factor which seriously modifies or limits their
action has corresponding importance in the temperature changes
of a lake.

The following table corresponds in part to that given by
Groll (°05, p. 48). Column II shows the density of water
from 0° to 30°, as given by Landolt and Bdrnstein.* The
numbers show also the weight of a liter of water at the tem-
perature stated. Thus a liter weighs 1.000000 kg. at 4°; at
10° it weighs 0.999727 kg. or 999,727 mg. The numbers in
columns ITT-VI do not stand opposite the numbers of column
IT but are opposite the spaces between these numbers. Each
represents the result of a change of temperature in a unit
volume of water, corresponding to the degrees in column I im-
mediately above and below the number in question; or it re-
lates to a column of water whose surfaces have the temperatures
immediately above or below.

* Physicalische chemische Tabellen, 3rd ed., 1905, p. 37.

3
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1. 11. IIL. Iv. V. VI
Liters
Temp. Density. Differencn. Rel. Dif. Ergs. for 1 ke.
for 1°, : Auftrieb.
0 0.999868
-+0.000059 7.38 0.0491 17000
1 0.000027
--0.000041 5.12 0.0342 24400
2 0, 90008
-0.000024 3.00 0.0200 41700
3 0,000002
~+-0.000008 1.00 0.0067 125000
4 1.000000
—0.000008 1.00 0.0067 125000
5 0.000002 .
—0.000024 3.00 0.0200 41700
[ [URLL L
—0.000039 ' 4.88 0.0325 25600
7 0.900029
—0.000053 6.62 0.0441 18000
8 0.000876
—0,000068 8.50 0.0566 14700
i 0.909808
—0.000081 10.12 0.0675 12400
10 0.900727
~—0.000095 11.88 0.0791 10500
n 0.999632
—0.000107 13.38 0.0801 9300
12 0.9099525
—0.000121 15.12 0.1008 8300
13 0.000404
—0.000133 16.62 0.1108 7500
14 0.999271
—0.000145 18.12 0.1208 6900
15 0.000120
—0.000156 19.:0 0.1290 6400
16 0.198070
—0.000169 21.12 0.1408 5900
17 0.998801
—0.000179 22,38 9.1401 5600
18 0,908622
—0.000190 23.75 0.1583 5300
19 0.908432 .
—0.000202 25.25 0.1883 5000
20 0.008230 .
—0.000211 26.38 0.1758 4700
21 0.908019
—0.000222 2.7 0.1849 4500
22 0.907797
—0.000232 29,00 0.1993 4300
23 0.007565
—0.000242 30.25 0.2018 4100
24 0.097323
—0.000252 31.50 0.2099 4000
25 0.997071
—0.000201 32.62 0.2174 3800
] 0.996810
—0.000271. 33.88 0.2257 3700
27 0., 955739
—0.000280 35.00 0.2332 3600
28 0.996259
-0.000288 36.00 0.2309 3500
20 0,995071
—4.000298 37.25 0.2482 3400
30 0.995673 .

Column IIT shows the differences between the successive
numbers of column II and indicates the change in density
caused by a temperature change of 1°. The significant figures
also show the difference in weight, in milligrams, between a
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liter of water at any given temperature and at a temperature
one degree lower. Thus, a liter of water at 10° weighs 81
mg. less than one at 9°; at 25° a liter is 252 mg. lighter than
at 24°. These numbers, therefore, express the differences in
density and weight which for a temperature differcnce of 1°,
(1) enable a layer of water to set up convection currents if
it lies above a warmer stratum, and (2) which cnable a
stratum of water, warmer above and cpoler below, to resist
mixture attempted by mechanical agencies.

It is evident that the differences shown in column 11T for
a rise or fall of one degreo become greater as the temperature
rises above or sinks below 4°. TFrom this fact it follows that
a given mass of water—say, a cubic decimeter—which has
been cooled one degree below the tewperature of the water
beneath it, will act with greater energy in setting up convection
currents in proportion as the initial temperature was distant
from 4°, Tt also follows that a column of water of unit arca
and height whose upper surface has a temperature one degree
higher than its lower surface, will offer a thermal resistance
to mixture greater in proportion as the average rises above
4°; it being assumed that the temperature gradient in the
column is uniform.

Nor is this difference a small one, as may be seen from col-
umn IV. TIn this column the convection capacity (if 1 wmay
coin an equivalent for the German word Auftrieb), and the
thermal resistance to mixture corresponding to the temperature
difference of one degrec at 4°-3° or 4°-5°, is taken as unity
and the relative value is given for the same difference at higher
and lower temperatures. At 10° jts value is more than ten
times as great as at 4°; at 15° it Las increased cighteenfold ; at
20° more than twentyfive fold; and at 30° it is more than
thirty-seven times larger than at 4°

Groll’s paper (p. 48) expresses this fact in relation to con-
vection by stating the number of liters of water which would
be needed to make a mass that weighs 1 kg, less than the
same mass of water one degree cooler. Such a mass of water
is necessary at the given temperature to secure “1 kg. Auf-
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trieb.” The number of liters stated is the reciprocal of the
numbers in column III. T have repeated his results in col-
umn VI; the numbers being slightly changed as the values
for density are not quite the same as those employed by

In order to give a similar picture of the thermal resistance,
I have stated in column V the amount of work in decimals
of a erg, which would be required to mix a column of water
1 sq. em. in area, 1 m. high, in which the temperature gradient
is wniform and whose upper and lower surfaces differ in
temperature by 1°,

The formulas from which these results have been computed
have been worked out and furnished to me by Dr. H. C. Wolff
of the department of mathematics, University of Wisconsin,
whose valuable assistance I wish to acknowledge with thanks.
The work done against gravity in mixing a column of water
whose density varies with the dep‘rh, so that it shall become one
of imiform density is

(1) W‘(orgs) = Af f(z) [z — %] dz
[o]

where A is the arca of the cross-section of the column in 8q..
em., C the height of the column in em. and f (z) the function.
expressing the density in terms of z, the distance from the top
of the column.  The density of water at 4°C. is to be taken as.
unity.

If £(z) is a rational integral function of the second degree:
(1) reduces to the s1mple form

(2) W (ergs) = ==~ [D, —D,]

where I, and 1), are rospoctive]y the density of the lower and nup-
per strata of the column.  This condition is satisfiel when the
temperature gradient is wniform and when the relation between
the density (D) and the temperature (T) is of the form
D=aT*BT+v where a B and y are constants. If the tempera-
atures at the surfaces of a column are assumed to be full degrees



994 Wisconsin Academy of Sciences, Arts, and Letters.

centigrade, the density can be taken directly from the table and
the ergs computed from the equation given above. If A=1 sq.
em. C=100 em. and D, and D; are two of the numbers in column
II, then the number of ergs is 833 times the difference between
D, and D,. These results are shown in column V.

If it is desired to compute the thermal resistance directly
from the temperatures observed, the following formulas will
yield approximate results. An empirical relation between the
density and temperature of water at temperatures above 4° i3

93 (T — 4)1-+s%
3 =1 == .
{3) D=1 07
A very close approximation to this is

6T — 36T 447
4 ' —
4) D 1 16°
which gives as an approximate value for work

act foo
..16{ %Pm '——"} (rl - Pz)'

Below are given the differences between D and IV, showing
the degree of approximation reached by formula (4).

{5) W (ergs) =

T ' D D D-D
1.00000 1.00000 ~+0.00000
0.99088 0.90900 ~+0.00001
0.0%971 0.9997:8 ~+0.00002
0.194914 0.99013 —0.00001
0.99827 0 99824 —0. 00003
0.99710 0.499707 —0.00003
0.99563 0.98567 -+0.00004

The values of W, as computed by formula 5 differ in the third
decimal place from those derived directly from the tables of
density and computed according to formula 2.

Formula 5 also shows that the approximate value of the
work done in mixing a column of water is proportional to the

temperature gradient '_1‘_%_'1_‘3’ provided that the mean tem-

perature, Twm, remains constant. That is to say, if the tem-
perature gradient of a stratum of water is uniform and the
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average temperature remains the same, the thermal resistance
will rise and fall in proportion to the difference in temperature
between the upper and lower surfaces. If, under these con-
ditions, the temperatures of the surfaces are 11° and 8° re-
spectively, the resistance will be three times as great as if
they were 10° and 9°; the average temperature being the same
in both cases but the gradient being steeper in the first example.

If the temperature gradient is not a uniform one, then the
temperature, T, is not a linear function of z. In such cases

f(z) [/—‘;] can be plotted and the value of W found by

means of a planimeter.

The fact that the thermal resistance to mixture increases as
the temperature rises has important and wide applications.
T'irst, it has much influence on the rapid distribution of heat
through the lake in the spring as compared with its slow pene-
tration later in the season. Even in our deepest Wisconsin
lakes, like Green Lake (72 m.) the temperature of the bottom
water goes up to 5°, or even 6° So, too, the water at all
depths of the lake acquires heat most rapidly in spring and
early summer. A lake of considerable depth gains little heat
after the first of July. Its gains are greatest in April, May,
and the carly part of June. Yet the surface receives more
calories during July and August than during the earlier months.
This rapid gain and distribution of heat in spring has forced
some students of lake temperatures to conclude that the water
is more diathermous in spring than in summer. So Ule (’01,
p. 126) says that from the rapid gains of heat in spring we
must draw the conclusion that the diathermancy becomes less
in the course of the summer. This may or may not be the
case, but it never happens to a degree which makes any not-
able difference; since in all lakes and at all times the upper
meter of water receives most of the heat.

But the wind and the currents derived from its influence
are mixing agencies which become less efficient as the lake
warms, if equal temperature gradients are assumed. At 10°
they arc 10 times less efficient than at 5°; only one-third as
cfficient as at 6°; and less than one-half as efficient as at 7°.
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When the temperature rises to 15° the resistance is nearly
doubled as compared with 10°, and the efficiency of the dis-
tributing agents is correspondingly reduced. It is not surpris-
ing, therefore, that the distributing agents can work very ef-
fectively during the spring and carry the heat received by the
surface to considerable depths. It is not surprising also that
during the spring they can distribute this heat so rapidly us
to prevent the surface temperature from rising so fast as to
offer considerable resistance to their action; while they lose a
great part of their power as the scason advances.

There are, of course, other factors which work in the sane
direction, aiding to increase the efficiency of the forces which
distribute heat in the early part of the season and checking
this distribution as the summer advances. Students of lake
temperature, however, have felt that these forees were not ade-
quate to explain the observed facts. I believe that if the in-
creased thermal resistance is also taken into account the
phenomena will find a full explanation,

A second point where this principle finds important appli-
cation is at the thermocline. No oue fact in lake temperatures
so arouses surprise in the mind of the student as does the case
with which the thermocline can be disturbed and the difficulty
with which it can be permanently displaced. Violent winds
in summer may raise or depress its surface by several meters
in the larger inland lakes, yet it returns to its old position
with barely a trace of change. In Lake Mendota the ther-
mocline may be reduced to a temperature amplitude of 2°, or
less in late September or October, and may lic within a meter
or two of the bottom. This position it may retain for days,
if not for weeks, unless an unusually vigorous wind upsets
it. No such slight difference of temperature would, or does,
persist in the spring. The reason is that the temperatures
in the spring are in the region of 6° or 8°, while in the fall
they lie at 12° or 14°, and therefore offer much more resist-
ance to mixture,

At the junction of thermocline and epilimnion the fall of
temperature is rapid. A decline of 4° or 5° in a meter is
not uncommon and this is from a high temperature, 20°,
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or more. The thermal resistance to mixture is, therefore, very
great and it is increased by the processes which tend to cause
mixture. When the wind sets up currents in the epilimnion
and blows it to the leeward side of the lake, the accumulating
mass of warm water presses the cooler hypolimnion downward
and outward. The first effect of this process is to condense the
isotherms. at the very point where the influences tending to
cause mixture are greatest. A decline of temperature amount-
ing to 8° or 10° in a meter is thus often produced. In this
way is developed a resistance to mixture several hundred times
as great as any that is possible in April, or early May, and
this lies exactly at the place where it is most effective in pre-
venting mixture. Thus we may explain the fact that the ther-
mocline is but little affected in summer, even by violent and
long continued winds.

During early and midsummer the temperature of the epilim-
nion is not uniform but the surface is always somewhat warmer
than the stratum immediately above the thermocline. Since
the temperature of the surface at this time is high—from 22°
to 25° or even more—a small temperature difference between
the surface and the strata below presents a very great resist-
ance to mixture. This is an important factor among those
which keep the thermocline at a practically constant average
position during several weeks in summer,

It is obvious that no fair comparison can be made between
the ability of the wind to mix the water in summer and that
which it may have in late autumn or winter after the surface
has fallen below 4°.  Many writers have found it hard to be-
lievo that the wind is able to mix the water of a lake from
top to bottom during the process of cooling below 4°. Richter,
for example, (°97, p. 49) finds it necessary to reject the wind
as the agent in effecting this cooling, because the wind is
not able to disturb the thermocline in summer. He is forced
to set up a rather complex theory to account for the fall of
temperature in deep water below 4°, and one which is not
satisfactory to himself. In a similar way Ule (°01, p. 124)
negleets the wind in discussing this process while Groll Cos,
P. 54) rejects it for lakes of considerable depth. Yet the re-
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sistance to mixture at temperatures below 4° is so small that
we need not be surprised that the whole mass of water is
readily cooled by circulation to 8°, or even 2°. On the other
hand, the rapid increase of resistance to mixture per degree
as zero is neared indicates one reason why the temperature
curve of inverse stratification is never a straight line, and
why, even in larger lakes and at the moderate depth of 20 m.
to 26 m., bottom temperatures are rarely so low as 1°. I
ought to add that Wedderburn (’09) seems to understand this
relation very fully. His paper was received just as this is
going to press.

Thus many of the facts of lake temperature find an cusy
explanation when the principle is accepted that the thermal re-
sistance to mixture increases as the temperature departs from 4°.
I have called especial attention to its bearing on those problems
for which students of limnology have found only a partial
solution. Among these are the rapid warming of the lake in
spring and early summer; or stated in a different way, the
rapid descent of the isotherms as the lake begins to warm, as
compared with the slow penetration later in the season of iso-
therms representing higher temperatures. Similar problems
are the cooling of the lake below 4°; the position, persistence,
and stability of the thermocline in spite of disturbance by
violent winds. In all of these and other cases which involve
the work of the agents for distributing heat, the fact must be
considered that a limit is always set to the efficiency of these
agents by the thermal resistance to mixture. Water is so
nearly a perfect fluid that if its temperature could rise with-
out a change of density the distributing agents in any lake
would quickly distribute the warmer surface strata through
the whole mass of the water. The most effective means of
limiting this distribution is the rapid increase of the rate of
decline of density as the temperature rises.

In this discussion it has been assumed that water is a per-
fect fluid. This is not the case; water is viscous and its vis-
cosity is not without influence on the ability of the wind to
mix it. If a lake were composed of a perfect fluid, thermal
resistance would be the only force opposing mixture. In a
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lake filled with a very viseous fluid, like glycerine, viscosity
would be far more effective than thermal resistance in opposing
mixture.

The amount of the viscosity of water at temperatures be-
tween 0° and 80° may be seen from the following table.

Table of viscosity, from Landolt and Birnstein.

Temperature. Dynes per sd. cm.|Relative viscosity
0.01778 2.23
0.01510 1.89
0.01303 1.63
0.01134 1.42
0.01002 1.26
0.00891 1.12
0.00798 1.00

From this it appears that water has sufficient viscosity to
offer some resistance to the action of the wind which attempts
to move the particles on each other and thus to mix them. It
appears also that the viscosity is very small, but that it is
greater at low temperatures and that it increases at a rate
which rises as the temperature falls.

Viscosity offers a hindrance to mixture which cannot be
stated in terms of ergs. It has been impossible to find a
quantitative relation between thermal resistance and viscosity
so as to ascertain exactly how much the increase of the latter
at low temperature would affect the influence of the wind. Yet
it scems clear that it does not have a great influence. The
present question is one of the relative influence of viscosity
at different temperatures, and viscosity plainly increases far
more slowly at low temperatures than thermal resistance dimin-
ishes. ‘

If we attempt to mix in a unit of time a column of water,
the area of whose base is 1 sq. cm, and whose height is 1 m.,
viscosity will offer a resistance to be overcome. From the
table given above it appears that this resistance is about twice
as great at 4° as at 30°. The thermal resistance to mixture
for a temperature difference of 1° decreases 37.5 times if the
average temperature falls from 30° to 4°. Between 10° and
4° the thermal resistance decreases over ten times, while the
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viscosity increases by less than 20%, or less than 1-50 as muck
Thus it appears that the decline of the thermal resistance i
* far more rapid in water than is the increase of viscosity, an
the increased ratio of decline as the temperature nears 4° i
much greater than the ratio of increase of viscosity.

It is impossible to say how much must be added to the num
bers in column V if it is desired to express by thew not only
the work done against gravity but also that against viscosity
in mixing a unit column of water in a unit of time. But i
is clear that the addition, whatever it may be, cannot be mor
than doubled between 80° and 4°.

This is not the place for a complete discussion of the various
factors aiding or opposing the distribution of the surface water
through the lake, but it may be pointed out that since the in
fluence of the wind will vary as the square of its velocity, the
greater amount of wind in the spring will more than compen-
sate for any increase in viscosity. The average velocity of the
wind in Madison in July is about 8.8 miles per hour and in
April 11.6 miles. The ratio of the squares of these numbers is
about as 1 to 2, showing that the mixing power of the wind in
April is about twice as great as in midsummer.
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EXPLANATION OF PLATE LXIV.

Plate LXIV, frem Groll, '05, represents the change of density in
water due to rise of temperature and gives in graphic form the facts
of column III, p. 991. The degrees are given at the bottom of the plate
and the loss of weight, in grams per liter for each rise of 1, is platted
on the vertical scale. The ordinates show the difference in weight be-
tween a liter of water at any given temperature and at 4°.



Trans. Wis. Aead.. Vol. XVI. : Plate LXIV,

6.40 40

]

\
.00
TEMP 0° 17 2° 3° 4° 57 £° 7°8° 99 10% 11° 12°13° 14° 157 16° 17180 19°20° 21°22°23° 24°25°26° 2 7°28°29° 30°




Birge—An Unregarded Factor in Lake Temperatures.

PLATE LXV.
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EXPLANATION OF PLATE LXV.

In plate LXV the facts of column IV, p. 991, are shown graphically.
‘The numbers at the bottom of the plate give the temperatures of the
upper and lower surfaces of a column of water having unit area and
height. Ordinates express the relative thermal resistance to mixture,
that at 3°-4° and at 5°-4° being taken as unity.
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ON THE EVIDENCE FOR TEMPERATURE SEICHES.

EDWARD A. BIRGE.

(Notes from the Laboratory of the Wisconsin Geological and Natural History
Survey. VI.}

The term temperature seiche was introduced by Watson (’04)
in discussing certain periodic oscillations of temperature in
the deep water of Loch Ness. Ie thought that these oscilla-
tions show that the isotherms of the lower water “are swinging
as a whole about a transverse central axis.” His explanation
conceived a swinging of the hypolimnion*, as if the thermo-
cline were the upper surface of water in a trough, above which
floated a layer of lighter oil, representing the epilimnion.
In 1907 Wedderburn (°07 a) reported experiments on a trough
thus arranged, showing the possibility of a seiche, such as that
postulated by Watson, Watson computed the period of a
seiche in the hypolimnion of Loch Ness and found that it agreed
with the observed period of the oscillations of temperature.
His paper reported only the temperatures found at the depth
of 200 feet, where the maximum oscillations occurred, and no
profitable criticism of his theory could be made until the whole
series of temperature records was published. This was done

* 1 employ two new words in this paper, which seem convenient in’
writing of the temperature and other phenomena of lakes. Thege terms
are epilimnion, for the upper warm layer of water which develops in the
lake in summer, and hypolimnion, for the lower colder water. These
two parts of the lake differ widely in their temperature changes, as well
as in thelr chemical and biological phenomena. It seems advisable,
therefore, to assign definite names to them. The word thermocline, first
used by me in 1897, is the equivalent of Richter’s term Sprungschicht,
or the discontinuity layer of Wedderburn, It lles at the top of the hypo-
limnion.

2—8. & A.—3
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by Wedderburn (’07), who printed all of the obscrvations and
~ also (pp. 420-427) repeated the theory in more detail. The
next year Wedderburn (’08) recapitulated the theory and says
that after the epilimnion has been established the variations of
temperature in the lower water are “principally due to the
temperature seiche.” Our ideas regarding the change of tem-
perature in the hypolimnion will be greatly changed—or rather
revolutionized—Dby this theory, if it is correct, Au examina-
tion of the evidence for it is, therefore, not out of pluce.

Wedderburn’s paper of 1907 is by far the most complete
one on this subject and my remarks are based mainly upon it.
It does not appear that the obscrvations of 1903, which were
employed by Watson, can be profitably discussed in detail,
since they were taken at intervals of about twelve hours—morn-
g and afternoon—and so give no detailed picture of the
movements of the water or of the wind. Wedderburn, how-
ever, gives an admirable series of temperatures, tuken in Loch
Ness in 1904, chiefly from a yacht anchored ncar Fort Augus-
~ tus at the southwest end of the lake. Besides very numerous
series of temperatures, taken at less frequent intervals, observa-
tions were made every two hours, day and night, from Aug.
1 to Aug. 24. I do not know any similarly complete series of
lake temperatures from any other source. It is from this
series that Wedderburn draws his chief illustrations of sciches,
and to this T shall refer.

In discussing the question of temperature seiches it should
be said that no one doubts the presence of oscillations “in the
lower layer independent of movements progressing in the up-
per layer” (Wedderburn, ’07, p. 422), or of temperature chan-
ges resulting from them. These have been frequently observed;
they are always going on and are very numerous and complex.
The undecided questions are (1) whether there are present in
the hypolimnion stationary waves, series of pendular move-
ments of the whole mass of this water, and (2), if so, what
are the extent and importance of such movements. It is plain
. that there is no general or @ priori reason why such temperature
seiches should mot exist; on the contrary, they might be ex-
pected to be present. The action of the wind, depressing the
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hypolimnion on the lee side of the lake and raising it on the
windward side, furnishes the conditions for starting a seiche.
But as the wind declines or ceases and the hypolimnion swings
back toward its former position, does it continue its movement,
rising above the normal at the lee side of the lake, and then
falling so as to start a series of pendular oscillations? Or is
the return so slow and the hypolimnion so loaded by the
epilimnion that movement practically ceases when the iso-
therms have returned to the horizontal position? If the first
question s answered in the affirmative, then what are the
extent and influence of such pendular oscillations ? These
fuestions are to be answered on the basis of observation. If
perindic movements of considerable magnitude can be shown
which, started by the wind, are thenceforward independent of
the wind and of the movements of the epilimnion, then the
case js proved.

T must eonfess that T find the evidence adduced by the Loch
Ness observers insufficient to prove their case. Neither Watson
nor Wedderburn seems to have carefully discriminated move-
ments direetly associated with wind from those which are pos-
siblv independent of it.  All movements of the surface of the
hypolimnion are apparently referred to indiscriminately as
seiches,  Fven the greatest temperature changes are listed as.
seiches, which, if they were such, would involve a vertical
swing of the water amounting to 200 feet, or more. An ampli-
nde of 100 feet is said by Wedderburn to be quite ordinary.
Many of the movements in July, 1904, as well as all of those
of Angnst, scem to be regarded as seiches. Certainly there
must have been some movements which were correlated with:
the wind, and it would scem that Watson and Wedderburn
should analyze tho complex movements of temperature in and
below the thermocline and should point out which are due to
seichies and which are of other types. Yet no attempt is made
to do this and T cannot see that either author furnishes any
criterion by which to discriminate temperature changes due
tn a seiche from those die to other movements of the hypolim-
nion,
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Tt should also be noted that the position of the yacht, (Iig.
1) where the temperatures were taken, was singularly well
adapted to show movements of the water caused by wind and
ill adapted for recording seiches. It lay close to the shore,
about 800 yards from the southwest end of the lake and in
300 feet of water. The main lake extended, like a broad
river, for 20 miles to the northeast. Every northeast wind
must fill this end of the lake with warm surface water, and

t

RS TFig. 1. Sketch map of the south-west
end of Loch Ness, showing posi-
tion of yacht used as observing
station. Scale, 1.6"=1 mile.

every southwest wind must blow it out again. The yacht lay
so close to the shore that the underwater movements induced
by wind must readily affect the temperatures. Kvery student
of lake temperatures will also motice the fact that the yacht
lay at one side of the outlet of the small bay that forms a
pocket at the end of the lake. Any wind that pushed the
water at all obliquely against the southeastern shore would
fill this pocket and thence the warm water would gradually
work out toward the yacht, moving up toward the northern
shore.

The observations of August, 1904, are far more valuablo
in this discussion than all of the others combined, since they
were taken at frequent intervals day and night; the thermocline
was present; and the force and direction of the wind were re-
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corded. T «hall, therefore use these in my discussion, espe-
cially as Wedderburn’s illustrations are almost wholly taken
from them. _ ‘

The diagram of temperature movements which Wedderburn
gives ('07, p. 421) is not easily read. I have, therefore,
platted on a different scheme and a larger scale his observa-
tions from noon of Aug. 14 to noon of Aug. 21, (Plate LXVI).
This period includes three of the five major movements of
the thermocline which came in August, and also includes the
swing that Jooks to me most nearly as I suppose a great seichs
would appear.  The rise of temperature in the hypolimnion,
<hown in the center of the diagram (Aug. 17), is that chosen
for special illustration - and discussion by Wedderburn. It
scems to me plain that this great swing of the isotherms was
not a sciche, as defined by Watson. Examination of the dia-
gram will show that during Aug. 16 the wind was constantly
from the southwest, off shore, and the isotherms steadily rose
as the warmer surface water was blown away, until in the
afternoon the epilimnion practically disappeared. At 4 a.
m. of Aug, 17 the wind shifted to cast and then to north-
east and blew from that quarter for nearly 20 hours. - Under its
influence the warm surface water returned to fill the end of
the lake, erowding down the hypolimnion. After some ten
honrs of this wind, the filling extended out to the yacht and
cansed a sudden and great rise of temperature. Then as the
northeast wind dropped and was followed by calms and south-
weet hreezes, the displaced hypolimnion swung back toward
its normal position and the isotherms rose with it. This is
my reading of the movement, nor can I see ground for a differ-
ent, interpretation. It is cortainly clear that the movement
was by no means independent of conditions in the epilimnion
but. on the contrary, was directly associated with changes of
wind which must shift the epilimnion and so tend to cause
the movement of temperature in the hypolimnion. These
forces also scom wholly adequate to effect it and there is no
need of supposing a seiche in order to explain it,

Tf this temperature change was caused by an on-shore wind,
it is obvious that the sudden downward sweep of the isotherms,
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corresponding to the great change of temperature in the deeper
water, does not represent a corresponding and cqually rapid
vertical movement of the water, or indeed any considerable
vertical movement at all. If this and similar temperature
changes arc due to sciches, then the vertical movements of the
isotherms, as platted on the diagram, represent equally well
the vertical movements of the water. Wedderburn does not
hesitate to accept this result. ITe assigns an occasional ampli-
tude of 200 feet to the temperature seiche (07, p. 42G) and
thinks that an amplitude of 100 feet is nothing out of the
ordinary. e also states (07, p. 422) that on August 17
the temperature rose 8.3° F. in 15 minutes at a depth of 100
feet. This change, if due to the lowering of the surface of
the thermocline, means a movement of at least 50 feet in the
same time, and in the course of the general temperature move-
ment of this day there would lLave been a depression of the
thermocline amounting to over 100 feet during two hours. I
find it difficult to believe in such great movements of the hy-
polimnion. They are so large and so rapid that they should
cause serious disturbances at the surface of the water, which
have never been observed. But if the explanation of theso
temperature changes, which I have given above, is accepted,
no such violent and rapid movements of the hypolimmnion need
be assumed. As the space between the yacht and the shore
was gradually filled with warm water, forced to the end of
the lake by the wind, the colder water was crowded downward
and outward. The front of this growing mass of warm water
gradually moved out into the lake as new additions were made
to it, and when it reached the obscrving station the thermonc-
ter recorded a very sudden and great rise of temperature, which
however, involved no corresponding movement of the water
but only a comparatively small displacement, chiefly lateral.

The complex phenomena, caused by wind, with their re-
sulting temperature changes, cannot be readily analyzed from
observations made at a single point, but before we can ac-
cept temperature seiches as their cause, there must be ob-
servations sufficient in number and position to exclude other
and more easily received explanations.
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In like manner may be scen that all of the comsiderable
rises of temperature in the deeper water of Loch Ness during
Angust were preceded or accompanied by a mortheast or on-
shore wind, The relation is plain in the movement of Aug.
15, as is shown on the diagram. The similar movement of
the jsotherms on the night of Aug. 22-23 coincided with an
on-shore wind. The same is true of the movements on Aug.
11 and the night of Aug. 19-20, although they need separate
dizenssion. The decline of temperature at a depth of 50 feet
on Ang. 8, referred to as a sciche by Wedderburn (’07, p.
422) was accompanied by southwest or off-shore wind and by
a fall of surface temperature certainly due to this wind. The
cimilar drop of temperature at 50 feet on Aug. 14, also re-
ferred to by Wedderburn, coincided with a shift of wind from
northeast to southwest and the temperature rose again when
the wind turned, at 10 p. m., to the northeast. Thus every
considerable shift of temperature in and below the thermocline
dnring August was preciscly that which might have been pre-
dicted as probably resulting from the meteorological changes;
the position of the observing station and the direction of the
wind being known. So far from the evidence showing that
these major oscillations are independent of changes in the
epilimnion, they coincide with such changes and with mete-
orological forces directly adapted to cause them.

T do not mean to say that we are able thus to account for
every change of temperature at every depth in this series of
observations. We are ignorant of the underwater currents in
T.och Ness, and of the minor effects of the winds; and their
major effcets are matters of inference rather than of observa-
tion. We know that these effects are numerous and complex.
When a mass of warm water is once established at the lee end
of a lake it often shifts and moves about in an irregular and
quite incalenlable fashion. It is acted upon by numerous
forces, each quantitatively unknown, including not only wind
eurrents but convection currents, as well as underwater cur-
rents set up in the past, and the numerous and doubtful inter-
actions between this warm mass and the cold outer water
crowding in upon it. But if seiches are to be asserted as the
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main factor in temperature changes in the hypolimnion, the
temperature phenomena must be clearly analyzed and it must
be shown which of them are due to the immediate influence
of wind, which to irregular movements of the hypolimnion,
and which to stationary waves or seiches.

There remain to be considered the movement of midnight
Aug. 19-20 and also that of Aug. 11, which though of smaller
amount is a similar case and open to similar explanation.
Wedderburn does not refer to these movements of the isotherms,
although they appear more like temperature seiches than any
of the other swings of temperature in Aungust. This is es-
pecially clear in the movement of Aug. 19-20. Reference
to the diagram will show that on Aug. 19 a northeast
wind began at 2 a. m. and caused a slight but obvious
descent of the isotherms at 6 and 8 a. m. After 10 a. m.
there was little, or no wind recorded during the day; at 8 p.
m. it was northeast again, followed by light southwest breczes
and calm during the night. - Between 6 and 8 p. m. began a
rapid descent of the isotherms, culminating at midnight. They
remained about stationary during four hours, or more, then
swung back to their former position, and later, on Aug. 22,
to a still higher level under the influence of a southwest wind.

In this case there is plainly an on-shore wind associated
with the rise of deep water temperatures. It is plain also that
the rise is greater than would have been expected from the
amount of wind and that it came later than in the other cases.
Thus the descent of the isotherms seems not wholly but to
some degree independent of the movements of the epilimnion
and their rise is practically independent of the wind. It is
also to be noted that the 45° isotherm began to move
downward some four hours before the 50° isotherm. The
question is not one of association of these movements with an
on-shore wind, but of the adequacy of the wind to produce so
great a swing of the isotherms, which, with a much smaller
amount of wind than on Aug. 17, is a swing of the same gen-
eral order of magnitude as that.

T believe that this movement was a secondary effect of that
of Aug. 17 and that it was directly caused by underwater cur-



Birge—On the Evidence for Temperature Seiches. 1013

rents set up by the northeast wind of Aug. 19 and which con-
tinued to move slowly after the wind died away. It must be
remembered that conditions on Aug. 19 were very different
from those on Aug. 17. When the northeast wind began on
the former date, the southwest wind, extending through the
preceding twenty-four hours, had blown all of the warm water
from the southern end of the lake. Several hours and much
wind were, therefore, necessary to bring it back. But on Aug.
18 there was little wind ; a large mass of warm water remained
at the yacht and there was doubtless much more in-shore. It
required, therefore, only a small amount of northeast wind to
put the deeplying warm water into motion again. I suppose
that the mass of warm water, accumulated by the wind of
Aug. 17, moved out to the observing station, causing the rise of
temperature before midnight of Aug. 19-20, and then was
either crowded back or pushed past the station, causing the
fall of temperature in the early morning of Aug. 20. I am
very glad to admit that this movement looks like a temperature
seiche, but the evidence that it is such is by no means complete,
or even adequate. - We do not know how much warm water lay
in the southwest end of the lake on Aug. 19, nor do we know
the extent or shape of the mass. We do not know that there
was any corresponding movement of temperature in a reverse
direction on Aug. 19-20 at the other end of the lake, or indeed
that there was any movement of temperature at all. So far
as the facts at hand give evidence, there is no reason which
requires us to conclude that the disturbance of Aug. 19 was a
different kind of phenomenon from that of Aug. 15, 17, or 922;
in each of which not only is the qualitative relation to the wind
distinetly marked but the quantitative relation seems adequate.

Thus after a review of the clearest evidence for temperature
sciches, adduced by Wedderburn, I am forced to give my vote
for the Scotch verdict of “not proven”. I am quite ready to
accept seiches of any period or amplitude that can be proved,
but I cannot see that we ought to accept seiches of 200 feet
amplitude, or even of any amplitude, on the evidence presented.

It is unfortunate for the establishment of the seiche theory
that Loch Ness is so long.  The period of its oscillation, about



1014 Wisconsin Academy of Sciences, Arts, and Letiers.

two days, is so great that it must be difficult to find considerable
movements which are 1ot interfered with by the changes of
weather and it is correspondingly difficult to eliminate the pos-
sible effects of wind. Qtill further, the fact that oven in
August the epilimnion may practically disappear, as it did on
Aug. 16, adds to the difficulties of analysis of observations.
A smaller lake of similar shape with an oscillation period of a
few hours and with a much warmer epilimnion would offer far
better opportunities for settling the question of the presence of
temperature seiches, of their magnitude, 1if present, and of
their importance in the temperature changes of the hypolim-
pion. Loch Ness, of course, has an advantage over a smaller
lake in possessing a Liypolimnion of enormous mass, so great
that the loading due to the epilimnion may well be inadequate
to damp the temperature seiches, if such are started.

If I may hazard a doubtful opinion, I would say that
T Delieve that such seiches may be found to exist. I believe
also that in most lakes they will be of small extent and of small
influence upon the temperaturc. Great and rapid changes of
temperature in the hypolimnion are due mainly to definite move-
ments of its water, directly caused by the shifting of the
epilimnion under the action of the wind. Minor changes and
the slow rise of temperature in the hypolimmnion seem to be
caused chiefly by the irregular currents which result from the
major movements and which may persist long after their divect
cause has disappeared. .
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EXPLANATION OF PLATE LXVL

This plate shows the movement of temperature in Loch Ness,
Aug. 14-21, 1904. In the heading of the diagram, the first line gives
the hour of the day; N represents noon, M, midnight. The second line
gives the direction of the wind and the third gives its force. Temper-
atures are recorded in Fahrenheit degrees and depths in feet. The
data are taken from Wedderburn 07, pp. 472-474. In this paper the
temperatures are recorded for intervals of 25 fecet. TFrom these data
the position of the full degrees has been platted, assuming a uniform
temperature gradient in each 25-foot stratum. These points are in-
dicated by small circles, and the successive positions of each degree
are connected by straigh{ lines. The lines representing 45°, 50°, 55°
are made heavier than the others.

Thus the diagram represents the movements of the isotherms in
the water, as influenced by sun, wind, and currents.
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