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LAKE SUPERI OR COOLI NG SEASON TEMPERATURE CLI MATOLOGY'

Raynond A Assel

ABSTRACT. A tenperature climtology has been devel oped for the
surface and ten 10-m | ayers along the nornal ship route between the
eastern and western ends of Lake Superior and for discrete areas
along the ship route. Base period for the climatology includes
winters 1973-76 and falls 1976-79. Daily average tenperatures and
extrene tenperatures for the base period were calculated, and a six-
wave Fourier equation fitted to the average tenperature time series
to define the tenperature climatology.

1. | NTRODUCTI ON

Bat hyt her mograph surveys were nade across an east-to-west section of Lake
Superior during portions of the 1973-76 winters and the 1976-79 falls (Assel,
1983). A climatology of daily average surface tenperatures and daily average
vertically averaged tenperatures for ten 10-m layers, from the surface to
100 m was devel oped fromthat data. The climtology was derived for the
entire survey route and for discrete areas along that route. The methods used
in the analysis are simlar to those described by Feit and Gol denburg (1976),
who devel oped a surface tenperature climatology for the Geat Lakes. They
stated

"Few observations were taken between Novenber and March on all the
| akes.  This problem was greatest at Lake Superior where alnost no
observations were taken between Cctober and April; hence, on this

| ake, the tenperatures in this time frame are dubious."”

The work described in this report should help to solve this problem by
providing an inmproved tenmperature clinmatology of the surface tenperatures and
tenperatures at depth for Lake Superior during the fall and wi nter cooling
periods of the annual tenperature cycle. The surface tenperature climatol ogy
descri bed here, however, is not a skin tenperature but rather a surface |ayer
tenperature, down to about 5 m because of the instrument system depth
nmeasurenent accuracy. Products of the analysis include tabulations and
graphi cal summaries of the tenperature clinatology.

2. PROCEDURES

A portable bathythernograph recorder using expendabl e bathythernograph
probes was used to neasure tenperature profiles to a depth of 200 m along the
normal shipping route between the eastern and western ends of Lake Superior.

LGLERL Contribution No. 452.



Survey date, nunber of profiles per survey, and average distance between pro-
files are given in table 1. Tenperature is accurate to plus or mnus 0.2°C
and depth is accurate to within 2% of actual depth or 4.57 m whichever is
greater. Over 1,000 tenperature profile measurements were made during 46 sur-
veys across the |ake.

Mean survey thermal profiles (fig. la-lh) were calculated by horizontally
averaging the tenperatures for a given survey for each neter down to 200 m
eq. (1), (table 2; all equations referenced in the text are in table 2). Next
the vertically averaged tenperature (vat) for each 10-m layer of the nean
profile down to 100 m eq. (2) was calculated. [Interpolation between obser-
vation dates produced a daily tinme series of water tenperature for each of the
fall and winter seasons. The average daily tenperatures were averaged for the
fall and winter fromthese data. That time series was irregular because of
discontinuities in observation density and the small nunmber of observations.
A six-wave Fourier curve, eq. (3) was fitted to the tenperature data at each
depth and it filtered out nost of the irregularities. The Fourier equation
was used to define the tenperature climatology. It was applied to data with a
m ni mum density of three observations per day for the fall season (August to
Decenber) and two observations per day for the winter season (January to
March), where observation density was |lower. The period of the climatol ogy
extends from late August to early March. Md-March and April is not included
in the Fourier analysis because of insufficient data. The number of obser-
vations per day over the eight seasons ranged from 0 to 4; August to January
usual ly had three or four observations per day, February and early March pri-
marily two or three observations per day, and nost of March and all of Apri
zero or one observation per day.

The survey route was partitioned into 15 areas (fig. 2 and table 3) and a
temperature climatol ogy was cal culated for each area in the same way the
climatol ogy was devel oped for the entire survey route. Mean survey profiles
for a given day and season were calculated, eq. (4), then the vat's for each
10-m layer were calcul ated, eq. (2), and daily tenperatures interpol ated be-
tween survey dates for each season. The average daily tenperature over the
ei ght seasons was then calculated and Fourier curves fitted to those data to
produce the climtology. The nunber of observations used in the Fourier
anal ysis for each area and depth is summarized in table 4. No climatol ogy was
defined for areas 1 and 15 because a prelimnary analysis indicated there was
insufficient data; and the clinmatol ogies for areas 2 and 13 were linited to
the upper 30 m and 50 m of the water colum for the same reason.

3. RESULTS

Tabul ations of the climatology for the first day of each nonth, and the
5th through the 25th day at 5-day intervals, are given for Septenber-Mrch in
table 5a for the lake as a whole and in tables 5b=5p for areas 1-15, respec-
tively. (Observed tenperatures on survey dates given in table 1 were analyzed
for the maxi mum and m ni mum tenperatures over the period of record. These
tenmperatures define the variation of tenperature for each area and depth over
the base period. These extrene tenperatures and the dates of there occurrence
are listed for conparison with the tenperature climtology. Fourier equation
coefficients, tables 6a-6n, define the clinmatology over the period of their



Table |.--Tenperature surveys aecross Lake Superior: wnter 1973,
1974, 1975, and 1976, and autum 1976, 1977, 1976, and 1979

Aver age Aver age
di st ance di st ance
bet ween bet ween
W nt er Nunmber of stations Aut umrm Nunber of stations
survey dates stations (km) survey dates stations (km)
1973 1976
Dec. 20-21, 1972 43 13.7 Aug. 18-20, 1976 24 24.0
Dec. 27-28, 1972 43 13.2 Sept. 7-9, 1976 24 22.8
Jan. 15-16, 1973 30 18.0 Sept. 28-29, 1976 24 23.1
Jan. 31-Feb. 1, 1973 28 19.3 Oct. 20-22, 1976 24 23.9
Nov. 14-16, 1976 24 23. 4
1974 Dec. 5-7, 1976 24 22.9
Dec. 19-20, 1973 27 20.6 1977
Jan. 10-12, 1974 31 17.5
Jan. 22-23, 1974 24 25.1 Cct. 30-31, 1977 27 20.8
Nov. [|-2, 1977 28 20.5
1975 Nov. 17-22, 1977 31 22.6
Dec. 16-17, 1977 25 22.2
Dec. 19, 1974 22 25.3 Dec. 19-20, 1977 16 31.1
Dec. 27-28, 1974 33 17.3
Jan. 7-8, 1975 32 17.7 1978
Jan. 21-24, 1975 38 16. 8
Feb. 5-7, 1975 25 21.0 Aug. 22-23, 1978 19 26.1
Feb. 18-20, 1975 27 19.5 Sept. 11, 1978 21 26.9
Mar. 11-12, 1975 26 19.9 Sept. 28-29, 1978 21 26.9
Oct. 17-18, 1978 27 19.0
1976 Nov. 16-17, 1978 26 20. 4
Nov. 30-Dec. 1, 1978 31 18.3
Dec. 17-19, 1975 22 31.5 Dec. 15-17, 1978 29 20.5
Jan. 6-8, 1976 16 41.6
Jan. 8-9, 1976 9 56.1 1979
Jan. 27-29, 1976 24 34.9
Feb. 21-22, 1976 22 23.7 Aug. 23-24, 1979 23 23.0
Mar. 25-27, 1976 16 30.8 Sept. 11, 1979 24 23.7
Apr. 27-29, 1976 22 24.6 Sept. 25-26, 1979 26 21.0
Cct. 16-18, 1979 26 21. 4
Oct. 30-31, 1979 22 25.8
Nov. 16-18, 1979 26 21.6
Dec. 13-15, 1979 23 22.8
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Tabl e 2.--Summary of equations

S
T(z) = 1/8, | T(s),ds,

Equation 1.
0

wher e S, = ship track length at depth =z,

tenperature as a function of distance along the ship track for

T(s), =
depth z, and
T(z) = horizontally averaged tenperature for depth z.
Zz
Equation 2. T, = 1/(z2 - zl) 'ﬁ T(z)dz,
Z
1
wher e T, = vertically averaged tenperature for |ayer (z3 - z3), and

T(z) = horizontally averaged tenperature for depth z.

T = A0+ Al Sin 2wt + Bl Cos 27t

Equation 3.
A2 Sin 4nt + B2 Cos 4nt
A3 Sin 6nt + B3 Cos 6nt
A4 Sin 8rt + B4 Cos 8nt
A5 Sin 10mt + B5 Cos 10wt
A6 Sin 12at + B6 Cos 12nt,

where the A's and B's are the coefficients of regression, t is time in days, and

T is tenperature.

n
Equation 4. Ta(z) = 1/n ) Tai(z),
i=1
where T,(z) = horizontally averaged tenperature for area "a" at depth z, and

Tai(z) = ith tenperature observation for area "a" at depth z for a given
day and year.
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Tabl e 3.--Location and depth statistics for each | ake area

Figure 2.--Survey route and take area | ocations.

Latitude* Longi t ude* Profile depth statistics

Ar eas from to from to aveT sdT cv#
| 46.36 46.85 84.50 84.99 53 26 48
2 46.75 46.95 85.00 85.49 61 47 76
3 46.92 47.08 85.50 85.99 151 31 21
4 47.01 47.25 86.00 86.49 195 46 24
5 47.15 47.40 86.50 86.99 253 40 16
6 47.25 47.60 87.00 87.49 221 53 24
7 47.43 47.63 87.50 87.99 142 33 24
8 47.40 47.66 88.00 88.49 224 30 13
9 47.36 47.56 88.50 88.99 190 42 22
10 47.31 47.50 89.00 89.49 177 14 8
11 47.26 47.41 89.50 89.99 177 20 1
12 47.15 47.36 90.00 90.49 110 23 21
13 47.05 47.26 90.50 90.99 79 37 46
14 47.00 47.16 91.00 91.49 171 33 20
15 46.98 46.98 91.00 91.99 105 43 41

* Latitude north and Longitude west

for tenperature profiles in each area
# Depth coefficent of variation (cv) in percent.

i n degrees and hundreds.
t Average depth (ave) and standard deviation (sd) in neters



Table 4.--Summary of number of day8 meeting observation density
criteria* for Fourier analysis for each area by depth

Ar eas Layer depth in neters
0 10 20 30 40 50 60 70 80 90 100

45 45 44 37 37 37 28 2 | 0 0
196 196 196 175 165 121 113 74 22 11 1
196 196 196 196 196 196 196 196 196 196 196
197 197 197 197 197 197 197 197 197 197 197
197 197 197 197 197 197 197 197 197 197 197
197 197 197 197 197 197 197 197 197 197 197
197 197 197 197 197 197 197 197 197 197 158
179 179 179 179 179 179 179 179 179 179 179
145 145 145 145 145 145 145 145 145 145 145
10 145 145 145 145 145 145 145 145 145 145 145
11 137 137 137 137 137 137 137 137 137 137 137
12 177 177 177 177 177 177 177 177 177 177 144
13 177 177 17 177 177 141 68 45 22 21 21
14 142 142 142 142 142 142 142 142 142 142 42
15 20 20 20 20 20 20 20 20 20 20 20

O X 1O Ul &~ WM —

* Minumum of 3 years of data for days in the nmonths of August
t hrough Decenber and winumum observation density of 2 years of
data for days in January through March

derivation, but using these coefficients outside the range of Julian days
given may result in erroneous tenperatures. The tenperature clinatology for
the nean survey thernal profile is shown in fig. 3 for six layers; it
illustrates some of the seasonal characteristics and the thermal structure of
the |ake along the survey route. Isothermal contour charts illustrate the
spatial variation of the tenperature climatology over areas 2-14 at end-of-
nmont h dates from August to February (fig. 4a-4g).

4. DI SCUSSI ON AND CONCLUDI NG REMARKS

The annual tenperature cycle of Lake Superior has been described by
Bennett (1978); in the present study the climtology of the three stages of
the cooling period are described. These are (1) loss of sumer stratification
due to atnospheric cooling and convective mxing, leading to isothermal con-
ditions; (2) isothermal cooling of the entire water colum due to full convec-
tive mixing; and (3) winter restratification due to reduction of the depth of
convective mxing caused by cooling of the water colum past the tenperature
of maximum density and subsequent formation of a stable water density gradient
with respect to depth. These stages are shown for Lake Superior in figure 3

10



Tabl e 5a.--Summary of Lake Superior tenperature climatol ogy

and extrene tenperatures over period of record
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area 1, tenperature clinatol ogy

Tabl e 5b.~-Summary of Lake Superi or,

and extrene tenperatures over period of record
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tenperature elimatology

area 2,

Tabl e 5c.--Summary of Lake Superior,

and extreme tenperatures over period ofrecord
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tenmperature climatol ogy

area 4,

and extreme tenperatures over period ofrecord

Tabl e Se.--Summary of Lake Superi or,

(C) CLIMATOLIGY FOR 4RCA 4
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area 5, tenperature climatol ogy

and extreme temperatures over period ofrecord

Tabl e 5f.~-Summary of Lake Superi or,
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area 8, tenperature climatology

and extreme tenperatures over period ofrecord

Tabl e 51.--Summary of Lake Superi or,

(C) CLIMATOLAGY FOR AREA B
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area 11, tenperature clinatol ogy

and extrenme temperatures over period ofrecord

Tabl e 51.--Summary of Lake Superi or,
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area 13, tenperature climatol ogy

Tabl e 5n.-=Summary of Lake Superior,

and extreme tenperatures over period ofrecord
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area 15, temperature cli matol ogy

and extrene tenperatures overperiod of record

Tabl e 5p.—-Summary of Lake Superi or,
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Table 6d.--Fourier coefficients for Lake Superior, area 4
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Table 6e.- Fourier coefficients for Lake Superior, area
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Tabl e 61.--Fourier coefficients for Luke Superior, area 3
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Table 6j.- Fourier coefficients for Lake Superior, area 10
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Table 61.--Fourier coefficients for Lake Superior,
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Tabl e 6ém.-—-Fourier coefficients for Lake Superior, area 13

vALID DATES FOR
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Tabl e é6n.--Fourier coefficients for Lake Superior, area 14

— | — U NPENESSN NS
VALID DATES FOR LAYER O LAYER 1 LAYER 2 LAYER 3 LAYER 4
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= : \ STAGES IN COOLING
" \ { $1 = Stratification Loss
o] kB0 MmN S2 = Isothermal Cooling
2 { \ $3 = Winter Restratification
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Figure 3.--Mean survey tenperature climatology and stages in cooling season.
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Isothermal Contour Analysis (°C) October 31
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Figure 4c.--0ctober 31 i sot her mal

contour analysis.

Isothermal Contour Analysis (°C} December 31
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Figure 4e.-—December 31 i sot hermnl

contour analysis.

Isothermal Contour Analysis {°C} November 30
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Figure 4d.--November 30 i sot her nal

contour analysis.

Isothermal Contour Analysis (°C) January 31
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Isothermal Contour Analysis (°C) February 28
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Fi gure 4g.~-February 28 isothermal contour analysie.

for the mean survey climtology. Surface temperature i s near its maxinmum at
the end of August (Julian date 243) (fig. 3). Stagel starts when the epilim-
nion begins to cool during the last half of September, and it lasts about 80
days. The thermocline in Lake Superior extends down to the 20-mto 25-m depth
in sumrer (Smith, 1972). Maxinum tenperature in the 20-m and 30-m | ayers
usual l'y occurs during the last half of Septenmber (Julian dates 258 to 273) and
the entire water colum is virtually isothermal near the end of Novenber
(Julian day 334) (fig. 3). The isothermal water colum cools to the tem
perature of maxinmum density, 3.98°C, the |ast half of Decenber; however the
end of stage 2 is difficult to identify because, after the tenperature of maxi-
mum density is attained, the devel opment of winter stratification is dependent
upon wind conditions as well as air tenperature. Stage 3 can start any tine
between the |ast half of Decenber and the last half of January. Frequent high
winds in December and January can cause continued deep convective mxing and
thus maintain isothermal conditions, as occurred in winter 1975 and to a

| esser degree in winter 1976 (fig. lg-1h). Another possibility is a long
period of calmwnd conditions that would result in rapid cooling, stratifica-
tion, and early ice formation, assumng nornmal or belownornmal air tem
peratures. A nore likely condition is alternating periods of relative calm
and episodic high winds associated with storm passage. This condition results
in alternating periods of stratification formation and stratification |oss.
This is illustrated by the mean thermal profiles shown in figure le for the
two Decenber surveys. Stratification formation is evident on Decenber 20, but
by Decenber 27 there is a loss of the initial winter stratification probably
caused by high winds during the week ending Decenber 27. The climatology in
figure 3 illustrates a gradual formation of winter stratification and in this
respect is representative of a smoothed winter restratification. Wnter
stratification lasts until Mrch, which is a period of transition, but because
there are so few surveys in March and April, it is not possible to define

the normal end of the winter stratification stage. In the one winter with
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surveys through April, winter 1976, the upper 100 m of the water colum was

i sothermal by the end of March, but there was still weak stratification bel ow
the 100-mlevel. COver the next nonth, the upper 100-m |ayer renmained vir-
tually isothermal, but the tenperature in this |layer increased nearly 1°C,
indicating that spring overturn had started.

The variation in tenperature over the survey route corresponds to depth
and wind fetch variations. During stage 1 cooling, the fetch-limted and
shal | ower western |ake basin, areas 9 to 15, generally has higher surface and
epilimnion tenperatures (fig. 4b). Sharp differences in isotherm depth be-
tween adjacent areas are observed between areas 14 and 13, areas 9 and 8, and
areas 4, 3, and 2 at the end of Septenber. Ragotzkie (1974) noted that up-
wel ling along the northwestern shore of Lake Superior occurs frequently.

This, in conbination with the deep trough in that area and relatively shallow
waters In area 13, helps to explain the rise in isotherns fromarea 13 to 14.
The convex shape of isotherms fromareas 4 to 3 to 2 indicates that upwelling
is also part of the tenperature climtology of area 3. Bennett (1978) attri-
butes this midlake upwelling to the divergence of wi nd-induced water notion or
to the shoreward drift of surface waters associated with the general counter-
cl ockwi se shore circulation pattern. Wile the large downward trend in iso-
therns between areas 9 and 8 likely nmarks the boundary between the water
masses of the midlake areas of the eastern and western basins of Lake

Superior, this spatial pattern is considerably weaker by the end of OCctober
(fig. 4c) and it is reversed by the end of November when full convective
mxing results in warner waters in the midlake areas of the eastern |ake basin
than in the western |ake basin. This new spatial pattern persists in stage 2
and stage 3 cooling. Fall overturn is conpleted first in the shallow shore
areas, that is, In areas 13, 7, and 2 (and In areas 1 and 15), next in the
midlake western | ake basin, and last in the midlake eastern | ake basin. By
the end of Decenber (fig. 4e), tenperature in shore areas in both eastern and
western | ake basins are |less then 3°C, the midlake areas of the eastern basin
are still isothernmal and near the tenperature of maximum density, and midlake
areas of the western | ake basin have begun to stratify. Wnter stratification
is stronger in the western |ake basin In January and February (fig. 4f-4g)
owing to the smaller wind fetch and also earlier and more extensive ice cover
that normally fornms in the western |ake basin (Assel et al.. 1983).
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