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Vernal thermal fronts in large lakes: A case study from Lake Michigan

R. Moll, T. Johengen, A. Bratkovich, . Saylor, G. Meadows, L. Meadows, and G. Pernie

Introduction

Many temperate large lakes of the world undergo a tran-
sition in the spring from fully mixed winter conditions
to thermally stratified summer conditions (RODGERS
1966, TikHOMIROV 1963). That transition often includes
the formation of a well defined front characterized by a
nearly vertical, shore-parallel 4 °C isotherm (SavLor et
al. 1981). This front, which is maintained by a conver-
gent secondary circulation and accompanied by
geostrophic currents, induces a significant redistribu-
tion of heat and other properties in the coastal waters
(BENNETT 1971, Rousar 1973). Many vernal thermal
fronts are characterized by large chemical and biological
gradients (Scavia & BenNETT 1980).

The current state of knowledge of vernal thermal
fronts in large lakes is largely based on theoretical stu-
dies that are relatively unconfirmed by field observa-
tions. Given this state of knowledge, our study group
elected to begin a multidisciplinary, multiyear study of
vernal thermal fronts in southeastern Lake Michigan.
The point of departure for this study was the theoretical
framework of water circulation in the vicinity of vernal
fronts developed by Huang (1969, 1972) and MORTIMER
(1974, 1988). The purpose of this paper is to provide an
overview of the results from five field seasons of study
(1988 to 1992) of the Lake Michigan vernal thermal
front.

Experimental design and methods

An important feature of the Lake Michigan vernal
thermal front is its predictable developmental sequence.
This element of predictability allowed the formation of
an experimental design that had a high probability of
observing different phases of frontal development. That
experimental design shifted somewhat among years, but
was basically as follows: one to three day field trips were
conducted at one to two week intervals during the
spring transition period, normally from early April un-
til late May of each year. A grid of 90 stations comprised
a sampling area in southeastern Lake Michigan (Fig. 1).
This experimental design resulted in a minimum of
three to a maximum of nine field trips in any one season.

During the early development stages of the vernal
thermal front, sampling began along the eastern edge of
the sampling grid, less than one km from shore. As the
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Fig. 1. Thermal front sampling grid in southeastern Lake
Michigan.
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spring transition period progressed and the thermal
front moved offshore, the sampling grid was expanded
offshore to include stations up to 25 km from shore.
Sampling was conducted in one of four general modes:
ship-based measurements using a CTD; collection of
water and biological samples using Niskin bottles and
plankton nets; deployment of moored or tethered in-
struments in the sampling grid; and satellite-based re-
mote sensing measurements. A Sea Bird CTD (model
SBE-9-01) was used to measure temperature, conductiv-
ity, pH, underwater light transmission, and in vivo fluo-
rescence with depth. Water samples were collected for
in vitro determinations of chlorophyll, nitrate-nitro-
gen, silica, total and soluble phosphorus, chloride, or-
ganic carbon, and bacterial abundance. Moored current
meters were used to measure current speed and velocity.
These instruments included two bottom mounted, up-
ward-looking RD (model RD-SC0600) acoustic doppler
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current profilers (ADCP) and two strings of Marsh
McBirney (model 515M) moored current meters. Both
the ADCPs and strings of meters had sensors to monitor
water temperature In conjunction with measuring cur-
rent speeds.

In addition to the sampling scheme described above,
special measurements of surface currents and/or primary
productivity were made on two occasions in 1988 and
three occasions in 1992. Surface currents were assessed by
radar tracked drifters attached to underwater drogues.
Primary productivity was estimated via the *C uptake
method where samples were incubated in situ with the
objective to determine P vs. I curves for samples collected
immediately inshore and offshore of the thermal front.

Results and discussion

The vernal thermal front typically began as a
shore-parallel feature in late March or early April
in southeastern Lake Michigan. Warming of near-
shore waters began when buoyant plumes from
rivers flowed into cold Lake Michigan waters.
Geostrophic flow redistributed those warmed wa-
ters along the shore inducing a small ring of 4°C
water along the edge of the lake. This ring of
warmed water expanded as additional runoff and
solar insolation heated the lake surface. Between
1988 and 1992 the thermal front migrated offshore
at a rate of 0.5 to 1.0 km/day dependent upon sev-
eral factors which varied from year to year. Key
factors appeared to be the amount of runoff, the
degree of heating, advective heat transport, and
the amount of wind stress. In some cases wind
stress appeared to force the front back toward
shore, while winds from the east accelerated the
offshore movement of the front. Others have re-
ported that wind stress also can cause the leading
edge of the front to change from a relatively
straight shore parallel feature to one with numer-
ous curves and swirls (CsanaDy 1978).

Moored current strings and ADCP instruments
revealed the relatively uniform surface to bottom
current flows in the vicinity of the thermal front.
Flows were typically 5-15cm/s during non-
storm conditions and in opposite directions on ei-
ther side of the front. As predicted earlier (Huang
1969, 1972, MORTIMER 1988), a shear existed across
the front with water inshore of the front having
moved northward and offshore southward along
the southeastern coast of Lake Michigan. During
major wind stress events, the ADCPs showed that
currents tended to increase in velocity and water
moved in the same direction on both sides of the
front. Upon reduction of the wind stress, currents
resumed the pattern described above.

In 1988, measurement of near surface currents
by drogues showed a modest degree of conver-
gence at the thermal front. This convergence is
consistent with a downwelling rate of 0.11 to
0.24mm/s or 9.5 to 20.7 m/day respectively in
April, 1988. The inferred downwelling rate was
sufficient to move a “parcel” of water from the
surface to the bottom at the thermal front in two
to six days. Similar findings were observed in 1992
using surface drifters.

The transition from the thermal front regime to
thermally stratified conditions was surprisingly
abrupt occurring in a period of only two or three
days. The current regime as measured by the
ADCPs showed a change from uniform surface to
bottom flow to two layered flow. This change ap-
peared to be a manifestation of the transition from
vernal frontal conditions to the inertial mode typ-
ically found during thermal stratification.

The physical regime associated with the vernal
thermal front typically produces substantial bio-
logical and chemical gradients (Scavia & BENNETT
1980) with the largest horizontal gradients found
across the front (RossMaNN 1986). In southeastern
Lake Michigan we observed that chemical and
biological gradients were usually sharpest inshore
of the front due to the dilution of enriched coastal
water with oligotrophic offshore water (Table 1).
In general, the position of the front determined
the offshore extent to which the enriched coastal
water was mixed. This pattern was best expressed
in the chloride data where elevated concentrations
usually were restricted to inshore of the front and
their offshore extent varied as a function of the
frontal position. An exception to this pattern oc-
curred on April 28 when strong onshore winds
pushed low chloride offshore water towards the
coast. On this date the position of the 4 °C front
had receded a kilometer inshore from the previous
week. In contrast to the chloride distribution,
horizontal gradients for two biologically limiting
nutrients, phosphate and silica, were very small
(Table 1). Biological utilization may have exerted
sufficient force on the concentration patterns of
these two nutrients and to some degree uncoupled
the relationship to the physical processes asso-
ciated with the front.

The distribution of chlorophyll across the front
was also examined to assess how biological struc-
ture may be coupled to the governing physical
processes. In general the highest chlorophyll lev-
els were always found inshore of the front where
nutrient levels were higher and the water column
thermally stratified. However, as observed on sev-
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Table 1. Surface concentrations (0—20 m) of Chloride, Nitrate-N, Silica, Total phosphorus, and Chlorophyll in re-
lation to the vernal thermal front in southeast Lake Michigan (all results from 1992).

Position Distance Chloride Nitrate Silica Total-P Chlorophyll

Relative Offshore (mg-17") (mg-17Y (mg-17Y (wg 17 (ug-17Y)

to Front (km)
April 13

Inshore 1.2 12.5 0.42 1.8 13.0 4.6

At Front 2.6 12.6 0.45 1.8 18.0 4.4

Offshore 12.4 10.4 0.42 1.6 15.0 2.4
April 21

Inshore 4.0 11.9 0.40 1.5 9.9 4.3

At Front 6.8 11.2 0.39 14 9.4 3.0

Offshore 8.2 10.5 0.35 1.4 9.2 3.1
April 28

Inshore 4.0 10.9 0.36 1.5 9.4 29

At Front 5.4 10.4 0.34 1.5 8.9 3.0

Offshore 13.8 10.3 0.34 1.4 8.1 2.7
May 07

Inshore 4.0 13.4 0.48 16 15.1 7.1

At Front 11.0 11.3 0.34 1.3 9.7 4.4

Offshore 13.8 10.9 0.32 1.2 9.4 2.5

eral dates in 1992 (April 13 and May 7, Table 1)
and in the previous 1991 field season, the position
of the front did appear to regulate the timing and
position of elevated chlorophyll levels. The criti-
cal forcing function regulating these abundances
appeared to be the onset of thermal stratification
which occurred very quickly after the front
passed. With the onset of stratification, presum-
ably phytoplankton were no longer mixed down
below a critical light level. Furthermore, imme-
diately adjacent to the front, chlorophyll distribu-
tions were found to be nearly uniform with depth.
This observation supports the hypothesis of a con-
vergence/downwelling circulation pattern driv-
ing the system. The preliminary conclusion from
the observations of the distribution of these dis-
solved and suspended materials is that materials
injected into the nearshore by runoff are carried
out to the front by surface convergence and then
moved down into the water column along the sur-
face of the front.

Measurements of primary productivity in 1992
showed that phytoplankton populations in the
immediate vicinity of the front were highly pro-
ductive. Assimilation coefficients (mg Cfixed/
mg Chlora/hr) ranged from a high of 7.79 in late
April to a low of 0.33 in mid May. High produc-
tivity was observed from samples collected be-
tween 2 and 5m from both just inshore and off-
shore of the front. Highest production was not

necessarily associated with the highest levels of
dissolved nutrients, but was observed in the im-
mediate vicinity of the front. At another Great
Lakes front, rapid algal growth consumed much
of the available nutrient pool immediately inshore
of the front to produce a similar pattern (MoLL et
al. 1980).

Conclusions

The spring transition period in southeastern Lake Mich-
igan was characterized by a distinct frontal zone
bounded offshore by a nearly vertical 4 °C isotherm.
The current regime observed during 1991 and 1992
showed a pattern that is consistent with the scheme sug-
gested by MorTiMER (1988). Those currents resulted in a
shear across the front and a2 moderate degree of surface
convergence. Inshore of the front, the water column
was in the early stages of vertical thermal stratification
while offshore the water column remained fully mixed.
This current regime, combined with nutrient, organic
carbon and chloride inputs from spring runoff, resulted
in a distinct pattern that can best be characterized by
high gradients of most critical elements across the front.
However, those patterns were modulated by wind stress
and/or nutrient uptake associated with primary produc-
tivity. Chloride concentrations were almost always
higher inshore of the front. The vernal thermal front
was always accompanied by high concentrations of
chlorophyll found just inshore of the front. Asthe front
migrated toward the center of Lake Michigan, the band
of high chlorophyll concentrations migrated along with
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the front. High chlorophyll concentrations were also
observed along the frontal zone from the top to the bot-
tom of the water column.

While these general patterns were observed over the
course of five field seasons, interannual variation was
substantial. That variation, which is only approximate-
ly understood, has significant implications for overall
function of large lake ecosystems. The preliminary
conclusion from this study is that the spring transition
period includes key sequences of events that may influ-
ence system status for the rest of the spring and much of
the summer. More study of vernal thermal fronts in
large lakes of the world would greatly help to decipher
the importance of this transition period.

References

BeNNETT, J. R., 1971: Thermally driven currents during
the spring and fall transition periods. — Proc. 14th
Conf. Great Lakes Res.: 535 —544. Internat. Assoc.
Great Lakes Res.

Csanapy, G. T., 1978: Wind effects on surface to bot-
tom fronts. — J. Geophys. Res. 83: 2329-2342.
Huang, J., 1969: The thermal current structure in Lake

Michigan: a theoretical and observational model
study. — Ph. D. dissertation, The University of
Michigan, 169 pp.

- 1972: The thermal bar. — Geophys. Fluid Dyna-
mics 3: 1-28.

MotL, R. A., Davis, C. O. & Scuerskg, C. L., 1980:
Phytoplankton productivity and standing crop in
the vicinity of the Lake Huron-Saginaw Bay
front. — J. Great Lakes Res. 6: 232 —246.

MortiMer, C. H., 1974: Lake hydrodynamics. — Mitt.
Internat. Verein. Limnol. 20: 124-197.

- 1988: Discoveries and testable hypotheses arising
from coastal zone color scanner imagery of south-
ern Lake Michigan. — Limnol. & Oceanogr. 33(2):
203 -226.

Robpcers, G. K., 1966: The thermal bar in Lake Ontario,
spring 1965 and winter 1965-66. — Proc. 5th
Conf. Great Lakes Res.: 369 —374. Univ. Michigan,
Great Lakes Res. Div. Pub. 15.

— 1968: Heat advection within Lake Ontario in
spring and surface water transparency associated
with the thermal bar. ~ Proc. 11th Conf. Great
Lakes Res.: 480486, Internat. Assoc. Great Lakes
Res.

- 1987: Time of onset of full thermal stratification
in Lake Ontario in relation to lake temperature in
winter. — Can. J. Fish. Aquat. Sci. 44: 2225-2229.

RossMaNN, R., 1986: Waters of southeastern Lake Mich-
igan. - In: Rossmann, R. (ed.): Impact of the Do-
nald C. Cook nuclear plant: 51-86. Univ. Michi-
gan, Great Lakes Res. Div., Pub. No. 22.

Rousar, D. C., 1973: Seasonal and spatial changes in pri-
mary production and nutrients in Lake Michigan.
— Water, Air and Soil Pollut. 2: 497 —514.

SAYLOR, ]J. H., BENNETT, ]. R., Boyce, F. M., Ly, P. C,,
Murty, C. R, Pickert, R. L. & Smvons, T. J.,
1981: Water movements. — In: AuserT, E. |. &
RicHarps, T. L. (eds.): IFYGL: the International
Field Year for the Great Lakes, 247 — 324. Nation-
al Oceanic and Atmos. Admin., Great Lakes Envi-
ron. Res. Lab., Ann Arbor.

Scavia, D. & BenNETT, ]. R., 1980: Spring transition pe-
riod in Lake Ontario — a numerical study of the
causes of the large biological and chemical gra-
dients. — J. Fish. Aquatic Sciences 37: 823 - 833,

TikHOMIROV, A. L., 1963: The thermal bar of Lake Lado-
ga. — Bull (Izvestiya) All-Union Geogr. Soc. 95:
134-142. Amer. Geophy. Union Trans., Soviet
Hydrol.: Selected Papers No. 2.

Authors’ addresses:

R. Mo, T. JoHeNGEN, Cooperative Institute for
Limnology and Ecosystems Research, 2200 Boni-
steel Blvd., University of Michigan, Ann Arbor,
Michigan 48109, USA.

A.BRATROVICH, J. SAYLOR, G. PERNIE, Great Lakes
Environmental Research Laboratory, 2205 Com-
monwealth Blvd. Ann Arbor, Michigan 48105,
USA.

G. Meapows, L. Meapows, Department of Naval

Architecture and Marine Engineering, University
of Michigan, Ann Arbor, Michigan 48109, USA.



This is a reprint of

Verhandlungen — Proceedings — Travaux

of the International Association for Theoretical and Applied Limnology, Congress in
Barcelona 1992

If you are a member of this association you receive these ‘“Proceedings” against your
yearly membership fee of Swiss Francs 50.—

Please notice also the

Archiv fiir Hydrobiologie

an official organ of the International Association for Theoretical and Applied Limnology
(SIL), and its Supplements.

Edited by: Prof. Dr. H. KauscH, Hamburg, Germany and
Prof. Dr. W. LamperT, Pl6n/Holstein, Germany.

Editorial Board: Prof. Dr. CaroLyn W. Burns, Dunedin, New Zealand; Prof. Dr. Z.
Macigy Guiwicz, Warszawa, Poland; Prof. Dr. J. Overseck, Plén, Germany; Prof. Dr.
Eric PatteE, Villeurbanne, France; Dr. CoLiN S. REynoLps, Ambleside, Great Britain;
Prof. Dr. RoserT G. WETzEL, Tuscaloosa, Alabama, USA.

As a member of SIL you are entitled to receive this important journal at a special mem-
bership price.

True to its tradition this periodical serves freshwater research in the widest sense, includ-
ing treatment of problems of brackish and seawater as far as they bear a relationship to
limnology. It is the editors’ aim to devote increased attention to ecology in association
with experimental, above all physiological works corresponding to the more recent de-
velopments in limnology. Finally, it is intended that the “Archiv” should continue to
form a bridge between theoretical and applied water research.

For details please write to the Publishers E. Schweizerbart’sche Verlagsbuchhandlung
(Nigele u. Obermiller), Johannesstrafle 3 A, D-70176 Stuttgart, Germany.

If you are interested in

Archiv fiir Hydrobiology, Supplements

and in the special issues

Ergebnisse der Limnologie/Advances in
Limnology

these are available also against a special membership price; for details please ask the Pub-
lishers (for address see above).

If you are interested in being a member of the International Association for Theoretical
and Applied Limnology, please write to the General Secretary-Treasurer:

Prof. Dr. R. G. WerzeL, Department of Biological Sciences,
The University of Alabama, Tuscaloosa, Alabama 35487-0344/USA



