Lake-Aggregate Mesoscaie
Disturbances. Part II: A Case
Study of the Effects on Regional
and Synoptic-Scale Weather Systems
Abstract
A high-resolution numerical model is employed to examine effects
of the Great Lakes aggregate, defined to be the five major Great
Lakes, on regional and synoptic-scale weather. Simulations wherein
the effects of the lakes are included and then excluded are performed
on a selected cold air outbreak episode during late autumn when the
lakes are still ice-free.
Examination of the differences between the model simulations
reveals that several dynamical effects result from heating and moistening by the lake aggregate. These effects are manifested primarily
in the form of a 4-km-deep, 2000-km-wide, lake-aggregate mesoscaie disturbance (circulation) that develops slowly over the region.
The simulated lake-aggregate circulation splits a synoptic-scale high
into two distinct centers and redirects and intensifies a weak synopticscale low, as verified by existing observations. These modifications
of the synoptic-scale environment result in additional precipitation
over, downstream, and upwind from the lakes.
The model simulations also reveal that the developing lakeaggregate circulation influences significantly the lake shore surface
winds. In some locations, the surface winds switch from onshore to
offshore or vice versa. Because it is well known from observations
that the location and orientation of lake-induced snow bands are very
sensitive to the low-level wind direction over the lakes, it is concluded
that the exact locations of heavy snowfall are the result of a complex
multiscale interaction among circulations on three different scales:
synoptic, individual lake, and lake aggregate.
In addition to the developing primary lake-aggregate circulation, a
secondary dynamic response appears at a distant location, adjacent
to the eastern seaboard. The organization of this secondary circulation suggests that the lakes may play a direct role in some cases of
East Coast cyclogenesis.

1, Introduction
Residents in the downwind Great Lakes shore
communities are reminded harshly each winter of the
paralyzing lake-effect snowstorms that can occur there.
Because of such storms, seasonal snowfall totals in
these communities typically are twice those in areas that
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are 100 km farther inland (e.g., see Dewey 1975;
Dockus 1975; Niziol 1987; Reinking et al. 1993).
In addition to the snowfall from small-scale lakeeffect storms, strong synoptic-scale storms traveling
across the region can be enhanced by the collective
effect of the five major Great Lakes (e.g., the lake
aggregate), and thereby also contribute to the higher
precipitation in the Great Lakes region. However,
even though the lakes may enhance the precipitation
in strong cyclones, the paths and circulations of these
cyclones do not appearto change significantly. Danard
and Rao (1972), Danard and McMillan (1974), and
Boudra (1981) used numerical models to examine the
collective thermodynamic and dynamic effects of the
lake aggregate on relatively strong synoptic-scale
extratropical cyclones. They found that the strengths
of the cyclones appeared to overwhelm and obscure
many of the effects of the lakes. For example, Boudra
(1981) simulated a storm that had a central mean sea
level pressure (Pmsl) of 995 mb and six closed isobars
at 4 mb intervals when it was over Lake Huron. In that
study, the differences between simulations with and
without the lakes showed that the forcing from the
lakes reduced the sea level pressure by about 3-4 mb,
but that neither the position nor the circulation of the
storm changed significantly.
Although the lakes do not appear to significantly
alter the paths and intensities of strong synoptic-scale
systems, it is possible that weaker systems may be
affected to a much greater degree. Petterssen and
Calabrese (1959) documented that significant pressure, temperature, and wind changes generated by
thermodynamic forcing by the Great Lakes aggregate
can extend outward 500 to 1000 km. Earlier, Cox
(1917) noted that the lakes can affect the paths and
intensities of some synoptic-scale features in summer
and in winter. More recently, Fritsch et al. (1989)
demonstrated how lake-aggregate effects1 can radically alter the structures and paths of weak synoptic1

The term lake-aggregate effect will be used in this study to mean
meso-a-scale (e.g., Orlanski 1975) changes in any atmosphericfield,
such as the pressure, temperature, or wind, that are the result of
heating and moistening by the Great Lakes aggregate.
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scale extratropical systems that pass through the Great
Lakes region.
The study by Fritsch et al. (1989) was purely observational and hence data limited in its attempt to quantitatively isolate the wind, temperature, and pressure perturbations associated with lake-aggregate effects. In the
present study, this limitation is overcome by utilizing
high-resolution numerical simulations of a lake-aggregate event. The case that is examined spans 48 hours
beginning 0000 UTC 13 November 1982 and includes a
12-h cold air outbreak period, during which time cold air
became established over the Great Lakes region, and a
subsequent 36-h recovery period, during which time
relatively cold air remained over the region. The case is
described more thoroughly by Sousounis and Shirer
(1992) in Part I of this study. The reasons for selecting it
are recalled briefly: 1) exceptionally cold air for midNovember; 2) slow airmass progression (allowing for an
extended period of air-lake interaction); and 3) lack of
upper-level support during surface development of a
mesoscale low over the Great Lakes.
In Fig. 1, the surface and some lower-tropospheric
features that were present at the start of the period of
interest are shown. The extreme cold (e.g., -27°C at
nearby Canadian stations) coupled with the relatively
warm lake surface (e.g., 6°-7°C for Lake Superior and
9°-10°C for Lake Erie) created lake-air temperature
differences exceeding 30°C. As a result, combined sensible and latent heat fluxes within the northwest flow
behind the exiting synoptic-scale low were very strong
(>1000 W rrr2). The high pressure system visible at the
western edge of Fig. 1a maintained cold air over the
Great Lakes region for more than 48 h as it slowly shifted
eastward. Surface pressures over the western portion of
the region remained relatively low, and the flow continued
to be cyclonic even though an upper-level ridge and
relatively cold air were building into the region (cf. Figs.
1a-c). A noticeable lag existed in the eastward advance
of the surface isotherms over the region compared to
areas farther south and east.
Two synoptic-scale effects were observed. Figure 2a
presents the temporal evolution of the 1028-mb isobar
during the 48-h period of interest. The analysis suggests
that the lakes split a high pressure ridge into two distinct
circulation centers as it crossed the region. Upon passing
to the east of the lakes, the two centers merged back into
a single system. The lake aggregate also appears to
have affected a weak extratropical cyclone that passed

FIG. 1. Surface and upper-air conditions for 0000 UTC 13 November
1982. (a) Mean sea level pressure (solid curves, every 2 mb) and surface
temperature (dashed curves, every 4°C). (b) 850-mb height (solid
curves, every 3 dm) and 850-mb temperature (dashed curves, every
4°C). (c) 500-mb height (solid curves, every 6 dm) and 500-mb temperature (dashed curves, every 4°C).
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FIG. 2. Evolution of synoptic-scale events, (a) Positions of 1028-mb isobar for UTC times shown (hour/day), (b) Positions and intensities
of synoptic-scale low every six hours for the period 1200 UTC 14 November 1982 to 1800 UTC 15 November 1982. Intensities (in mb, leading
10 omitted) are indicated below L's. Isobars, (thin curves), positions of high and low centers (bold), and region of active precipitation (shaded)
are shown valid for 0000 UTC 15 November 1982. Heavy curve shows area that received measurable precipitation during the 30-h period.

through the region just after the split high pressure
system merged and moved eastward. Figure 2b shows
the observed path and central pressure of the cyclone,
which advanced quickly into the center of the Great
Lakes region and then lingered. The central pressure
fell steadily as the system approached the region and
began to rise only after the storm exited the region. It
is reasonable to expect that heat and moisture fluxes
from the lakes would result in lower pressure over the
region, so that traveling low pressure centers would
tend to accelerate into that region and then tend to
lingerthere even though the upper-level supportforthe
traveling disturbance would shift steadily eastward.
The consequences of such lake-induced changes
in the speed and path of a traveling cyclone may be
substantial. For example, the attendant precipitation
shield shown in Fig. 2b could have been displaced
hundreds of kilometers from where it would have
occurred without the lakes. Moreover, precipitation
may have started much sooner and persisted much
longer in the Great Lakes region than what would have
been expected in a "no-lakes" situation. On a smaller
scale, it is well known that the strength and location of
lake-effect snowstorms along the shores of any of the
individual lakes are very sensitive to the wind direction
(e.g., Hjelmfelt 1990). If the lake-aggregate forcing
alters the path of traveling disturbances, or simply
modifies the regional flow, then the heavy snow areas
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are likely to change locations or possibly not occur at
all.
To explore the possibility that the lakes collectively
can create a lake-aggregate mesoscale disturbance
(circulation) that causes large changes in regional and
synoptic-scale weather systems, a mesoscale numerical model simulation that includes the lakes is
compared to a simulation without the lakes. The
details of the model initialization, boundary conditions,
and various other model considerations are described
in section 2. The results of a control (with lakes)
simulation are compared to observed conditions in
section 3. The results of the control simulation are then
compared to those of a "no-lakes" simulation in section 4. The identified lake-aggregate effects are discussed in section 5. A summary and concluding
remarks are provided in section 6.

2. Model description
The numerical model used for the simulations is a
recent version of The Pennsylvania State University/
National Center for Atmospheric Research (PSU/
NCAR) Hydrostatic Mesoscale Model (MM4). The
efficacy of this model for such simulations has been
noted by Anthes (1990), who presented a summary of
some of the more recent uses of the PSU/NCAR
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model. Some of the particular model features and
characteristics used for our numerical simulations are
described briefly below. Anthes et al. (1987) provide a
more detailed description of the model.
a. Domain selection
A coarse grid mesh (CGM) that was centered at
43.5°N and 84.5°W with 41 x 41 horizontal grid points
and 90-km resolution was used to provide boundary
conditions for the model in the region of interest. A fine
grid mesh (FGM) that was centered within the CGM
with 61 x 55 (horizontal grid points and 30-km resolution was used in the region of interest (cf. Fig. 4b). This
resolution provided 6-7 grid points across Lakes
Superior and Huron from north to south and across
Lake Michigan from east to west.
The model used 36 vertical o = (p- p)/(ps - p)
levels, where p is the pressure, pt= 100 mb is the
constant top pressure, and ps is the surface pressure.
The levels were chosen such that approximately 24
levels were below p = 700 mb. The large number of
levels within the lower troposphere was necessary to
resolve the strong inversions associated with cold air
outbreaks and also to prevent the development of
spurious gravity waves as discussed by Persson and
Warner (1991). The model top was sufficiently high so
that the lake-induced responses were not contaminated, but it was sufficiently lowto allow computationally
economical high vertical resolution.
b. Initialization procedure
The model was initialized with data from 0000 UTC
13 November 1982. The initialization basically followed the procedure described in Stauffer and Seaman (1990). First-guess fields of horizontal wind components u and v, specific humidity q, and temperature
T were obtained for the mandatory pressure levels
from the National Meteorological Center's historical
archives. The first-guess fields were then adjusted
using a Cressman-type analysis of the rawinsonde
data for all stations within a horizontal grid that extended five coarse grid points past the original dimensions of the CGM. The corrected fields were then
interpolated to the additional vertical levels of the
model.
In addition to the basic three-dimensional variables, two-dimensional fields of surface pressure ps,
ground temperature TG, snow cover s, and substrate
temperature 7"sub were also included in the initialization. Lake-surface temperatures were obtained from a
subjective composite of climatological data from
Saulesleja (1986) and buoy temperatures taken during various times in November 1982. Twelve-hourly
sounding information was used to provide boundary
conditions to the CGM. The possible sensitivity of the
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atmospheric simulation, either to specified or to changing lake-surface temperatures, during the period of
interest was not addressed. For such a short (48 h)
period of interest, steady lake-surface temperatures
were a reasonable assumption even during a strong
cold air outbreak episode in November. Any discrepancies of 1 ° or 2°C (as compared to a 30°C lake-air
temperature difference) between the specified model
and actual lake-surface temperatures were assumed
to be inconsequential for the lake-induced mesoscale
features that developed.
c. Additional model information
For the planetary boundary layer (PBL), a Blackadar
formulation (Blackadar 1976,1978; Zhang and Fritsch
1986) with second-order closure was used. The
subgrid-scale convection schemes that were used
were the Anthes-Kuo scheme (Anthes 1977) in the
CGM and the Kain and Fritsch (1990, 1993) scheme
in the FGM. Clear and cloudy air radiative processes
were included using schemes from Carlson and Boland
(1978) and Benjamin (1983).

3. Control simulation
a. Cold air outbreak period
Figure 3 shows the observed conditions and the
FGM numerical simulation of sea level pressure (Pmsl),
surface temperature (7), and surface winds (Vs) at 12,
24, and 48 h following the model initial time (0000 UTC
13 November 1982).
Observational analyses were derived using the
Penn State Real-Time Meteorological Analysis System described by Cahir et al. (1981). Note that the
model surface temperature is not the conventional
surface temperature measured five feet above the
ground. Rather, it is the mean temperature of the
lowest g layer. Although this layer is very thin, the
model "surface" temperature is really valid about 25
meters above the surface.
From Fig. 3a, it is evident that the synoptic-scale
low that was near the Great Lakes at the model initial
time (Fig. 1) moved northeastward, out of the FGM. In
its place is a broad mesoscale trough that indicates the
early development of the lake-aggregate circulation.
The scale of the lake-aggregate disturbance (trough),
as measured from north to south and from ridge crest
to ridge crest, is approximately 1200 km. The model
simulation of the lake-aggregate trough shown in Fig.
3b compares well with the observed feature, especially in terms of the wind field. The individual lakescale disturbances evident in the model simulation
(e.g., Fig. 3b) are difficult to verify because of insufficient observations over and around the lakes. (Lack of
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FIG. 3. Observations (left column) and FGM model results (right column) of mean sea level pressure (solid curves, every
2 mb) and surface temperature (dashed curves, every 4°C) valid for 1200 UTC 13 November 1982 (top row), 0000 UTC
14 November 1982 (middle row), and 0000 UTC 15 November 1982 (bottom row).
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surface and upper-air observations over the region
prevented validation of several individual-lake-scale
model features throughout the period.) The location
and strength of the model-simulated synoptic-scale
ridge that stretches through eastern Minnesota, Iowa,
and Missouri closely parallels the observed features
(cf. Figs. 3a,b).
Above the surface, there is no indication from the
observations in Figs. 4a and 5a of lake-induced effects. From the 12-h model simulation at 850 mb (Fig.
4b) there is a slight indication, especially over Lakes
Superior and Michigan. The disparity at upper levels is
again difficult to verify. Except for the region over Lake
Ontario, the observed 500-mb winds (Fig. 5a) have
become northwesterly with only minor perturbations in
the general flow. The model (Fig. 5b) replicates this
general flow fairly well.
b. Recovery period
As the cold synoptic-scale high pressure system
continued eastward and split into two high centers
(Fig. 3c), a weak mesoscale low pressure center
appeared over the lakes between the two highs. The
model captured both the splitting high and the formation of the mesoscale low, although the low pressure
disturbance has a double center (Fig. 3d). In the next
24 h, the weak mesoscale low over the lakes was
replaced by a synoptic-scale disturbance that approaches the western edge of the FGM in Figs. 3c,d.
The 48-h model simulation reproduces the observed
evolution of the synoptic-scale disturbance reasonably well (cf. Figs. 3e,f) except that once again the
model shows two centers. The primary center over
Lake Huron agrees well with the observed low center.
Aloft, the model-simulated transition from a synoptic-scale ridge to a trough appears similar to the
observed transition (Figs. 4c-f and 5c-f). Unlike during the cold air outbreak period,some lake-induced
effects appear at 850 mb. Specifically, cyclonic curvature of the wind field on an individual-lake scale is very
evident at 24 h (Fig. 4d) over Lake Superior, but less
evident over Lakes Michigan and Huron. The temperature field also indicates individual-lake-scale perturbations over Lakes Superior, Huron, and Michigan.
At 48 h, such perturbations in the wind and temperature fields are again evident over the lakes at 850 mb.
At 500 mb, no individual-lake-scale perturbations are
readily apparent.

4. Effects of the Great Lakes aggregate
The effects of the lake aggregate on the large-scale
environment were assessed by comparing a "no lakes"
(NL) simulation to the "with lakes" (WL) simulation
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discussed in section 3. Performing the NL simulation
required in theory the respecification of ground (lake
surface) temperature, substrate temperature, land
use, terrain height, air temperature, pressure, winds,
and moisture. For the present case, however, because the thermodynamic forcing by the lakes was
small at the initial time, only the land use, the ground
(lake surface) temperature for each lake point, and the
substrate temperature (e.g., 30 m below the surface)
at all points in the Great Lakes region were altered.
Altering the substrate temperatures at nearby lake
points was important because this temporally constant field is horizontally smoothed (to account for
subterranean heat conduction), and it can have a big
impact on the ground temperature field. The land use
categories were respecified from water to different
forest and field types. This allowed small surface
fluxes of heat and moisture to develop, but prevented
any mechanical effects from discontinuities in surface
roughness. The newly specified substrate temperature, ground temperature, and land use resulted in a
new snow field distribution. Any subjectively introduced ground and substrate temperature errors of 1
2°C for the NL simulation were much smaller that the
lake-air temperature differences of ~30°C in the WL
simulation, so that the WL-NL differences would be
fairly accurate representations of lake-aggregate effects.
Although this technique for removing the lakes was
not flawless, it did provide a more realistic assessment
of the lake-aggregate effects than just extinguishing
the surface fluxes of heat and moisture across the
lakes as has been done in several previous studies
(e.g., Boudra 1981).
a. Coarse grid mesh Pmsldistributions for WL and NL
simulations
The evolution of the CGM Pms| distribution is presented in Fig. 6 at 3-h intervals for both the NL and WL
simulations. Because the lakes did not significantly
affect the synoptic-scale high pressure system prior to
15 h into the simulation, only the 15- to 48-h period is
shown. At 15 h, the WL simulation (panels with shaded
lakes) indicates a mesoscale trough over the Great
Lakes region. This trough appears to be an extension
of a secondary synoptic-scale trough present over
southeastern Canada. The NL situation at 15 h also
shows the secondary synoptic-scale trough, although
the part over the lakes is much weaker. Differences in
Pmsl across western lower Michigan and the upper
peninsula of Michigan are ~4 mb.
At 21 h, the WL simulation exhibits a mesoscale low
pressure center with central Pms| -1024 mb over the
lakes. No such low is present in the NL simulation. By
24 h, the lake aggregate appears to have split the
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FIG. 4. Similar to Fig. 3 but for 850-mb heights (solid curves, every 3 dm) and 850-mb temperature (dashed curves,
every 4°C).
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FIG. 5. Similar to Fig. 3 but for 500-mb heights (solid curves, every 6 dm) and 500-mb temperature (dashed curves,
every 4°C).
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synoptic-scale high into two distinct systems. In con- circulation in the northeast corner of the grid (Figs.
trast, the NL simulation maintains a continuous north- 7c,d). However, despite the meso-a-scale structure of
south ridge directly through the Great Lakes region at the responses in the mass (e.g., temperature, mois30 h. In the WL simulation, the complex high pressure ture, and height) fields (Figs. 7a,b,e,f), the kinematic
system with two centers has moved east of the lakes and precipitation fields (Figs. 7b,c,d,e) indicate individual lake-scale (meso-/3 scale) structures.
and merged back to one center.
Although the signatures in the surface pressure,
Meanwhile, a synoptic-scale low was advancing
eastward across the central plains states. Comparing temperature, and humidity fields are what attracted
the 36-h and 39-h panels, the low jumped from north- our attention to lake-aggregate effects, they appear
ern Missouri to northern Michigan in just 3 h in the WL subtle in comparison to the corresponding changes in
simulation, whereas in the NL simulation, the low the wind field. Strong surface wind differences include
1
crawled from north-central to northeastern Missouri. increased northerly or westerly flow of 5-10 m s~
Over the next 9 h, the low in the WL simulation moved across the individual (meso-/? scale) lakes. Weaker
_1
from the northern tip of the lower peninsula of Michi- increases of 3-4 m s in southerly flow at the surface
gan to northeastern Lake Huron as it deepened by 5 exist across northern Indiana, Ohio, and even into
mb. The low in the NL simulation tracked south of the lakes
Over the next 9 h, the low in the WL simulation moved from the
to western Pennsylvania and
northern tip of the lower peninsula of Michigan to northeastern
deepened only 2 mb. The synLake Huron as it deepened by 5 mb. The low in the NL simulaoptic-scale highs on either side
of the low appear unmodified
tion tracked south of the lakes to western Pennsylvania and
by the lakes.
deepened on!y2mb.
b. Fine grid mesh WL-NL comparisons
The lake-aggregate effects changed noticeably
throughout the 48-h period. At 12 h, lake-aggregate
effects were evident only in the pressure, temperature, and moisture fields. By 48 h, they were evident in
the velocity and precipitation fields as well. Figures 7 10 present selected WL-NL simulation differences at
12-h intervals through the 48-h period of interest. At 12
h into the simulations, a relatively large (meso-ascale)
area with sea level pressure differences (falls) of 1 mb
exists over the Great Lakes region (Fig. 7a). This
pressure-fall area corresponds closely to the area
where surface warming exceeds 2°C (Figs. 7a,b). The
enhanced vertical motion (Figs. 7b and 7f) and additional precipitation (Fig. 7c) suggestthatthese changes
at 12 h are a result of individual lake rather than
aggregate lake effects. Although most precipitation
increases were small, several locations near downwind lake shores had increases of 1-2 cm. A curiosity
is the enhanced precipitation near the eastern boundary, especially near the northeast corner of the domain. While there is some possibility that this precipitation may be the result of the CGM-FGM interface,
it is more likely that it resulted from slight lake-induced
changes in the wind field. From Fig. 1a, it is evident
that this region experienced cold frontal lifting and
precipitation during the first 12-h period, and therefore, small lake-induced changes in the flow could
easily produce some slight additional precipitation.
Close inspection of differences in the surface and 700mb wind fields indicates a slightly enhanced cyclonic
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Pennsylvania. These wind changes imply that the
lake-aggregate forcing has enhanced the convergence at the surface along a latitude line extending
eastward from northeastern Illinois to northeastern
Pennsylvania. Conversely, the lake-aggregate effect
on the 700-mb wind field is strongly divergent over
much of the region with amplitudes of 1-2 m s~1.
At 24 h, the - 1 -mbPms| perturbation isobar (Fig. 8a)
reaches almost to the mid-Atlantic coast. The +2°C
perturbation isotherm (Fig. 8b), the +10% perturbation
isohume (Fig. 8d), and the +1 °C moist isentrope (Fig.
8f) indicate that significant meso-ascale warming and
moistening now extend over the Atlantic Ocean, a
distance of approximately 600 km from the nearest
lake. Vertical velocity and 12-24-h precipitation differences (Figs. 8b,c,f) continue to be dominated by
meso-/?-scale responses; that is, the strongest lakeaggregate-induced ascent is located directly over the
lakes, and the precipitation distribution is a fairly
typical lake-effect snow signature. Despite these meso/3-scale signatures, the surface wind field (Fig. 8c)
suggests that the presence of lake-effect snow in
Michigan, Ohio, Pennsylvania, and New York is strongly
influenced by the lake-aggregate effect, as is the
absence of any lake-effect snow in the offshore flow
along the northeastern shores of Lakes Superior and
Huron. These influences will be discussed more in
section 5.
The meso-/3-scale surface wind differences remain
strongest directly above the lake waters, although the
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FIG. 6. Coarse grid mesh domain sea level pressure fields for WL simulation (shaded lakes) and for NL simulation for the indicated hour
of simulation. Isobars are every 4 mb.
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FIG. 6. (Continued)
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FIG. 7. Fine grid mesh WL-NL differences at 12 h for (a) sea level pressure (superimposed on WLPmsl pattern), (b) surface
temperature and ascent at cr10 (-900 mb), (c) precipitation and surface winds; (d) relative humidity at cr10 and winds at <j23
(-700 mb), (e) height (every 10 m) and u field (every 4 m s~1 on a vertical cross section xy shown in (b), and (f) vertical motion
(every 4 mb s~1) and positive equivalent potential temperature (every 4°C) on a vertical cross section xy shown in (b).
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FIG. 8. Similar to Fig. 7 but valid at 24 h.
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winds have weakened slightly from their 12-h values.
The weaker differences are related to the slightly
warmer air, the weaker large-scale flow, and the
stronger large-scale subsidence over the region associated with the synoptic-scale high at 24 h. If, however,
a broader area surrounding the lakes is considered,
then it is evident that the meso-a-scale surface wind
field perturbation has strengthened slightly from its
value at 12 h. Moreover, it is evident that the mesoscale perturbation wind field has become cyclonic at
the surface (Figs. 8c,e) and anticyclonic at 700 mb
(Figs. 8d,e), indicating a tendency toward geostrophic
balance of the meso-a-scale circulation.
During the 24- to 36-h period, the lake-aggregateinduced Pmsl perturbation (Fig. 9a) expands northeastward, presumably in response to the shift in the
large-scale flow from northwesterly to southwesterly
ahead of the approaching low. The perturbation temperature pattern is slow to respond to the wind shift
and retains much of its southeastward extension. A
northward extension of the warm air is evident north of
Lake Superior where the shift to southwesterlies occurred first. The perturbation relative humidity also
retains much of its southward extension; however, a
large region northeast of the lakes (in southern Ontario)
has now become more moist.
The lake-aggregate perturbation vertical velocity
and precipitation fields at 36 h are beginning to exhibit
further signs of meso-a-scale structure. Specifically,
in addition to the coherent surface-level cyclonic and
700-mb level anticyclonic circulations, the 24-36-h
lake-aggregate-induced precipitation exists more than
100 km upwind from Lake Huron! We are unaware of
any lake-effect snow situation that deposits snow
along upwind shores. Further evidence of large-scale
ascent can be seen in Fig. 9f, which shows a
northeastward tilt of the perturbation equivalent potential temperature plume. The tilt suggests that the lower
portion of the PBL in southeastern Ontario is stabilized
by the upper-PBL heating from the lake aggregate.
The stabilized area is located just underneath the area
of strongest ascent, suggesting that the vertical motion at 36 h is from large-scale uplifting (overrunning)
rather than from convection as it appeared to be at 12
h. Another sign that the perturbation fields are assuming a meso-a-scale structure is that the perturbation
winds from the surface (Figs. 9 c,e) to 700 mb (Figs.
9d,e) are almost as strong hundreds of kilometers
north of Lakes Huron and Superior as they are over
any of the Great Lakes themselves.
The intensity and the organization of the 36-h
perturbation wind at 700 mb is noteworthy. A most
impressive anticyclonic structure centered about 300
km northeast of Lake Huron spans radially outward for
hundreds of kilometers with nearly circular symmetry.
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Maximum amplitudes are 5-6 m s~1. Weaker perturbation flow extends for nearly 1000 km in any direction
from the anticyclone center.
At 48 h, the lake-aggregate-induced Pmsl perturbation has become nearly circular but offset to the
northeast. The region of Pmsl reduced by 1 mb or more
has a radius of nearly 700 km. Negative height perturbations (cf. Fig. 10e) exceeding 10 m extend horizontally 500 km northeast of Lake Huron and vertically to
700 mb. The temperature and relative humidity perturbations seem to be more collocated once again with
the Pmsl perturbation. A small warm region stretches
from south-central Pennsylvania into eastern Virginia,
and a small area of increased moisture has developed
over the Appalachians in Pennsylvania. These southward extensions of the perturbation temperature and
humidity fields appear to be the result of enhanced
warm (moist) advection associated with the perturbation surface wind field. It is also evident that the lakes
enhanced and organized a region of weak cyclonic
flow that was present along the coast in the NL
simulation (e.g., see Fig. 10c). The displacement
between the warming and the moistening is the result
of orographic lifting of the enhanced southeasterly
flow at the surface in southeastern Pennsylvania and
subsequent enhanced moisture advection toward the
northeast. There is a local maximum in the surface
and 700-mb perturbation wind fields in this same
region, suggesting that a secondary dynamical response has occurred as a result of the primary lakeaggregate-induced disturbance over the lakes.
The lake-induced vertical velocity and 36-48-h
precipitation distributions indicate a meso-a-scale
northeastward elongation north of the lakes. Again,
the region of strongest ascent exists just above the
region of strongest warming for a distance of about
400 km northeast of Lake Huron. The vertical velocity
has a complex structure that illustrates the range of
scales on which the atmosphere is affected by the
Great Lakes. Ascending motion concentrated over
Lakes Superior and Michigan, where maximum warming exists at the surface, is an example of individual
lake effects. The continuous region of ascent spanning Lakes Erie and Ontario is an example of a partial
lake-aggregate effect. The large region of ascending
motion in southern Ontario, where maximum warming
is at 850 mb (cf. Fig. 10f), is an example of a multiplelake (aggregate) effect. Directly or indirectly, all of the
Great Lakes have probably assisted in the development of these large regions of ascending motion and
perturbation precipitation. The large area of precipitation correlates well with the location of the meso-ascale cyclonic surface circulation to the northeast of
the lakes region. This deep (500 mb) meso-a-scale
circulation is very well organized, yet individual-lake-

Vol. 75, No. 10, October 1994
Unauthenticated | Downloaded 01/09/23 05:19 AM UTC

FIG. 9. Similar to Fig. 7 but valid at 36 h.
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FIG. 10. Similar to Fig. 7 but valid at 48 h.
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scale enhancements of that circulation are also readily
evident. Comparison of the 36- and 48-h locations of
the surface cyclonic center and the 700-mb anticyclonic center, as well as the northeastward tilt of the
circulation (Figs. 9e and 10e), suggests that these
lake-aggregate-induced circulations are being shed
from the Great Lakes region.

5. Discussion
Some of the lake-aggregate effects we have identified appear to be linear (cf. Sousounis and Shirer
1992). Others appear to be nonlinear. For example,
the large-scale heating that occurs early is an example
of a linear response because the lake-aggregate
heating distribution equals the sum of the individual
lake heating distributions. The large-scale circulation
that develops in response to this heating and moistening, however, is an example of a nonlinear response
because the lake-aggregate circulation does not equal
the sum of the individual lake circulations. Our results
suggest that lake-aggregate effects transcend three
different interactive scales: local (meso-/3), regional
(meso-a), and distant (synoptic). The various lakeaggregate effects will be discussed according to scale.
a. Local effects
During strong cold northwesterly flow across the
Great Lakes, individual snow bands (a sub-lake-scale
response) develop with widths between 5 and 15 km
(Braham and Kelly 1982). Because our FGM model
resolution was set at 30 km, the individual bands that
almost certainly developed during the cold air outbreak stage of our 48-h period of interest were not
simulated very accurately in terms of their associated
wind, temperature, moisture, and pressure fields.
However, the larger, individual-lake-scale responses
that comprise multiple snow bands with a length scale
of -100 km were resolved by the model.
Although these local (individual lake scale) responses were not the focus of our study, their development was nonetheless crucial because it demonstrated that heat and moisture from the individual
lakes was being transferred into the PBL. The proper
representation of these individual-lake-scale fluxes
was tantamount to the accurate simulation of the lakeaggregate response.
The local heating and moistening responses affected the regional and hence the distant (e.g., synoptic) responses, which affected ultimately the local wind
and precipitation (lake-effect storm) responses. For
example, the weak synoptic-scale sea level pressure
gradient and southerly flow in the NL simulation at 24
h (cf. Fig. 6) suggest that if an additional simulation
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were performed with only Lake Michigan included,
then those results at 24 h would probably show
enhanced land breezes andsoutheasterly\N\r\ds across
western Michigan, and precipitation over the lake
center (cf. Passarelli and Braham 1981). However,
the WL precipitation and surface wind distributions (cf.
Fig. 8c) indicate westerly winds and lake-effect snow
along the western shore in Michigan. The enhanced
westerly winds were a result of the lake-aggregate
circulation that was developing just northeast of Lake
Michigan from individual lake effects. Similar lakeaggregate effects of local winds over Lakes Erie and
Ontario are also detectable. These results demonstrate that the lake-effect snow resulted from synoptic-scale, lake-aggregate-scale, and individual-lakescale effects.
b. Regional effects
While the regional (lake aggregate scale) effects on
temperature and pressure became established during
the first 24 h as heat and moisture were advected
southeastward from the lakes, the regional circulation
and the precipitation aspects did not become established until the second 24-h period. The fact that
precipitation occurred in a region extending 600 km
upwind of the lakes relative to the PBL flow over
relatively flat terrain suggests that it was not a result of
traditional lake-effect or topographic mechanisms, but
rather a result of enhanced meso-a-scale moistadiabatic ascent.
The delay in the organization of the lake-aggregate
cyclonic flow and precipitation may have been related
to the change in synoptic-scale wind direction. During
the first 24 h, the flow was essentially strong northwesterly, and the lakes augmented the cold advection
occurring across the region by enhancing the regional
(north-south) temperature gradient. Only individuallake-scale circulations existed over the region. Because of the well-known quasigeostrophic relationship between cold advection and descent (e.g., Carlson
1991), it is difficult to ascertain whether a meso-ascale circulation with large-scale ascent and precipitation would have ever developed had the thermal
advection pattern not changed.
The development of the lake-aggregate-scale circulation and the enhancement of precipitation may
have occurred in the next 24 h, as existing lakeaggregate-scale wind and temperature fields and developing low-level synoptic-scale southerly flow enhanced warm advection over the region. This advection likely enhanced, quasigeostrophically, the ascent
and the precipitation in the region. (Even if the position
of the low had not changed between the WL and NL
simulations, the WL simulation would have tended to
produce more precipitation in some regions anyway
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because of the additional moisture.) The enhanced
quasigeostrophic ascent and latent heat release probably strengthened the lake-aggregate-scale circulation and hence the synoptic-scale low over the region.
The events suggest a possible interaction between
the synoptic scale and the lake-aggregate scale.

it is well known that the locations of lake-effect snow
bands are very sensitive to the low-level wind speed
and direction. In some locations, the lake-aggregate
disturbance actually reversed the flow from onshore to
offshore (or vice versa) and thereby grossly altered
the locations where, based simply upon synopticscale flow patterns, lake-effect snowfall would have
been expected. It is concluded thatffre exact locations
of lake-induced snowfall over the Great Lakes are in
general the result of a complex interplay among the
snow bands, the mesoscale lake-aggregate disturbance, and the synoptic-scale flow.
A second way that the lake aggregate affects winter
weather is by altering the structures and paths of
weather systems traveling near or through the Great
Lakes region. In the present case, the lake aggregate

c. Distant effects
The weather in eastern Virginia was affected by
precipitation that developed along the coast between
36 and 48 h. This precipitation may have developed
from frictional convergence of onshore flow that was
enhanced as a result of lake-aggregate-induced heating and moistening. However, while the meso-a-scale
perturbation wind field over the lakes at 36-48 h (cf.
Figs. 9c,d and 10c,d) was a direct result of lake heating
and moistening, the enhanced cyclonic flow along the mid-Atlantic
It is concluded that the exact locations of lake-induced
coast at 48 h (cf. Fig. 10c) may have
snowfall over the Great Lakes are in general the result of a
been an indirect result. Specifically,
the heat and moisture may not have
complex interplay among the snow bands, the mesoscale
originated from the Great Lakes, but
lake-aggregate disturbance, and the synoptic-scale flow.
instead may have been advected
from the coastal mid-Atlantic Ocean
region by the lake-aggregate-induced winds that developed in response to previous split an approaching synoptic-scale high pressure
lake-aggregate heating and moistening. The distant system into two smaller circulation centers. Upon
aspects of the lake-aggregate response suggest that passing to the east of the region, the two circulations
the Great Lakes could potentially play a nontrivial role merged to form a single system again. The lake
in East Coast cyclogenesis. For example, while the aggregate also changed the speed, direction, and
southeastward transport of heat and moisture to the strength of a weak extratropical synoptic-scale cymid-Atlantic coast reduces the baroclinicity there, it clone that approached the region from the southwest.
also increases destabilization and enhances low-level In the WL simulation, as the cyclone neared the lakes,
cyclonic flow. These changes could enhance convec- the center accelerated rapidly into the region where it
tive development and low-level cyclogenesis.
deepened 5 mb and lingered for about 12 h. In the NL
simulation, the cyclone followed a steady path southeast of the lakes and only deepened 2 mb. Lakeaggregate-induced changes in the storm's path and
6. Summary and concluding remarks
intensity caused substantial changes in the regional
The PSU/NCAR High Resolution Numerical Model winds, temperature, humidity, precipitation, and lowerwas utilized to explore the meteorological effects of tropospheric static stability.
the Great Lakes during a period (13-15 November
Three additional effects that highlight the dynami1982) when relatively cold air advanced and remained cal response of the atmosphere to the lake-aggregate
over the Great Lakes region. Two 48-h simulations forcing are 1) the formation of an area of precipitation
were conducted in which the Great Lakes were in- more than 100 km upwind from the lakes, 2) the
cluded (WL) and then excluded (NL). The simulations shedding of the lake-aggregate-induced circulations
were compared and several different lake-aggregate from the region, and 3) the development of a secondeffects were found. These effects were manifested in ary dynamical response over the eastern mid-Atlantic
the form of a 4-km-deep, 2000-km-wide, lake-aggre- states. The downstream effects of the shed vortices is
gate circulation that developed slowly over the region unknown. The secondary dynamical response sugthroughout the period in response to initially strong gests that the Great Lakes can affect weather at
lake-aggregate heating and rapid moistening.
greater distances and in a much more complex way
One way that the lake aggregate affects winter than heretofore recognized. This response suggests
weather is by altering the speed and direction of the also that the Great Lakes can potentially play a
surface wind flow. This is an important effect because nontrivial role in East Coast cyclogenesis. For example,
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while the effect of the southeastward transport of heat
and moisture from the lakes to the mid-Atlantic coast
reduces the baroclinicity there, this is offset to some
extent by increased destabilization and enhanced
low-level convergence. Extended (3-5 day) simulations of several lake events would be necessary to fully
assess these three additional effects.
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