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Impacts

• Hazardous air and road travel due to near-zero 
visibility, gusty winds, and rapidly 
accumulating snow 

• Results in school closures and businesses, 
and in some cases power outages 

• Can last for several days 

• Positive impacts — skiing, snowmen, 
tobogganing, and work and school closures!
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Climatology of Lake-Effect Snows
Additional
wintertime 

precipitation 
expressed in 

mm of melted 
precipitation 
attributed to 

the Great 
Lakes. Dark 
line is 80 km 

boundary 
around 

shorelines.  
125 mm X 20 

= 2.5 m 
average snow 

depth!?



Climatology of Lake Effect Snows
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• Great Lake snow belts extend 50 to 80 km inland. 

• 80 km is the point where most of the moisture in 
the air has precipitated, and 80 km is well beyond 
the area where frictional convergence leads to 
lifting of air over the downwind shoreline.
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Large Scale Weather Patterns for Lake 
Effect Snowstorms

• Typically, extra-tropical cyclone passes over the 
region and cyclone’s cold front is well east of Great 
Lakes. 

• Cold air behind cold front flows southeastward 
across Great Lakes.  

• Strength of flow enhanced if Arctic High moves 
into the central US.
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Cold air behind cold front flows southeastward 
across Great Lakes

Cyclone’s cold front is well 
east of Great Lakes

Strength of flow enhanced if 
Arctic high moves into the 
central US
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A strong pressure 
gradient develops 
across the Great 
Lakes that drives 
cold air 
southeastward 
over the Lakes.

Lake effect storms occur most often in late fall and early winter when very 
cold air moves across the Lakes while the Lakes remain warm and ice free.
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•  As cold air (-5C to -25C) approaching lake moves out over smooth 
surface of lake, it accelerates because there are no objects (e.g., trees, 
building, hills) to impede air flow.

Lake-Effect Snowstorm Development
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• Because of this, air near 
the surface diverges 
along the upwind 
shoreline. 

• To compensate for this 
divergence, air above 
descends to the 
surface.

• This descending air 
remains clear (no 
clouds). 
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• As cold air first moves 
over warm lake, heat is 
transferred from lake 
surface to air just above 
lake surface.

• As this air�s temperature 
increases, so does its SVP 
as

• Water from lake rapidly 
evaporates into the air 
blowing over lake.

• Air can warm by as much 
as 20C while crossing 
lake.

• As cold air first moves 
over warm lake, heat is 
transferred from lake 
surface to air just above 
lake surface.

• As this air�s temperature 
increases, so does its SVP 
as

• Water from lake rapidly 
evaporates into the air 
blowing over lake.

• Air can warm by as much 
as 20C while crossing 
lake.

SVP=saturation vapor pressure
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• Above this warm surface 
layer of air, the air remains 
cold.

• Condition leads to rapid 
destabilization.

• Air near lake surface 
becomes unstable, rises 
to form clouds

• Clouds grow in height and 
intensity as air moves 
closer to the downwind 
shoreline.
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• As air crosses 
downwind shoreline, 
friction over land 
surface reduces wind 
speed.  

• Air converges here, 
forcing air upward, 
strengthening upward 
motion in cumulus 
clouds, enhancing 
convection in unstable 
air.
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• Snowfall is heaviest 
within and just 
downwind of this 
frictional convergence 
zone.

• The greatest snowfalls 
occur when air resides 
over the warm water for 
a long time (high fetch), 
which happens when 
flow is more along the 
length of individual 
lakes.
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Typically 

• clouds begin to form soon after air moves over 
lake, and snowfall normally begins well before air 
crosses the lake, and 

• lake effect clouds grow to altitudes of 2 to 3 km, 
shallow compared to thunderstorm clouds,  but 
deep enough to produce heavy snow squalls. 

• A capping inversion can limit the height of lake-
effect clouds.
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• Amount of snow that falls during lake effect storms 
depends on temperature of lake and temperature 
of air crossing lake (Fig 12.5).  

• Higher lake T’s, more heat and moisture 
transferred to air, and the  

• colder the air just above lake surface air, the more 
quickly air will destabilize as heat is added from 
lake. 

• Minimum temperature difference between water 
surface and 850 mb altitude needs to be at least 
13C.
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Climatology of Lake Effect Snows
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Lake temperatures and ice 
concentrations of the Great 

Lakes (A) Dec and (B) March. 

Note that cooling occurs 
over Dec to March, 

particularly over (shallow) 
Lake Erie. 

In general, lakes are coldest 
in February.
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Average Michigan snowfall around Great Lakes in December and 
February. 

Note the differences in snowfall.  In February Lake temperatures 
are low, and part or all of the Lakes are ice covered.
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• Amount of snowfall also depends on wind direction, wind 
speed, amount of ice cover on the lake, and topography 
downwind of lake. 

• Topography enhances surface friction, contributing to 
increased convergence and lifting on downwind side of 
lake; hills also a physical barrier to flow, forcing it to rise.  
Both effects contribute to upward air motion necessary to 
produce clouds and snow. 

• Hills also a physical barrier to flow, forcing it to rise. 

• Both effects contribute to upward motion necessary to 
produce clouds and snow.
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•  Higher  
elevations in 
red-brown

•  Enhanced 
lifting and 
snowfall in 
these regions
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• Air residence time over lake affects evaporation 
and heat transfer rates. 

• Both wind speed and direction determine 
residence time of air over lake. 

• Longer paths to the downwind shore increase 
residence time, and therefore amount of snowfall 
downwind.   

• Fetch usually must be at least 75 km, preventing 
small lakes for generating lake-effect snow.
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Residence time of air over Lake Michigan is much longer 
along path 2 compared to path 1 in  A.   Snowfall heavy in 

this area as shown in B.
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Effect of wind speed more complicated.   

• Slower winds allow air longer residence time, 
increasing heat flux from lake to air. 

• Faster winds create waves and enhance 
evaporation of moisture.   

• Wind speed and direction influence how clouds 
organize over the lake. 

• Less directional shear results in a more intense 
snow squall.
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Lake effect clouds organize in 3 ways: 

• wind parallel rolls, 

• shore-parallel bands, and 

• vortices. 

Each depends on speed and orientation of wind 
relative to lake.

Organization of Lake Effect Snowfall



Elongated Lake: Flow along long axis
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Figure 4.23 The horizontal temperature gradient that arises from the modification of the boundary layer over the
relatively warm lake generates thermally direct solenoids, with intensity increasing in the downwind direction (the degree
of air mass modification increases downwind). (a) In the case of an elongated lake (blue) with the wind blowing parallel
to the major axis of the lake, the solenoids give rise to mesoscale convergence and updraft along the major axis that
can promote the formation of an intense, single convective band. The fetch is also maximized, thus the strength of the
solenoids is maximized (the horizontal vorticity vectors associated with the solenoids are indicated with red arrows, as
is the sense of rotation; the magnitude of the horizontal vorticity is proportional to the size of the vectors). (b) In the
case of winds blowing across the same lake parallel to the minor axis, the fetch is minimized. Boundary layer modification
is therefore minimized as well, resulting in weaker solenoids. Moreover, the lake geometry relative to the wind direction
further reduces the contribution of the solenoids to upward motion over the lake (even if the air mass were somehow
equally modified despite the shorter fetch, the horizontal temperature gradient between the shore and lake center would
be less than in the case of winds blowing down the major axis of the lake). Mesoscale convergence and updraft are weaker
than in (a) and largely confined to the downwind shoreline. In the case of relatively weak mean winds, shore-parallel
convective bands can form or, in the case of faster mean winds, HCRs may be observed (by ‘shore-parallel’ bands, we are
referring to bands that are parallel to the downstream shoreline, and thus approximately perpendicular to the mean wind,
in contrast to HCRs, which tend to be parallel to the mean wind).
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Figure 4.24 Differential surface drag promotes mesoscale convergence (divergence) along the shorelines downwind
(upwind) and to the right (left) of the mean wind. The wind–pressure relationship shown above is valid in the northern
hemisphere. In the southern hemisphere, the pressure gradient would point toward the north and convergence (divergence)
would be found along the shorelines downwind (upwind) and to the left (right) of the mean wind.

The horizontal temperature gradient that arises from the modification of the 
boundary layer over the relatively warm lake generates thermally direct solenoids, 
with intensity increasing in the downwind direction (the degree of air mass 
modification increases downwind). (a) In the case of an elongated lake (blue) with 
the wind blowing parallel to the major axis of the lake, the solenoids give rise to 
mesoscale convergence and updraft along the major axis that can promote the 
formation of an intense, single convective band. The fetch is also maximized, thus 
the strength of the solenoids is maximized (the horizontal vorticity vectors 
associated with the solenoids are indicated with red arrows, as is the sense of 
rotation; the magnitude of the horizontal vorticity is proportional to the size of the 
vectors). 



Elongated Lake: Flow along short axis
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Figure 4.23 The horizontal temperature gradient that arises from the modification of the boundary layer over the
relatively warm lake generates thermally direct solenoids, with intensity increasing in the downwind direction (the degree
of air mass modification increases downwind). (a) In the case of an elongated lake (blue) with the wind blowing parallel
to the major axis of the lake, the solenoids give rise to mesoscale convergence and updraft along the major axis that
can promote the formation of an intense, single convective band. The fetch is also maximized, thus the strength of the
solenoids is maximized (the horizontal vorticity vectors associated with the solenoids are indicated with red arrows, as
is the sense of rotation; the magnitude of the horizontal vorticity is proportional to the size of the vectors). (b) In the
case of winds blowing across the same lake parallel to the minor axis, the fetch is minimized. Boundary layer modification
is therefore minimized as well, resulting in weaker solenoids. Moreover, the lake geometry relative to the wind direction
further reduces the contribution of the solenoids to upward motion over the lake (even if the air mass were somehow
equally modified despite the shorter fetch, the horizontal temperature gradient between the shore and lake center would
be less than in the case of winds blowing down the major axis of the lake). Mesoscale convergence and updraft are weaker
than in (a) and largely confined to the downwind shoreline. In the case of relatively weak mean winds, shore-parallel
convective bands can form or, in the case of faster mean winds, HCRs may be observed (by ‘shore-parallel’ bands, we are
referring to bands that are parallel to the downstream shoreline, and thus approximately perpendicular to the mean wind,
in contrast to HCRs, which tend to be parallel to the mean wind).
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Figure 4.24 Differential surface drag promotes mesoscale convergence (divergence) along the shorelines downwind
(upwind) and to the right (left) of the mean wind. The wind–pressure relationship shown above is valid in the northern
hemisphere. In the southern hemisphere, the pressure gradient would point toward the north and convergence (divergence)
would be found along the shorelines downwind (upwind) and to the left (right) of the mean wind.

 (b) In the case of winds blowing across the same lake parallel to the minor axis, the 
fetch is minimized. Boundary layer modification is therefore minimized as well, 
resulting in weaker solenoids. Moreover, the lake geometry relative to the wind 
direction further reduces the contribution of the solenoids to upward motion over the 
lake (even if the air mass were somehow equally modified despite the shorter fetch, 
the horizontal temperature gradient between the shore and lake center would be 
less than in the case of winds blowing down the major axis of the lake). Mesoscale 
convergence and updraft are weaker than in (a) and largely confined to the 
downwind shoreline. In the case of relatively weak mean winds, shore-parallel 
convective bands can form or, in the case of faster mean winds, HCRs may be 
observed (by ‘shore-parallel’ bands, we are referring to bands that are parallel to the 
downstream shoreline, and thus approximately perpendicular to the mean wind, in 
contrast to HCRs, which tend to be parallel to the mean wind).



Convergence due to Differential Surface Drag
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Figure 4.23 The horizontal temperature gradient that arises from the modification of the boundary layer over the
relatively warm lake generates thermally direct solenoids, with intensity increasing in the downwind direction (the degree
of air mass modification increases downwind). (a) In the case of an elongated lake (blue) with the wind blowing parallel
to the major axis of the lake, the solenoids give rise to mesoscale convergence and updraft along the major axis that
can promote the formation of an intense, single convective band. The fetch is also maximized, thus the strength of the
solenoids is maximized (the horizontal vorticity vectors associated with the solenoids are indicated with red arrows, as
is the sense of rotation; the magnitude of the horizontal vorticity is proportional to the size of the vectors). (b) In the
case of winds blowing across the same lake parallel to the minor axis, the fetch is minimized. Boundary layer modification
is therefore minimized as well, resulting in weaker solenoids. Moreover, the lake geometry relative to the wind direction
further reduces the contribution of the solenoids to upward motion over the lake (even if the air mass were somehow
equally modified despite the shorter fetch, the horizontal temperature gradient between the shore and lake center would
be less than in the case of winds blowing down the major axis of the lake). Mesoscale convergence and updraft are weaker
than in (a) and largely confined to the downwind shoreline. In the case of relatively weak mean winds, shore-parallel
convective bands can form or, in the case of faster mean winds, HCRs may be observed (by ‘shore-parallel’ bands, we are
referring to bands that are parallel to the downstream shoreline, and thus approximately perpendicular to the mean wind,
in contrast to HCRs, which tend to be parallel to the mean wind).
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Figure 4.24 Differential surface drag promotes mesoscale convergence (divergence) along the shorelines downwind
(upwind) and to the right (left) of the mean wind. The wind–pressure relationship shown above is valid in the northern
hemisphere. In the southern hemisphere, the pressure gradient would point toward the north and convergence (divergence)
would be found along the shorelines downwind (upwind) and to the left (right) of the mean wind.



29

Wind Parallel Rolls 

When strong winds blow across the lake, they 
transfer heat between lake and air, causing air to 
warm and rise. 

Cooler air aloft sinks to replace warm rising air. 

These rising and sinking motions form rolls aligning 
parallel to the wind.
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Circulations and cloud associated with wind-parallel rolls.  
Note that clouds form in rising branches of rolls and 
dissipate in sinking branches.  Cloud bands develop parallel 
to wind.
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Wind-parallel rolls over Lakes Superior, Michigan, Huron and Erie.
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•  Radar image of 
precipitation associated 
with wind-parallel rolls 
over eastern side of Lake 
Michigan

•  Precipitation forms linear 
bands, separated by 
relative precipitation free 
areas

•  Precipitation develops 
over lake and increases in 
intensity along shoreline 
and inland
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Shore-Parallel Bands
Heat of lake forces air over lake to rise, drawing in air 

from both shores towards the centre of the lake
– land breezes!

Circulation associated with shore-parallel bands (note deeper cloud)



34

Radar image of 
precipitation 

associated with 
shore-parallel band 
over Lake Michigan 

Note: band is still 
effectively ‘parallel’ to 
the wind — problem 

with terminology
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This formation also 
occurs when winds 
are strong and 
parallel to the long 
axis of the lake.  
Common over Lakes 
Erie and Ontario.
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Shore parallel bands difficult to forecast 

• only few kms wide,  

• may last a long time or dissipate rapidly;  

• sometimes they migrate during day, sometimes 
they remain stationary.    

• Positioning of bands can mean heavy snow/
precipitation in a single locality, yet sunny skies 
not far away.
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Visible satellite image with surface wind bars showing a 
shore-parallel band over Lake Michigan; shore-parallel band 
extends along length of lake 
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Mid-lake, shore-parallel snowband that buried 
Buffalo, Christmas 2002.
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Daily snow totals 

Record Amounts

Christmas snowstorm 2002
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Total precipitation 
lines up in a band 

with maximum 
located over Buffalo.

Radar Reflectivity
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Total storm 
precipitation 
(snow liquid 
equivalent)

Shows 
mid-lake 

shore 
parallel band 

during the 
storm
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Buffalo NY Lake-Effect Snow Event - Soundings!

From Mesoscale Meteorology in Midlatitudes!

Before!

After!
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Vortices 

Related to many variables such as  

• horizontal wind shear (variation of wind speed with 
distance),  

• strength of wind,  

• variations in shoreline topography,  

• atmospheric stability, and  

• lake-air temperature differences.   
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Vortices 

• normally develop over lake 

• sometimes near one shoreline 

• can maintain closed circulations for several hours 

• typically drift slowly with background flow 

• usually break up once they move inland
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Precipitation 
free “eye”

Ring of 
precipitation 
around eye 
similar to 
hurricane eyewall

Note sharp  
convergence 
zones along 
the snowbands 
that spiral 
outward from 
centre.
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Satellite image of upper 
Great Lakes showing 4 
separate vortices over 
Lakes Michigan, Huron, 
and Superior (see insert, 
black dots). 

All these vortices have 
“eyes.”   

When vortices stall such 
that centre of  vortex is 
located over shore, band 
can often promptly 
deliver 25 cm of snow.
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Vortex on SE side  
of Lake Michigan 

Note distinct spiral 
bands, and an eye as it 

moved onshore. 

Bands that appear 
to be weakening are  

not -- radar beam  
unable capture  
them entirely
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• The lake-effect storms described in the previous slides are occur in 
otherwise clear cold air that typically follows the passage of a larger 
scale cyclone. 

• Under the right temperature conditions, the Great Lakes also 
contribute to snowfall during a cyclone passage. 

• Lake-generated snow combines with snow from the larger 
cyclone. 

• This can result in some of the WORST snowfall in areas like 
Chicago.

Lake-Enhanced Snowfall
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Cyclone circulation 
draws air from eastern 

Canada across lake 
Michigan.   

If this low-level air is 
sufficiently cold, 

evaporation of moisture 
and heat transfer from 
lake lake to formation 
of lake-effect clouds 

below the cloud 
generated by the 

cyclone’s trough axis. 

Where else might this 
occur?
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Research – OWLES 2013-14!
Ontario Winter (OW) Lake-effect Systems (LeS) !

•  US-led project focusing on "
lake-effect snowstorms origin- "
ating over Lake Ontario !
•  Funded by the National Science Foundation"
(NSF) and the National Oceanic and Atmospheric "
Administration (NOAA)!
•  Some assistance from Environment Canada!

http://www.owles.org/!



Great Salt Lake Effect 
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• Lake-effect snow around the Great Salt Lake is generated in a 
similar fashion to elsewhere in the world.  

• However, the Great Salt Lake primarily provides a lifting mechanism 
and acts as an atmospheric destabilizer, which encourages 
convection.  

• This is in contrast to the Great Lakes, where the lakes contribute 
significant amounts of moisture and latent heat. 

• Great Salt Lake enhanced precipitation occurs when a strong, cold, 
northwesterly wind blows across a relatively warm lake.  

• This is common after a cold front passage, where the winds are 
predominantly northwesterly and the air is much colder than the 
lake.  

• When the land-lake breeze blows towards the lake, there is a 
convergence zone that acts to channel the cold air over the center 
of the lake and further enhance precipitation.  

• Water vapor and latent heat added to the air moving over the lake is 
not a signficant element of GSL Effect. 

• The salinity of the Great Salt Lake prevents freezing but reduces the 
saturation vapor pressure over the lake.

https://en.wikipedia.org/wiki/Lake-effect_snow
https://en.wikipedia.org/wiki/Convection
https://en.wikipedia.org/wiki/Great_Lakes
https://en.wikipedia.org/wiki/Moisture
https://en.wikipedia.org/wiki/Wind
https://en.wikipedia.org/wiki/Lake
https://en.wikipedia.org/wiki/Cold_front
https://en.wikipedia.org/wiki/Convergence_zone
https://en.wikipedia.org/wiki/Latent_heat
https://en.wikipedia.org/wiki/Salinity
https://en.wikipedia.org/wiki/Saturation_vapor_pressure
https://en.wikipedia.org/wiki/Lake-effect_snow
https://en.wikipedia.org/wiki/Convection
https://en.wikipedia.org/wiki/Great_Lakes
https://en.wikipedia.org/wiki/Moisture
https://en.wikipedia.org/wiki/Wind
https://en.wikipedia.org/wiki/Lake
https://en.wikipedia.org/wiki/Cold_front
https://en.wikipedia.org/wiki/Convergence_zone
https://en.wikipedia.org/wiki/Latent_heat
https://en.wikipedia.org/wiki/Salinity
https://en.wikipedia.org/wiki/Saturation_vapor_pressure


Great Salt Lake Effect: Forecasting lake-effect snow
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• A strong northwesterly flow maximizes precipitation for the Salt 
Lake Valley. 

• A minimal temperature difference of 29 °F (16 °C) between the 
surface and the 700 mbar (70 kPa) height is necessary, but not 
sufficient in itself to cause lake-effect snow. 

• An inversion or stable layer below 700 mbar (70 kPa) has never 
yielded lake-effect snow. 

• Lake-effect snow can occur in concert with synoptic scale storm 
systems. 

• A large lake-land temperature difference favors over-lake 
convergence

https://en.wikipedia.org/wiki/Bar_%28unit%29
https://en.wikipedia.org/wiki/Pascal_%28unit%29
https://en.wikipedia.org/wiki/Bar_%28unit%29
https://en.wikipedia.org/wiki/Pascal_%28unit%29


Great Salt Lake Effect: Forecasting lake-effect snow
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• Lake-effect is typically initiated during the night when land-breeze 
convergence is favored and convection occurs predominantly over 
the lake. 

• During the daytime, lake-effect precipitation tends to dissipate as 
solar heating creates scattered widespread convection over the 
land. 

• The 700 mbar winds typically determine the geographic position of 
the precipitation. 

• Limited amounts of directional and vertical wind shear tend to 
produce heavier precipitation events. 

• The Great Salt Lake contributes minimal amounts of moisture so 
that upstream moisture is a crucial variable.
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half-century, approximately 1/30th to 1/10th the area of Lake
Superior (Fig. 1; USGS 2012). Despite the relatively
small size of the GSL, multiple lake-effect precipita-
tion events occur annually. These events can reduce
visibilities to 1/4 mi (400 m) or less, and have produced
snow accumulations of over 60 cm at both valley and
mountain sites (e.g., Carpenter 1993; Steenburgh et al.
2000; Steenburgh 2003). The GSL is flanked on its east
and south shores by Interstates 15 and 80, respectively,
and the adjacentWasatch Front urban corridor has a pop-
ulation of more than 1.5 million (U.S. Census Bureau
2011).
Several factors contribute to the development of lake-

effect precipitation over the Great Lakes—including
a stationary or slow-moving 500-hPa low to the north,
a strong flow of relatively cold air over the lakes, a long
fetch, and a sufficient temperature differential between
the low-level air mass and the lakes (Wiggin 1950; Niziol
1987; Niziol et al. 1995). Steenburgh et al. (2000) found
analogous conditions inGSLE events, with precipitation
accompanied by a lake–700-hPa temperature difference
of at least 168C (approximately equivalent to a dry-
adiabatic lapse rate), a lack of stable layers below 700 hPa,
weak low-level directional shear (,608 in the 800–
600-hPa layer, with the GSL at ; 870 hPa), and a large

lake–land temperature difference, the latter favoring land-
breeze convergence over the GSL. Although Steenburgh
et al. (2000) established a parameter space in which
GSLE events can occur, they did not attempt to differ-
entiate between the conditions associated with GSLE
and non-GSLE periods.
Near the Great Lakes, lake-effect precipitation has

been classified using the following morphological cate-
gories: 1) widespread coverage of wind-parallel hori-
zontal roll convection (e.g., Kristovich and Laird 1998),
2) shoreline bands (e.g., Hjelmfelt and Braham 1983), 3)
solitary midlake bands (e.g., Passarelli and Braham
1981), and 4) mesoscale vortices (e.g., Laird 1999). Laird
et al. (2003a) group shoreline andmidlake bands together
since both morphologies tend to occur with similar
environmental conditions. Using a series of idealized
model simulations, Laird et al. (2003b) identified the
parameter U/L, the ratio of wind speed to fetch, as a
discriminator between lake-effect morphologies. How-
ever, an investigation of historical lake-effect events in
the Great Lakes showed U/L had somewhat limited
value in discriminating observed events (Laird and
Kristovich 2004). Steenburgh et al. (2000) found GSLE
precipitation structures ranging from a broad area of
precipitation southeast of the lake to a single narrow
midlake band, with no cases of multiple wind-parallel
bands such as those observed over the Great Lakes.
It remains to be determined whether environmental
factors can be used to discriminate morphological lake-
effect transition zones on smaller lakes such as the GSL.
Our research seeks to better understand the envi-

ronmental factors that affect the frequency, mor-
phology, and coverage of GSLE precipitation, and
differentiate between GSLE and non-GSLE periods,
through the development and analysis of a 13-yr cool-
season radar-derived climatology. We will show that
GSLE events occur primarily within specific ranges of
instability, moisture, and kinematic parameters, whereas
considerable overlap exists between the conditions asso-
ciated with different GSLE morphologies. Furthermore,
we identify deficiencies in current forecast techniques and
present a new probabilistic approach using lake–air tem-
perature difference, low-level relative humidity, and wind
direction.

2. Data and methods

a. Event identification

GSLE events were identified visually using lowest-tilt
(0.58) radar reflectivity images from the Weather Sur-
veillance Radar-1988 Doppler (WSR–88D) at Prom-
ontory Point, Utah (KMTX; Fig. 1), for the cool seasons

FIG. 1. Topography and landmarks of the study region; red dots
mark the locations of mesonet stations used in the calculation of
DTLAKE–LAND.
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reflectivity $ 10 dBZ with a horizontal aspect ratio of at
least 6:1 (Weckwerth et al. 1997), which is approximately
equal to the aspect ratio of the main body of the GSL,
aiding visual classification of the radar data. While the
morphology was determined every 3 h during GSLE
events, analysis of the environmental conditions affect-
ing the morphology was only performed for 3-h periods
surrounding upper-air sounding launches at KSLC (e.g.,
1030–1330 UTC for a 1200 UTC sounding).

d. Great Salt Lake temperature

A consistent record of daily GSL temperature ob-
servations does not currently exist. Steenburgh et al.
(2000) used data from bimonthly U.S. Geological Survey
(USGS) bucket samples to construct a climatological

curve for GSL temperature. Crosman and Horel (2010)
later applied cloud and landmasks to surface temperature
data from the Moderate Resolution Imaging Spectror-
adiometer (MODIS) and obtained a representative GSL
temperature by calculating the median temperature of all
unmasked pixels. Although an improvement over the use
of bucket samples, MODIS temperature data were not
available onmany days due to frequent obscuration of the
lake by clouds. Crosman and Horel (2010) constructed
a curve similar to that of Steenburgh et al. (2000) by fitting
a cosine function to points representing the average
temperature of all available images in each month.
For this study, a third climatology curve was calcu-

lated by applying a Fourier fit between the Julian day
andMODIS-observed temperatures in theCrosman and
Horel (2010) dataset, given by

FIG. 2. Examples of GSLE precipitation context: (a) isolated areas of lake-effect precipitation, with no other
precipitation falling in the surrounding valleys; (b) lake-effect precipitation concurrent with other primarily con-
vective precipitation features; (c) lake-effect precipitation concurrent but not collocated with synoptic/transient
stratiform precipitation; and (d) localized lake enhancement of transient precipitation.
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TLAKE-CLIMO 5 13:8 2 11:9 cos(0:0172j) 2 4:09 sin(0:017j) 2 0:93 cos(0:0344j) 1 0:677 sin(0:0344j)

2 0:482 cos(0:0516j) 2 0:600 sin(0:0516j),

where TLAKE-CLIMO is the climatological GSL temper-
ature on Julian day j. This curve better captures the
winterminimum and the rate of increase in spring (Fig. 4).
The shallow waters of the GSL are prone to significant
departures from climatology, as shown when MODIS-
derived GSL temperatures [medians calculated as in
Crosman and Horel (2010)] are compared to the three
curve fits. To address this issue, we adapted the ap-
proach of Carpenter (1993) by calculating a linear re-
lationship between the GSL temperature anomaly
(relative to our Fourier fit climatology curve) and the
anomaly in 7-day mean temperature at KSLC. KSLC
7-day mean temperature anomalies were computed rel-
ative to a Fourier fit estimation of the 1997–2010 KSLC
temperature climatology, given by

TKSLC-CLIMO 5 11:3 2 13:4 cos(0:0167j)

2 3:29 sin(0:0167j)1 0:472 cos(0:0334j)

1 1:90 sin(0:0334j),

where TKSLC-CLIMO is the climatological 7-day mean
temperature at KSLC ending on Julian day j. The re-
lationship between GSL temperature and KSLC tem-
perature,

TLAKE5TLAKE-CLIMO 1 0:39(TKSLC2TKSLC-CLIMO),

where TLAKE is the estimated GSL temperature,
TLAKE-CLIMO is the climatologicalGSL temperature,TKSLC

is the 7-day mean temperature at KSLC, and TKSLC-CLIMO

is the climatological 7-day mean temperature at KSLC,
was calculated from a dependent set containing 80% of

FIG. 3. Examples of GSLE morphology categories: (a) nonbanded, (b) mixed mode, and (c) banded.

FIG. 4. MODIS GSL temperature vs three climatological
curve fits.
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ature on Julian day j. This curve better captures the
winterminimum and the rate of increase in spring (Fig. 4).
The shallow waters of the GSL are prone to significant
departures from climatology, as shown when MODIS-
derived GSL temperatures [medians calculated as in
Crosman and Horel (2010)] are compared to the three
curve fits. To address this issue, we adapted the ap-
proach of Carpenter (1993) by calculating a linear re-
lationship between the GSL temperature anomaly
(relative to our Fourier fit climatology curve) and the
anomaly in 7-day mean temperature at KSLC. KSLC
7-day mean temperature anomalies were computed rel-
ative to a Fourier fit estimation of the 1997–2010 KSLC
temperature climatology, given by

TKSLC-CLIMO 5 11:3 2 13:4 cos(0:0167j)
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where TKSLC-CLIMO is the climatological 7-day mean
temperature at KSLC ending on Julian day j. The re-
lationship between GSL temperature and KSLC tem-
perature,

TLAKE5TLAKE-CLIMO 1 0:39(TKSLC2TKSLC-CLIMO),

where TLAKE is the estimated GSL temperature,
TLAKE-CLIMO is the climatologicalGSL temperature,TKSLC

is the 7-day mean temperature at KSLC, and TKSLC-CLIMO

is the climatological 7-day mean temperature at KSLC,
was calculated from a dependent set containing 80% of

FIG. 3. Examples of GSLE morphology categories: (a) nonbanded, (b) mixed mode, and (c) banded.

FIG. 4. MODIS GSL temperature vs three climatological
curve fits.
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the 1700 MODIS images and then tested on an in-
dependent set containing the remaining 20%. This
methodology yields a substantial improvement in GSL
temperature estimation over any previous climatology
curve (Table 2) and has been applied to the entire 13-
cool-season study period to produce a continuous GSL
temperature record. Errors in temperature estimation
were less than 28C in 82% of the independent test cases
and were largest in spring when Crosman and Horel
(2010) found the largest diurnal ranges. Most of the
large regression errors in spring were daytime un-
derestimates and nighttime overestimates.

3. Results

a. Frequency, characteristics, and seasonality of
GSLE events

During the 13 cool seasons, 149 GSLE events were
identified. The mean event duration was 11.3 h, al-
though events lasted an average of 3.1 h longer in fall
(16 September–30November) andwinter (1December–
28 February) than in spring (1 March–15 May). There
were 11 events with durations$ 24 h, up to a maximum
of 48 h during 25–27November 2001. GSLE context was
distributed as follows: isolated areas of lake-effect pre-
cipitation, 1780 h (62% of the timeGSLEwas observed);
lake effect concurrent with other primarily convective
precipitation features, 356 h (20%); lake effect concur-
rent but not collocated with synoptic/transient stratiform
precipitation, 178 h (10%); and localized lake enhance-
ment of transient precipitation, 142 h (8%).
There exists large interannual variability in event

frequency, with the number of events per cool season
averaging 13 but ranging from 3 to 20 (Fig. 5a). Cool
seasons with fewer trough days (i.e., days when the
500-hPa relative vorticity exceeds 2 3 1025 s21 at Salt
Lake City at 0000 and 1200 UTC) are generally marked
by fewer GSLE events (Fig. 5b; shown as standardized
anomalies, i.e., departures from the study period mean
expressed as the number of the standard deviations;
correlation coefficient R 5 0.64), as are cool seasons
with a lower mean lake–700-hPa temperature difference

(R 5 0.62). Although the sample size is small, the null
hypothesis of zero true correlation can be rejected with
at least 98% confidence (P , 0.02) for both of these
factors. The GSL ranged in area between 3100 and
4500 km2 over the study period (USGS 2012), but over
this interval, the relationship between GSL area and
GSLE frequency is weaker than for the aforementioned
synoptic factors (Fig. 5b; R 5 0.34, P 5 0.26). These
results suggest atmospheric factors have a larger impact
on interannual variability in GSLE frequency than do
fluctuations in the lake area. From 1861 to 2011, the area
of the GSL varied between 2460 and 8550 km2 (USGS
2012), a much larger range that could have had a more
measureable effect on GSLE frequency, but an analo-
gous event climatology does not exist for longer time
periods.
The seasonal event distribution is bimodal, with the

frequency highest from mid-October to mid-December

TABLE 2. Performance of four methods for estimating GSL
temperature, evaluated for an independent set of 240 MODIS
overpasses.

TLake method R2 RMSE (8C) Bias (8C)

Steenburgh et al. (2000) 0.88 7.06 21.39
Crosman and Horel (2010) 0.90 4.35 20.30
Fourier fit 0.92 3.51 20.10
KSLC anomaly regression 0.95 2.31 20.11

FIG. 5. (a) Annual frequency of GSLE events. (b) Standardized
anomalies of event frequency, lake area, and synoptic factors.
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and in early April (Fig. 6a). Our results differ from those
of Steenburgh et al. (2000), who found a midwinter peak
in event frequency for 1994–98. This discrepancy might
reflect the smaller sample size (34 events versus 149 in
the current study), differing techniques for event iden-
tification, and/or missing radar data shortly after KMTX
became operational in 1994.

b. Factors affecting the occurrence of GSLE

1) LAKE–ATMOSPHERE TEMPERATURE

DIFFERENCE

The mean lake–700-hPa temperature difference (DT)
for GSLE events is 20.78C, but in 9 of the 143 GSLE
soundings DTwas less than 168C, with these occurrences
confined to 4 December– 12 February. This finding in-
dicates that DT corresponding to a dry-adiabatic lapse

rate (e.g., Holroyd 1971; Niziol 1987; Carpenter 1993;
Niziol et al. 1995; Steenburgh et al. 2000) is not an ab-
soluteminimum for the occurrence ofGSLE, which calls
into question the use of this threshold in operational
forecasting. On 5 January 2007, GSLE produced snow-
fall totals of 10–20 cm in the Salt Lake and Tooele
Valleys with a DT of only 14.18C. The lowest DT asso-
ciated with GSLE in this study was 12.48C at 1200 UTC
2 January 2000, when the sounding exhibited a moist-
adiabatic lapse rate and near-saturated conditions up to
the tropopause (Fig. 7). High values of DT were reached
much less often during winter due to a lake temperature
remaining near 08C, a result that may partially explain
the winter minimum in event frequency.
Although low DT (,168C) values could arise from

errors in the regression estimation of lake temperature,
the mean absolute error in lake temperature estimation
during December–February was only 0.98C, so this con-
tribution is expected to be small. Alternatively, events
featuring low DT values could be due to the erroneous
attribution of precipitation features to lake-effect pro-
cesses. A reexamination of the radar data for these
events suggests that this source of error is unlikely.
Parcel theory suggests that when the boundary layer
profile is saturated and moist adiabatic, any DT greater
than a moist-adiabatic lapse rate could be sufficient for

FIG. 6. (a) Number of events by half-month. (b) Standard box-and-
whiskers plot of lake–700-hPa temperature difference (DT) by
month, for non-GSLE (black) and GSLE soundings (red). Black
dashed line indicates the 168Coperational forecast threshold, and red
dashed line the quadratic curve fit for a seasonally varying threshold
(DTmin). Blue line denotes climatological lake temperature.

FIG. 7. Skew T–logp [temperature, dewpoint, and wind barbs
(full and half barbs denote 5 and 2.5 m s21, respectively)] diagram
for KSLC at 1200 UTC 2 Jan 2000.
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GSLE occur very frequently in the warmer months,
these values were often accompanied by high environ-
mental stability, unfavorable flow, and inadequate low-
level moisture.
Fitting a quadratic curve to the monthly minimum DT

points (DTmin) is a simple approach to developing
a seasonally varying threshold as an alternative to
a single value (e.g., 168C). The equation for this best fit
curve (plotted in Fig. 6b) is

DTmin 5 0:000 642 5d2 2 0:152d1 21:35(8C),

where d is the number of days since 15 September. The
remainder of the manuscript will refer to DT2 DTmin as
the excess of DT (hereafter DTexcess) in a given sounding
above this seasonally varying threshold. By this method,
DTexcess $ 08C is considered the minimum ‘‘re-
quirement’’ for GSLE, although some values associated
with GSLE are slightly less than zero due to an imper-
fect DTmin curve fit.
Figure 9 shows DTexcess values for four types of sound-

ings: (a) soundings with no lake effect, (b) soundings with
a lake effect, (c) soundings with a pure lake effect (i.e.,
when no transient or non-lake-effect precipitation is
present) and a low coverage of radar echoes $10 dBZ
(,80 km2, the lowest tertile of this parameter), and (d)
soundings with a pure lake effect and a high coverage of
radar echoes $10 dBZ (.600 km2, the highest tertile).
The median value of DTexcess for all soundings with
GSLE was 4.08C, with a maximum of 11.48C. Large
values ofDTexcess do not indicate an increased likelihood
of high-coverage events, and in fact the median DTexcess

for high-coverage events (3.48C) is significantly lower
than for low-coverage events (5.58C).
When considering only DTexcess, there remains a large

portion of soundings where the seasonally varying
threshold is exceeded but no lake effect occurs. In fact,
no GSLE was observed within 12 h for 77% of sound-
ings with DTexcess $ 08C, a result that necessitates the
examination of additional environmental variables.

2) ENVIRONMENTAL MOISTURE

The presence of low-level moisture is crucial for
GSLE events, and low relative humidity values may
preclude the development of lake-effect precipitation
even when DTexcess is large. Among moisture variables,
the largest difference in the medians for GSLE and non-
GSLE soundings, given DTexcess $ 08C, was found for
850–700-hPa layer-mean relative humidity (RH850–700),
and themedianRH850–700 forGSLE soundings (81%)was
considerably higher than for non-GSLE soundings (67%)
(Fig. 10a). High-coverage GSLE soundings exhibited
a slightly higher median RH850–700 than did low-coverage

soundings (83% versus 77%, respectively; significant at
the 90% level). There were no GSLE soundings with
a RH850–700 , 53% and no high-coverage GSLE sound-
ings with aRH850–700, 60%.Only 27%of soundings with
a DTexcess $ 88C and a RH850–700 , 60% were associat-
ed with GSLE, versus 72% for a DTexcess $ 88C and
a RH850–700 $ 60% (not shown), indicating that a large
value of DTexcess was often insufficient for GSLE when
dry air was present at low levels.
The median values of midlevel (700–500-hPa) layer-

mean relative humidity (RH700–500; Fig. 10b) were also
significantly higher forGSLE (71%) than for non-GSLE
soundings (56%). However, several GSLE soundings
had RH700–500 less than 30%, perhaps reflecting the
existence of GSLE convection primarily in the lowest 1–
3 km above ground. Soundings with high-coverage
GSLE showed very high median RH700–500 relative to
low-coverage soundings, with a median of 76% and no
values less than 55%. Occurrences of high-coverage
GSLE therefore tend to depend on the presence of both
low- and midlevel moisture.
The importance of moisture for lake-effect pre-

cipitation is underscored by past research. Steenburgh
et al. (2000) found no GSLE events with a 700-hPa rel-
ative humidity less than 54%, and Kristovich and Laird

FIG. 9. Comparison of DTexcess for four categories of soundings:
soundings with GSLE, without GSLE, with a pure lake effect and
low coverage (,80 km2 of 10-dBZ radar echoes, the lowest tertile),
and with a pure lake effect and high coverage (.640 km2 of 10-
dBZ radar echoes, the highest tertile). Box top and bottom are the
25th and 75th percentiles, the median is denoted by a horizontal
line in the box (medians of two distributions differ at the 90% level
when the notches around their respective median lines do not
overlap), whiskers extend to 1.5 times the interquartile range, and
outliers beyond 1.5 times the interquartile range are denoted by
plus signs (1).
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(1998) highlight the dependence of lake-effect cloud
formation on upstream moisture conditions, suggesting
that moisture might play a key role in determining
whether GSLE convection develops. Around the Great
Lakes, where upstream moisture is perhaps less impor-
tant due to longer overlake fetch, neither Niziol (1987)
nor Niziol et al. (1995) include relative humidity when
describing significant parameters in the operational
forecast process for lake-effect snow.

3) STABILITY AND WIND SHEAR

The median 700–500-hPa lapse late for GSLE was
6.7 K km21, significantly greater than that of non-GSLE
soundings (5.7 K km21; Fig. 10c), suggesting that mid-
level environmental stability is also important for the
occurrence of GSLE, given the presence of sufficient
DTexcess. The median 700–500-hPa lapse late for high-
coverage events (7.3 K km21) greatly exceeded the me-
dian for low-coverage events (5.3 K km21), indicating
a tendency for more widespread precipitation to occur
when conditional instability is present at midlevels.

Soundings with GSLE were associated with lower
median values of 800–600-hPa1 directional shear than
were non-GSLE soundings (258 versus 378, respectively;
Fig. 10d). The median value for high-coverage events
(218) was also significantly lower than for low-coverage
events (318). However, high values of directional shear
(.608) alone did not decrease the likelihood of GSLE,
given that modest lake-induced instability and low-
level moisture were present. For DTexcess $ 48C and
RH850–700 $ 60%, GSLE was associated with 32% of
soundings with 800–600-hPa directional shear # 608,
and 30% of soundings with directional shear. 608 (not
shown). In fact, there were eight soundings where
GSLE was associated with directional shear $ 908 and
700-hPa wind speeds . 5 m s21, including one high-
coverage event. These results conflict with findings in
previous studies. Niziol (1987) found from discussions

FIG. 10. Comparison of variables in the same categories of soundings as in Fig. 9, but forDTexcess$ 0: (a) 850–700-hPa
mean layer RH (%), (b) 700–500-hPa mean layer RH (%), (c) 700–500-hPa lapse rate (K km21), and (d) 800–600-hPa
directional shear (8). Box-and-whiskers plotting convention as in Fig. 9.

1 This layer was chosen following Steenburgh et al. (2000), who
describe it as the ‘‘steering layer.’’
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with forecasters that low-level (surface–700 hPa) wind
shear greater than 608 tended to prevent lake-effect
convection on the Great Lakes. Steenburgh et al.
(2000), who studied a much smaller sample of GSLE
events, found only one radiosonde observation during
a GSLE event where 800–600-hPa directional shear
exceeded 608.

4. WIND DIRECTION

The median wind direction in GSLE soundings was
3158 at 700 hPa, and 3258 at 800 hPa, with the latter value
corresponding to the direction of maximum fetch over
the GSL. The GSL has a large horizontal aspect ratio,
and fetch is dramatically reduced for wind directions
approaching the southwest or northeast, from a peak of
; 125 km at 3258 and 1458 down to ; 40 km at 2358 and
558. Accordingly, for DTexcess$ 0 and RH850–700$ 55%,
22% of soundings with 700-hPa wind directions between
2928 and 78 were associated with GSLE, versus only 9%
with winds outside this range (Fig. 11). In all of the
soundings examined by Steenburgh et al. (2000), the
700-hPa wind direction was between 2858 and 58, but our
analysis of a larger sample of radar data found that the
700-hPa wind direction was outside of this range in 16%
of soundings associated with GSLE. While at some of
these sounding times weak GSLE convection was
present in unusual areas [e.g., the far northern Wasatch
Front, Skull Valley, and the West Desert region (see
Fig. 1 for locations)], wind speeds were otherwise very
light (,3 m s21) and lower-level flow (i.e., at 800 hPa)
was still from the west, northwest, or north.

5. LAKE–LAND TEMPERATURE DIFFERENCE

The timing of GSLE events suggests the importance
of land-breeze convergence for convective initiation.
There was a strong tendency for GSLE to initiate in the
overnight hours and end during the day, a characteristic
shared by 73% of events. The median start time for
events was 3.1 h after sunset (Fig. 12a), and the median
end time was 2.7 h after sunrise (Fig. 12b). Only 12
events (8%) initiated between noon and sunset. GSLE
wasmost likely to be present between 1100 and 1500UTC
[0400–0800 local standard time (LST)], and least likely
between 2100 and 0100 UTC (1400–1800 LST; Fig. 12c),
times that correspond, respectively, to the maximum and
minimum values of lake–land temperature difference2

(DTLAKE–LAND).

OndayswithGSLE, themedian values ofDTLAKE–LAND

were 7.88, 4.58, and 6.18C at midafternoon, and 12.28,
8.38, and 11.78C in the early morning, during the fall,
winter, and spring, respectively (Fig. 12d). The maxima in
DTLAKE–LAND clearly correspond with the times of peak
GSLE frequency (i.e., Fig. 12c). There were no times
over the entire period of record where GSLE occurred
with a lake temperature colder than the mean tempera-
ture at adjacent land stations (i.e., DTLAKE–LAND , 0).
On a lake that is warmer than the adjacent land surface,
a confluence zone and surface pressure trough may
develop where offshore flow from one side of a lake
opposes either the mean flow or offshore flow from
the other side (e.g., Hjelmfelt 1990). When instability is
sufficient, convective updrafts in this confluence zone
strengthen the incoming land breezes and effectively
generate a ‘‘self-maintaining’’ system (Passarelli and
Braham 1981). The concept of land breezes driving con-
vective initiation brings forth difficulty in the deter-
mination of cause and effect, in that convective structures
may induce their own local wind field. However, the large
magnitude of DTLAKE–LAND on days with GSLE, and the
timing of events, suggest that mesoscale thermally driven
flows are likely to play a significant role in initiating and
maintaining GSLE.
The diurnal modulation of GSLE exhibits marked

seasonal differences that appear counterintuitive within
the context of thermally driven circulations. Several

FIG. 11. Fraction of soundings (%) with GSLE vs 700-hPa wind
direction, overlaid on GSL shoreline map, given DTexcess $ 0 and
RH850–700$ 55% (black bars) orDTexcess$ 3 andRH850–700$ 70%
(gray bars).

2 The lake–land temperature difference (DTLAKE–LAND) is
computed as the difference between the GSL temperature and the
mean 2-m temperature at 11 mesonet sites surrounding the GSL
(see Fig. 1 for locations). Positive values of DTLAKE–LAND indicate
that the GSL is warmer than land stations.
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GSLE events persist throughout the day in fall, and the
frequency of GSLE in winter has almost no dependence
on time of day. However, GSLE is very rare in spring
between 1900 and 0200 UTC (1200–1900 LST), despite
median DTLAKE–LAND values that are comparable to or
greater than those in the fall. Analysis of radar imagery
reveals a tendency for events in spring to transition to
disorganized land-based convection during the after-
noon, despite atmospheric profiles favorable for GSLE.
Conversely, winter events often retain organized lake-
effect convection through the afternoon hours with
much lower values of DTLAKE–LAND. We attribute this
seasonal contrast to the presence ofmore intense daytime
surface heating in spring, when the solar zenith angle is
smaller, which yields deeper mixing and drier air at low
levels by midafternoon. On days with GSLE, 1200 UTC
(0500 LST) profiles of median relative humidity were
similar in fall, winter, and spring (Fig. 13). At 0000 UTC
(1700 LST), however, themedian relative humidity in the
lowest levels (i.e., 850–800 hPa) dropped to 40%–50% in
spring, versus 60% in fall and winter. Several studies

point to decreasing upstream low-level relative humidity
due to afternoon turbulent mixing as amechanism for the
diurnal modulation of lake-effect precipitation (e.g.,
Lavoie 1972;Hjelmfelt 1990;Kristovich andSpinar 2005).
Although the KSLC sounding site is generally down-
stream of the GSL in the majority of GSLE events, the
observed daytime drying at low levels is likely to be oc-
curring throughout the surrounding region, thus re-
moving the crucial moisture ingredient necessary for
lake-effect precipitation.

c. GSLE morphology

GSLE precipitation covers a wide range of convective
modes, from widespread areas of nonbanded structures to
narrow, solitary bands.We foundnonbanded precipitation
was the most frequently observed mode, comprising
54% of the 605 analyzed 3-h GSLE periods. The
remaining periods were characterized as either mixed
mode (25%; primarily nonbanded with some embedded
linear features), or banded (20%). Banded periods were

FIG. 12. Timing ofGSLEevents: (a) event start time relative to sunset (h); (b) event end time relative to sunrise (h);
(c) number of days with GSLE at a given time of day (h, UTC and LST), where vertical bars indicate the ranges of
sunrise and sunset times (16 September–15 May); and d) hourly median DTLAKE–LAND on days with GSLE.
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less common in the winter months (December–February),
comprising only 10%ofGSLE periods, than in fall (27%)
or spring (25%). Steenburgh et al. (2000) suggested a link
between midlake banded structures and the existence of
thermally driven convergence, and accordingly we found
a significant increase in the frequency of banded GSLE
whenDTLAKE–LANDwas large. ForDTLAKE–LAND, 48C,
only 13% of GSLE periods were banded, versus 30% for
DTLAKE–LAND . 148C.
The morphology differentiation factor U/L (wind

speed divided by fetch) proposed by Laird et al. (2003b)
in the Great Lakes shows some utility for GSLE, al-
though the classification scheme in the current study
differs considerably from the one used in the Great
Lakes. Values ofU/L were calculated using the 800-hPa
wind speed, the level at which the relationship between
U/L and GSLE mode was found to be strongest. High
values of U/L (i.e., .0.08 m s21 km21) are associated
with banded GSLE (Fig. 14a), features that are similar
in structure to midlake and shoreline bands observed
over the Great Lakes. High values of U/L in the Great
Lakes instead tend to favor widespread coverage events.
Low values of U/L in the Great Lakes (i.e., ,0.05 m s21

km21) are typical of mesoscale vortex events, but only
one GSLE period showed any signs of an organized
circulation (not shown). There exists, however, sub-
stantial overlap in the conditions associated with non-
banded and banded periods, indicating that the
relationship between U/L and GSLE mode is weak.
Banded convection in the boundary layer is generally

associated with stronger low-level winds and speed
shear than nonlinear or cellular convection (Kristovich
1993; Kristovich et al. 1999; Weckwerth et al. 1997).

Model sensitivity studies of a Great Lakes lake-effect
event by Cooper et al. (2000) showed a shift from hori-
zontal rolls to cellular convection when boundary layer
wind speeds were reduced below 5 m s21, while varia-
tions in the thermodynamic profile had little impact on
convective mode. Similarly, banded periods in this study
occurred with significantly stronger 750-hPa wind
speeds than did nonbanded structures (Fig. 14b; the
level at which this relationship was strongest). The me-
dian speed shear in the lowest 100 hPa was also slightly
higher for banded GSLE, but the difference was not
significant at the 90% level. The relationship between
GSLE morphology and lake-induced or environmental
instability was weak, but banded GSLE tended to occur
with slightly greater values of DT and low-level lapse
rate (not shown). Overall, the environmental condi-
tions associated with nonbanded versus banded GSLE

FIG. 13. Profiles of median RH (%) on days with GSLE.

FIG. 14. GSLE mode vs (a) 800-hPa wind speed–fetch ratio (U/
L; m s21 km21), and (b) 750-hPa wind speed (m s21). Box-and-
whiskers plotting convention as in Fig. 9.
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convection exhibit only minor differences, but there
is some tendency for banded GSLE to dominate when
U/L is high, low-level wind speeds are strong, and
DTLAKE–LAND is large.

4. Implications for operational weather forecasting

Operational forecasting of GSLE currently involves
identifying periods of west–north flow at 700 hPa and
a lake–700-hPa temperature difference (DT) exceeding
168C, with minimal consideration of low-level moisture
(L. Dunn, National Weather Service, 2011, personal
communication). This existing forecasting methodology
rarely results in a missed event (i.e., a high probability of
detection), but yields a high false alarm rate. Of 881
soundings with DT $ 168C and a 700-hPa wind direction
between 2708 and 3608, only 200 (22%) were associated
with GSLE within 12 h, a fairly generous verification
window (Table 3). Although much more likely at high
values ofDT (i.e.,$228C), GSLEwas still only associated
with 38% of soundings satisfying this condition. Consid-
eration of other parameters (e.g., weak 800–600-hPa
directional shear and the absence of stable layers or
temperature inversions in the lowest 150 hPa) suggested
by Steenburgh et al. (2000) leads to some improvement,
but the false alarm rate remains high (Table 3).
Based on our revised climatology, the use of a sea-

sonally varying DT threshold reduces the number of
these false alarms due to a higher threshold in the early
fall and spring. Further improvement results from in-
cluding an RH850–700 threshold of 55%. Nonetheless,
forecasting of GSLE or other relatively rare events
(such as tornadic thunderstorms) is often limited by the
use of exclusively deterministic techniques such as the
exceedance of specific thresholds (e.g., Murphy 1991).
We propose a probabilistic forecast methodology for

GSLE that considers DTexcess, RH850–700, and 700-hPa
wind direction. Figure 15a shows the fraction of sound-
ings associated with GSLE for ranges of both DTexcess

and RH850–700, regardless of 700-hPa wind direction,
calculated over intervals of 18C and 8%, respectively.
Given a good forecast of the environmental conditions,
and a lake temperature calculated using the approach
described in section 2, Fig. 15a translates to the proba-
bility of GSLE. Thus, the probability of GSLE increases
with increasingDTexcess andRH850–700, and exceeds 80%
for DTexcess $ 88C and RH850–700 $ 90%. Plots for 2908–
3608 and 18–2898 700-hPa wind directions are shown in
Figs. 15b and 15c, respectively, indicating higher prob-
abilities of GSLE in 2908–3608 flow than for other wind
directions, regardless of the magnitudes of DTexcess and
RH850–700.
One difficulty in forecasting the occurrence of GSLE

by the aforementioned probabilistic method stems from
uncertainty in operational model forecasts of low-level
relative humidity and 700-hPa temperature. North
AmericanMesoscaleModel (NAM) forecasts for KSLC
on days when GSLE was possible (DTexcess $ 0 at 0000
or 1200UTC)were skewed to higher values of RH850–700

(Fig. 16), and slightly warmer values of 700-hPa tem-
perature (not shown) relative to observed raob sound-
ings. The mean bias in these 24-h forecasts of RH850–700

and 700-hPa temperature were 10% and 0.78C, respec-
tively. Absolute errors in RH850–700 averaged 12% and
exceeded 25% in several cases. Absolute errors in 700-hPa
temperature were small however, and averaged only
1.18C. Assuming NAM biases have not changed, these
results suggest that direct application of Fig. 15 (utilizing
NAM output) in operations could overestimate the
probability of GSLE.
Another forecast concern is the GSL temperature

estimate. In general, the GSL temperature can be re-
liably estimated from recent MODIS data, but long
periods of mostly cloudy to overcast conditions pre-
clude the retrieval of recent temperature data and
provide an additional source of error in calculating
DTexcess. When MODIS data are unavailable or un-
reliable, forecasters can employ the technique for

TABLE 3. Utility of various forecast parameters, whereNsoundings is the total number of soundings that meet the given criteria,NGSLE is
the number of soundings that meet the criteria and are associated with GSLE, FO is the frequency of occurrence of GSLE, FAR is the
false alarm rate, and POD is the probability of detection.

Condition Nsoundings NGSLE FO (%) FAR (%) POD (%)

DT $ 168C 1432 275 19 81 91
DT $ 228C 365 120 33 67 47
DT $ 258C 38 19 50 50 12
DT $ 168C and shear , 608 936 194 21 79 72
DT $ 168C, shear , 608, and no stable layers 619 145 23 77 55
DTexcess $ 0 1134 264 23 77 96
DTexcess $ 2 673 203 30 70 79
DTexcess $ 0 and RH850–700 . 55% 884 236 27 73 94
DTexcess $ 2 and RH850–700 . 55% 529 189 36 64 79
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estimating GSL temperature described in section 2 of
this paper, acknowledging that errors can occasionally
exceed 28C.
The relationship between DT and the coverage of

GSLE was weak, and our results alternatively suggest
considering 700–500-hPa lapse rate and RH700–500. Al-
though low-coverage (,80 km2)GSLE can occur even at
high values of both variables, major GSLE (.640 km2)
occurred almost exclusively with a 700–500-hPa lapse
rate$ 5.5 K km21 andRH700–500$ 60% (Fig. 17). Given
that GSLE is expected, values outside of this phase space

can indicate to forecasters that the areal coverage of
precipitation is likely to be low.

5. Conclusions

Radar data were examined over a 13-yr period to
identify 149 GSLE events affecting northern Utah.
Large interannual variability exists in event frequency,
and is more strongly correlated with atmospheric factors
than the area of the GSL. GSLE events exhibited fall
and spring peaks in frequency, and were less common in

FIG. 15. (a) Fraction of soundings with GSLE (%, shaded according to scale at right) as a function of DTexcess (8C)
and RH850–700 (%). (b) As in (a), but for 700-hPa wind directions 2908–3608. (c) As in (a), but for 700-hPa wind
directions 18–2898.
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5. Conclusions

Radar data were examined over a 13-yr period to
identify 149 GSLE events affecting northern Utah.
Large interannual variability exists in event frequency,
and is more strongly correlated with atmospheric factors
than the area of the GSL. GSLE events exhibited fall
and spring peaks in frequency, and were less common in

FIG. 15. (a) Fraction of soundings with GSLE (%, shaded according to scale at right) as a function of DTexcess (8C)
and RH850–700 (%). (b) As in (a), but for 700-hPa wind directions 2908–3608. (c) As in (a), but for 700-hPa wind
directions 18–2898.
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midwinter when the lake temperature fell to near
freezing. In the coldest months, GSLE occurred at
values of lake–700-hPa temperature difference (DT) less
than the 168C (Steenburgh et al. 2000) or 178C
(Carpenter 1993) thresholds often used in operational
forecasting. In fall and spring, however, GSLE occurs
only at much higher values of DT. A seasonally varying
threshold (DTmin), calculated from a quadratic curve fit
to the monthly minimum DT values for GSLE sound-
ings, is considered more appropriate for use in forecast
applications than a single threshold value. Theminimum
requirement for GSLE is thus a positive value of
DTexcess, equal to DT 2 DTmin.
A large positive DTexcess does not guarantee that

GSLE convection will initiate, and our results suggest
that low-level moisture is a crucial secondary ingredient.
Higher relative humidity and steeper lapse rates at
midlevels, while not crucial for GSLE development, are
associated with high-coverage events. Alignment of the
700-hPa flow along the long axis of the GSL (i.e., near
3258) also substantially increases the likelihood of a lake
effect above that observedwith westerly or northeasterly
flow. GSLE only occurred when the lake temperature
was greater than the average temperature at adjacent
land stations, suggesting the importance of thermally
driven land breezes in the initiation and maintenance of
convection. Finally, large values of low-level directional
shear were not found to inhibit GSLE formation when
thermodynamic profiles were otherwise favorable.

Banded GSLE, which tends to be associated with
higher snowfall rates and thus greater transportation
impacts, was more common than widespread, non-
banded convection when low-level (750 hPa) winds were
strong (.7 m s21) and when the lake temperature was
much warmer than adjacent land stations. However, it
remains an issue that there is substantial overlap in the
conditions associated with these GSLE modes. Sensi-
tivity to low-level moisture and wind direction, and
vague distinctions between morphological parameter
spaces perpetuate the difficulties of forecasting the oc-
currence and mode of these storms.
Based on these results, we propose a probabilistic

approach to forecasting the occurrence of GSLE that
considers DTexcess, 850–700-hPa relative humidity, and
700-hPa wind direction (see Fig. 15). Although not
a perfect indicator, the 700–500-hPa lapse rate and 700–
500-hPa relative humidity can be used to anticipate the
areal coverage of GSLE precipitation. This methodol-
ogy has the potential to reduce false alarms encountered
with the existing techniques, particularly through con-
sideration of low-levelmoisture and a seasonally varying
threshold for DT. The National Weather Service in Salt
Lake City has recently incorporated findings from
this study into their operations. Forecast errors in cur-
rent 12-km operational NAM (and other) model guid-
ance provide an additional source of uncertainty,
and could lead forecasters to overestimate (in the case
of the NAM) the probability of GSLE. Nonetheless,

FIG. 16. Observed 850–700-hPa RH (%) from KSLC soundings
vs 24-h NAM forecasts, from the 2008/09 and 2009/10 cool seasons.
Diagonal line indicates a perfect forecast.

FIG. 17. GSLE coverage (area extent of radar echoes $10 dBZ;
km2) vs 700–500-hPa lapse rate and RH.
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