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ABSTRACT

Forecasters in the Great Lakes region have for several decades recognized a general relationship of wind
speed and overlake fetch to lake-effect snowstorm morphology. A recent study using idealized mesoscale model
simulations of |ake-effect conditions over circular and elliptical |akes showed the ratio of wind speed to maximum
fetch distance (U/L) may be used to effectively predict lake-effect snowstorm morphology. The current inves-
tigation provides an assessment of the U/L criteria using observational datasets. Previously published Great
Lakes |ake-effect snowstorm observational studies were used to identify events of known mesoscal e morphology.
Hindcasts of nearly 640 |ake-effect events were performed using historical observationswith U/L asthe predictor.

Results show that the quantity U/L contains important information on the different mesoscale lake-effect
morphologies; however, it provides only a limited benefit when being used to predict mesoscale morphology in
real lake-effect situations. The U/L criteria exhibited the greatest probability of detecting lake-effect shoreline
band events, often the most intense, but also experienced a relatively large number of false hindcasts. For Lakes
Erie and Ontario the false hindcasts and biases were reduced and shoreline band events that occurred under
higher wind speed conditions were better identified.

In addition, the Great Lakes Environmental Research Laboratory ice cover digital dataset was used in com-
bination with observations from past events to assess the impact of ice cover on the use of U/L as a predictor
of lake-effect morphology. Results show that hindcasts using the U/L criteria were slightly improved when the

reduction of open-water areas due to lake ice cover was taken into account.

1. Introduction

Predicting the development, morphology, movement,
intensity, and total snowfall of lake-effect (LE) snow-
storms continues to be a challenge for weather forecast
offices in the Great Lakes region (e.g., Rothrock 1969;
Niziol 1987; Burrows 1991; Niziol et al. 1995; Sou-
sounis et a. 1999). These storms can often produce
significant snow accumulations within very short time
periods, which may negatively impact transportation
systems, limit business operations, cause significant
property damage, and result in injuries and deaths due
to accidents and exertion (Schmidlin 1993; Schmidlin
and Kosarik 1999). The difficulty in predicting the de-
velopment and evolution of LE snowstorms rests with
the numerous parameters that influence the LE system
(e.g., Hjelmfelt 1990; Laird et al. 2003a) and the com-
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plex atmospheric circulations that exist and interact
across various spatial and temporal scales. For example,
Mann et al. (2002) showed that individual LE snow-
storms on the meso 3 scale (20—200 km; Orlanski 1975)
could be influenced by coexisting meso-a-scale (200—
2000 km) collective lake disturbances that develop over
the Great Lakes region (Weiss and Sousounis 1999).

The LE storms that frequently result in the greatest
impacts are meso-B-scale systems typically associated
with an individual lake. These systems are often char-
acterized by a distinct morphology that may include
widespread coverage, typically comprised of wind-par-
alel horizontal roll convection (e.g., Kristovich 1993;
Kristovich and Laird 1998), shoreline bands (e.g., Pas-
sarelli and Braham 1981; Ballentine et al. 1998), me-
soscale vortices (e.g., Forbes and Merritt 1984; Laird
1999), or an amalgamation of two morphologies (e.g.,
Schoenberger 1986b).

For this study, historically separated classifications of
shore-parallel and midlake bands are consolidated into
a single morphological regime called shoreline bands.
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Across the range of shoreline band events, overlake me-
soscale low pressure and lower-tropospheric conver-
gence occurs as aresult of alinkage between dynamical
and surface diabatic forcings. For example, strong winds
oriented along the major lake axis during a cold-air
outbreak result in dynamically forced large surface heat
fluxes, formation of an overlake mesoscale low pressure
center, generation of a land-breeze circulation super-
imposed on the large-scale flow, and subsequent de-
velopment of an overlake convergence zone and mid-
lake snowband that can often produce heavy snow far
inland (e.g., Braham and Kelly 1982; Niziol et al. 1995).
Alternatively, calm winds in combination with a large
lake-and temperature differenceleadsto strong diabatic
forcing through establishing large horizontal gradients
in surface heating, generation of an overlake mesoscale
low pressure center, formation of a land breeze, and
subsequent development of a shore-parallel snowband
(e.g., Passarelli and Braham 1981). Even though band
intensity and position relative to the shoreline may differ
depending on the primary forcing (i.e., dynamical or
diabatic), the resulting LE morphology is often asingle,
coherent meso-B-scale shoreline band (Laird et al.
2003b). While the former case is most often associated
with heavy snowfall, both processes have been observed
to be capable of producing significant snow (e.g., Bra-
ham 1983; Ballentine et al. 1998).

Since the current study partially relies on information
obtained from previous LE investigations, an additional
rationale behind consolidation into our shoreline band
morphology was that not all previous studies have used
the traditional LE classifications, specifically midlake
or shore-parallel bands, or provided enough information
to effectively discriminate between these two similar
classifications. For example, Kristovich and Steve
(1995) used a single grouping for ‘“bands parallel to the
long axis of each lake.” Hereafter MV, SB, WC, and
SBWC will be used to refer to mesoscal e vortices, shore-
line bands, widespread coverage, and coexisting shore-
line band and widespread coverage, respectively.

Hjelmfelt (1990), using simulations of LE over Lake
Michigan, and Laird et al. (2003a,b), using idealized
simulations of LE over acircular or elliptical l1ake, have
shown that morphology is frequently related to the in-
tensity (e.g., vertical motions, snowfall rate) of an LE
meso-B-scale system. Laird et al. (2003a,b) showed that
SB events are generally associated with the largest ver-
tical motions, WC events exhibit moderate to weak ver-
tical motions, and MV frequently contain the weakest
vertical motions (summarized in Fig. 1). These rela-
tionships have al so been formed using a knowledge base
from observations (e.g., Braham and Kelly 1982) and
many years of operational experience (e.g., Niziol et al.
1995). Given that the snowstorm intensity is often the
most problematic quantity to predict and measure,
knowledge of the LE morphology can be an important
element in identifying the potential intensity of an LE
snowstorm. This study focuses on the determination of
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Fic. 1. The 24-h maximum vertical motion vs U/L for idealized
mesoscale model simulations of Laird et al. (2003a,b) demonstrating
the relationship of LE morphology to a measure of snowstorm in-
tensity.

snowstorm morphology due to 1) the relative ease of
identifying LE mesoscale structure from radar and sat-
ellite data and 2) the difficulties associated with mea-
suring and quantifying the intensity of an LE event for
valid comparison with other LE events.

Regardless of the complexity of the LE system, fore-
casters in the Great Lakes region have for several de-
cades recognized a genera relationship of wind speed
(V) and overlake fetch (L) to LE snowstorm morphol-
ogy. Using idealized mesoscale model simulations of
LE conditions over an isolated lake, Laird et al.
(2003a,b) found U/L was a useful parameter for deter-
mining the meso-B-scale LE morphology and periods
of morphological transition. The ratio of U/L is equiv-
alent to the inverse advective residence time of an air
parcel over alake. Therelationship with L E morphology
was found to be independent of the difference between
the upwind surface air and lake surface temperatures
(AT) for events with AT > 5°C.

Laird et a. (2003a,b) developed severa criteria in
U/L parameter space to identify different LE morphol-
ogies. The criteria were based on 35 model simulations
conducted by Laird et al. (2003a) for LE conditions over
acircular lake and refined by Laird et al. (2003b) using
21 simulations with an elliptical lake. Figure 1 shows
the distribution of mesoscale morphology from these
simulations within U/L parameter space. Lake-effect
conditions with low U/L values (=0.02 m s=* km~1)
resulted in an MV or a combined morphology with vor-
tex and SB. Conditions leading to intermediate values
of U/L (0.02 to ~0.09 m s~* km~1) tended to result in
the development of an SB and land-breeze convergence
zone. A relatively wide morphological transition zone
between SB and WC was found to exist near U/L =
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0.09 m s~* km~%, and U/L values greater than approx-
imately 0.11 m s~* km~* produced WC within aregion
over and downwind of the lake. Additionally, Laird et
al. (2003a,b) found that transitions from one LE mor-
phology to another in U/L parameter space were con-
tinuous, and within U/L transitional zones the structure
of a circulation often contained features characteristic
of more than one LE morphology. Observations pre-
sented by Pitts et al. (1977), Schoenberger (1986b), and
Laird (1999) provide examples of events in which mul-
tiple LE morphologies (e.g., MV and SB, WC and SB)
coexisted over a single lake.

The current investigation uses data from previously
published Great Lakes LE observationa studiesto pro-
vide an assessment of the prognostic utility of the ratio
of wind speed to maximum fetch distance (U/L) criteria
suggested by Laird et al. (2003a,b). Section 2 presents
the data and methods used. Section 3 provides results
from analyses of 1) information from past studies of LE
MV, SB, WC, and SBWC events and 2) a climatological
database of LE eventsidentified by Kristovich and Steve
(1995) and observations of lake ice cover. Conclusions
and a summary of the investigation are provided in sec-
tion 4.

2. Data and methods

This investigation coalesces information obtained
from past observational studies of LE snowstorms in
the Great Lakes region with archived datasets to ap-
praise the predictability of LE morphology using the
quantity U/L. For consistency with most past studies,
an event is defined as an LE snowstorm on a particular
date over asingle lake. For example, several LE events,
each over adifferent lake, could occur on the same date
within the Great Lakes region. A 3-day LE snowstorm
over asinglelakewould consist of three events, possibly
with different morphology classifications.

Past observational studies of LE snowstorms used
satellite and/or radar data, among other datasets, to ex-
amine their respective LE event(s) and provide a clas-
sification of the LE morphology. Studies that described
MV events include Forbes and Merritt (1984), Pease et
al. (1988), Laird (1999), Laird et a. (2001), and Laird
et al. (2003a). These studies described 18 MV events
that occurred over Lakes Superior, Huron, and Michi-
gan. Studies of SB events include Sykes (1966), Peace
and Sykes (1966), Ferguson (1971), Holroyd (1971),
Passarelli and Braham (1981), Braham and Kelly
(1982), Ballentine (1982), Niziol (1982), Braham
(1983), Schoenberger (1986a,b), Elsner et al. (1989),
Byrd et al. (1991), Burrows (1991), Wagenmaker et al.
(1997), Ballentine et al. (1998), and Laird et al. (2003a).
Information was collected from these studies for 31 SB
events occurring within the entire Great Lakes region.
Information from 20 WC events over Lakes Superior,
Michigan, and Ontario was obtained from Holroyd
(1971), Kelly (1982), Braham and Kelly (1982), Kelly

LAIRD AND KRISTOVICH

1095

(1984), Pease et al. (1988), Agee and Gilbert (1989),
Byrd et al. (1991), Kristovich (1993), Kristovich and
Laird (1998), Winstead et al. (2001), and Laird et al.
(2003a).

The 5-year database developed by Kristovich and
Steve (1995, hereafter referred to as KS95) offered the
largest number of identified LE events. KS95 used five
winters (October—-March) of visible satellite images
(1988-93) to document the frequency of LE cloud bands
over each of the Great Lakes. They classified LE events
as widespread cloud coverage (i.e., usually consisting
of cellular and/or horizontal roll convection), single or
double SB, or SBWC. Although MV events were not
identified by KS95, information was collected for 117
SB, 402 WC, and 51 SBWC events with each type oc-
curring over each of the Great Lakes. Since visible sat-
ellite data were useful only for a 6-h time period on
each date included in KS95, any diurnal changesin LE
morphology could not be determined. Therefore, aK S95
event is defined as an LE snowstorm over a single lake
on a particular date between 1431 and 1931 UTC.

National Weather Service (NWS) 1200 UTC sound-
ings launched at Green Bay, Wisconsin (GRB), Sault
St. Marie, Michigan (SSM/Y62), and Buffalo, New
York (BUF), just prior to or during each LE event were
used to provide wind information for Lake Michigan,
Lakes Superior and Huron, and Lakes Erie and Ontario,
respectively. Twenty-one events did not have soundings
available and were not included in this study. This re-
duced the total number of events from 660 to 639. The
U/L criteria suggested by Laird et al. (2003a,b) incor-
porated the ambient wind speed (U, m s~*) not influ-
enced by frictional drag. For consistency, the 850-hPa
wind speed and direction from NWS soundings were
used to provide the ambient wind conditions. A com-
parison of 850-hPa winds at our chosen sounding lo-
cations with winds at other regional sounding sites re-
moved from the lake shores (e.g., Flint, Michigan; Al-
bany, New York; Pittsburgh, Pennsylvania) suggested
the 850-hPa ambient wind conditions over each Great
Lake were well represented by soundings at GRB, SSM/
Y62, and BUF On average, wind direction and speed
varied between sites by approximately 10° and 3.0 m
S, respectively.

The overlake fetches for alake were determined using
the distances from the upwind to downwind shore for
each wind direction, with the overlake path through the
approximate areal center of each lake. This approach al-
lowed each directional fetch to represent the approximate
maximum fetch, a measure consistent with the definition
of L used by Laird et al. (2003a,b). The fetch distances
are changed only dlightly, with a different choice of the
center point over any of the lakes resulting in a minimal
impact on U/L values and hindcasts of LE morphology.
For example, a shift in the center point of =10 km in
the north—south (east—west) direction over Lake Erie dur-
ing conditions with 850-hPawinds of 10 m s-* from 250°
(i.e., long-axis fetch) would alter the original U/L of
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0.028 m st km~* by =0.002 m s~* km~* (=0.001). In
addition, determination of the overlake fetch is sensitive
to the uncertainty in estimating the ambient wind direc-
tion. An error in the overlake wind direction of +10°
would result in an average change in the fetch distance
for Lake Superior, Lake Huron, and Lakes Michigan,
Erie, and Ontario of 9%, 14%, and 16%, respectively,
and a similar change in U/L.

The overlake fetch distance can be strongly influ-
enced by the presence of ice cover on the lake. Lake
ice coverage has large seasonal and interannual vari-
ability (e.g., Richards 1964; Assel and Quinn 1979; As-
sel et a. 1995) and has the potential of significantly
impacting LE snowstorms (e.g., Niziol 1987; Niziol et
al. 1995). Although the relationship between substantial
lake ice cover on the Great Lakes and the reduction of
heat and moisture fluxes from the lake surface has not
been quantified, ice cover acts to effectively reduce the
open-water area of a lake (i.e.,, L) and can therefore
impact values of U/L. Digital ice charts from the Great
Lakes Environmental Research Laboratory (GLERL)
(Assel et al. 2002) and the KS95 database were used to
examine the impact that ice coverage may have on the
prediction of LE morphology. Using the 850-hPa wind
direction and GLERL ice charts, an adjusted maximum
fetch distance, L, was determined for each event in the
KS95 database.

The digital ice charts for the period of 1988-93 typ-
ically segmented regions of significant ice cover con-
centrations using values of 50%, 80%, and 95%. For
our investigation, overlake areas with <80% ice cover
concentration were considered to be equivalent to open,
ice-free water, and areas with >80% concentration were
considered to represent the effective shoreline of alake
and were used to determine an adjusted L for the cor-
responding LE event. Since the reduction of heat and
moisture fluxes from the lake surface have not been
quantified for |ake-effect conditionswhen significant ice
cover exists, the use of 80% ice cover concentration as
a threshold value for this study should be considered
an initial indication of the impact of ice cover on LE
systems. This approach may provide an overestimate of
the ice cover impact on determining LE morphology
from U/L when adjusted L values are used since surface
heat transfer to the atmosphere still exists over regions
with high concentration (>80%) and solid (100%) ice
cover (e.g., Assel 1999).

Surprisingly, 11 KS95 LE events were found to have
occurred under conditions when the underlying lake had
significant ice coverage (=80% ice cover concentration)
over the entire lake. Three events occurred over Lake
Superior during the months of March 1989, February
1991, and March 1991, and the remaining eight events
occurred over Lake Erie during February 1989 when
ice coverage was =95%. Based on our treatment, the
maximum fetch distance was reduced to O for the 11
events, causing U/L valuesto become undefined. There-
fore these events were discarded from our analyses. An
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examination of the LE morphology for these events
showed that widespread coverage occurred on 8 of the
11 cases, which seems to support the findings of Laird
et al. (2003a,b) that widespread coverage predominates
at the higher values of the U/L parameter space. Sections
3b and 4 will further discuss the impacts of lake ice
cover on LE events and their morphology.

3. Analyses and results

Results from two analyses are presented that used
observational data from prior Great Lakes LE studies
to assess the U/L criteriadevel oped from idealized mod-
el simulations. Hindcasts of each morphology over each
lake were performed with U and L values determined
from 850-hPa wind data. Hindcasts of 639 LE events
were examined using the U/L criteriasuggested by Laird
et al. (2003b) for vortices (0 < U/L = 0.0l ms~tkm~1),
coexisting shoreline band and vortex (0.01 < U/L =
0.02 m s~ km~1), shoreline bands (0.02 < U/L = 0.06
m s~ km~1), coexisting shoreline band and widespread
coverage (0.06 < U/L = 0.11 m s~* km~1), and wide-
spread coverage (U/L > 0.11 m s=* km~?). For this
study a U/L hindcast within a morphological transition
region was considered correct if the observed event con-
tained either of the individual or coexisting morphol-
ogies.

a. Analysis of U/L for observed LE events

Figure 2 and Table 1 present an overview of the ob-
served LE events, and Table 2 provides a detailed com-
parison of U/L hindcasts of the observed events with
the U/L criteriaof Laird et al. (2003b). Figure 2a shows
the U/L values for each LE event reported in the sci-
entific literature, including events composing the KS95
study. Values are identified by LE morphology and spe-
cific Great Lake. The data points for SB, WC, and
SBWC are widely distributed across a range of U/L
values, and MV events are limited to low values of
U/L. The scattered distributions of SB, WC, and SBWC
U/L values demonstrate the complexity and mesoscale
variation of observed LE events and the potential dif-
ficulty in using U/L to forecast LE morphology.

Figure 2b presents the mean and first standard de-
viation of U/L for all events classified by specific lake
and mesoscale LE morphology. Although MV events
have not been reported over the eastern Great Lakes, a
comparison of the mean U/L values over each lake
shows consistent increases from MV to SB events and
SB to WC events. The mean U/L values for all lakes
within a particular type of LE morphology (i.e., ““All
Lakes’—Dblack squares in Fig. 2b) display the same
increase from MV through WC. The U/L values for the
SBWC events over a single lake are generally located
in the U/L transition region between SB and WC LE
morphologies. Thisresult isqualitatively consistent with
the modeling results of Laird et al. (2003a,b) that
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Fic. 2. (8) Individua U/L values and (b) mean and first standard
deviation of U/L are shown for 639 LE eventsreported in the scientific
literature with morphologies of mesoscale vortex, shoreline band,
widespread coverage, and coexisting shoreline band and widespread
coverage. Here, N represents the number of events over each lake.
See Table 2 for mean values of U/L.

showed the transitions from one morphology to another
in U/L parameter space are continuous and the mor-
phology of amesoscale circulation may contain an amal-
gamation of structural features. Exceptions occurred for
Lake Superior, where the mean U/L value of 6 SBWC
events is dlightly greater than the WC mean U/L value
determined from 140 events, and Lake Erie, where the
mean U/L value of 4 SBWC events is less than the SB
mean U/L value determined from 27 events.

The independent-sampl es t-test procedure (assuming
a population normal distribution of U/L values) was
used to statistically compare the mean U/L values for
two LE morphological groups. Table 1 showsthe results
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TaBLE 1. Statistical comparisons of mean U/L values for mesoscale
vortex and shoreline band events (MV-SB), shoreline band and wide-
spread coverage events (SB-WC), and mesoscale vortex and wide-
spread coverage events (MV-WC). Numbers represent the signifi-
cance value of the independent-samples t test of equality of means.
Bold face denotes that comparison of means was statistically signif-
icant (<0.05) at the 95% confidence level. MV events were not ob-
served over Lakes Erie and Ontario.

Lake MV-SB SB-WC MV-WC
Superior 0.764 0.560 0.445
Huron 0.102 0.000 0.000
Michigan 0.017 0.000 0.000
Erie — 0.000 —
Ontario — 0.001 —
All Lakes 0.000 0.002 0.000

of the comparison of MV with SB, SB with WC, and
MV with WC events over each lake (mean U/L values
are shown in Fig. 2 and Table 2). A low significance
value for the t test (typically <0.05) indicates that there
was a statistically significant difference between thetwo
group means. The bold face numbers in Table 1 denote
the comparisons of U/L means for two morphologies
that were statistically significant at the 95% confidence
level. The findings that several of the comparisons of
mean U/L values were statistically significant and the
relatively consistent increase of U/L means of each lake
and the all-lakes value with a change from MV to SB
and SB to WC suggests that the quantity U/L contains
information important to the fundamental dynamics re-
sponsible for the different meso-B-scale LE circulations
in the Great Lakes. It isimportant to note, however, that
even though the difference in U/L means between dif-
ferent LE morphologies was statistically significant in
most cases, there was a large amount of variability in
the U/L values for each morphology (Fig. 2), and the
mean U/L values varied | ess between morphol ogiesthan
the U/L criteria suggested by Laird et al. (2003b).
Some useful measures for evaluating the quality of
the U/L hindcasts of LE morphology in relation to the
U/L criteria resulting from the idealized model simu-
lations of Laird et al. (2003b) are the probability of
detection (POD), false alarm rate (FAR), and bias. The
POD is aratio of the number of correct hindcasts of an
LE morphology to the total number of observed events
of the same LE morphology. The POD ranges from 0
to 1, where a value equal to 1 would indicate that hind-
casts correctly identified the morphology for each LE
event. Note that neither correct hindcasts of another LE
morphology nor incorrect hindcasts of LE morphology
affect the POD. The FAR is a ratio of the number of
incorrect LE morphology hindcasts to the total number
of hindcasts of the same morphology. The FAR ranges
from O to 1, where O indicates that incorrect hindcasts
of LE morphology were not made. The bias is a ratio
of the total number of hindcasts of a particular LE mor-
phology to the total number of observed events of the
same morphology. Ideally, the bias would equal unity.
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TABLE 2. Evaluation of U/L hindcasts for LE cases from literature. Shown for each LE morphology and lake are number of cases, minimum
U/L, maximum U/L, mean U/L, POD, FAR, and bias. POD, FAR, and bias were determined using U/L criteria from Laird et al. (2003b).

Mean values for each morphology are also included (All Lakes).

L ake-effect morphology Lake No. of cases Min U/L Max U/L Mean U/L  POD (LO3b) FAR (LO3b) Bias (LO3b)
Vortices Superior 3 0.025 0.052 0.034 0.000 1.000 6.333
Huron 5 0.008 0.038 0.021 0.600 0.769 2.600
Michigan 10 0.010 0.039 0.023 0.500 0.783 2.300
Erie — — — — — — —
Ontario — — — — — — —
All Lakes 18 — — 0.026 0.367 0.851 3.744
Shoreline Superior 16 0.003 0.109 0.039 0.909 0.878 7.455
Huron 20 0.005 0.056 0.034 0.936 0.721 3.355
Michigan 29 0.013 0.138 0.038 0.959 0.678 2.979
Erie 27 0.016 0.143 0.062 0.871 0.500 1.742
Ontario 56 0.011 0.239 0.074 0.849 0.341 1.288
All Lakes 148 — — 0.049 0.905 0.624 3.364
Coexisting shorelineand  Superior 6 0.019 0.074 0.047 0.167 0.955 3.833
widespread Huron 11 0.016 0.127 0.050 0.273 0.917 3.273
Michigan 20 0.011 0.115 0.053 0.350 0.870 2.700
Erie 4 0.046 0.077 0.056 0.250 0.963 6.750
Ontario 10 0.036 0.110 0.074 0.500 0.922 6.400
All Lakes 51 — — 0.056 0.308 0.925 4.591
Widespread Superior 144 0.008 0.113 0.041 0.140 0.087 0.153
Huron 72 0.011 0.103 0.056 0.446 0.000 0.000
Michigan 104 0.014 0.216 0.071 0.516 0.086 0.565
Erie 56 0.028 0.224 0.113 0.831 0.183 1.017
Ontario 46 0.019 0.198 0.105 0.857 0.422 1.482
All Lakes 422 — — 0.077 0.558 0.156 0.643

It is important to recognize that these measures should
not be used separately but must be applied jointly to
provide an indication of the quality of the hindcasts and
U/L criteria.

Table 2 shows the POD values determined for the
different LE morphologies over each lake and the all-
lakes average POD values for MV, SB, SBWC, and WC
events. The POD values for MV eventsindicate that the
U/L criterion (U/L < 0.02 m s~* km~1) was about 37%
accurate when all vortex events were considered. The
U/L method identified 0%, 60%, and 50% of the 3 Lake
Superior, 5 Lake Huron, and 10 Lake Michigan LE vor-
tex events, respectively. Additionally, FAR values were
large with an all-lakes average of about 85%.

The hindcasts were noticeably improved for LE SB
events (0.01 < U/L = 0.11 m st km~%) with POD
values for each of the Great Lakes larger than 84%. The
all-lakes POD value indicated that just over 90% of all
SB events were correctly identified. However, the FAR
for SB events was relatively large (~62%), suggesting
that numerous events with hindcasts of SB events had
a different LE morphology.

The SBWC events were the most difficult to identify
with the U/L criteria (POD = 31% and FAR = 95%)).
This result is likely due to the increased complexity of
the mesoscale dynamics associated with these events,
the limited number of events, and the difficulty in de-
fining the SBWC transitional region in U/L parameter
space from the limited number of idealized simulations
conducted by Laird et al. (2003a,b).

The WC mean U/L values ranged from 0.041 t0 0.113

with arelatively large distinction in values between the
western and eastern Great Lakes. The U/L criteria for
WC events (U/L > 0.06 m s~* km~*) showed a high
probability to identify WC over Lakes Erie and Ontario
with POD values of about 83% and 86%, respectively,
with relatively low FAR and bias values. While over
Lakes Superior, Huron, and Michigan both POD and
FAR values were relatively low because few WC mor-
phology events were hindcasted for these lakes. The
cause of the difference in U/L values between these two
regions is unclear, but shows a weakness of the U/L
criteriato identify WC events, the most climatologically
frequent, over the western Great Lakes.

Figure 3 shows the LE morphology of observed
events and identifies the idealized U/L parameter space
for MV, SB, WC, and mixed-morphology events for
each of the Great Lakes as a function of wind direction
(i.e., overlake fetch) and wind speed. The morphol ogical
regions are based on the U/L criteria suggested by Laird
et al. (2003b). Examination of the observed events for
Lakes Superior, Huron, and Michigan shows LE events
predominantly occurred with wind directions between
west and north. Widespread coverage events tended to
occur over Lakes Superior and Huron for wind speeds
greater than 10 m s—*, with other types of lessfrequently
occurring LE morphologies (i.e., MV, SB, and mixed-
morphology events) at lower wind speeds. The distri-
bution of the U/L morphological regions for Lake Su-
perior and Huron seem to limit the potential prediction
of WC in favor of forecasting SB or mixed-morphology
events. Thisweaknessin using the U/L criteriato predict
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WC for large, more circular lakes (large fetch distances
for al wind directions) was not apparent from the ide-
alized circular lake simulations of Laird et al. (2003a).

The U/L criteria for Lakes Michigan, Erie, and On-
tario show a larger region for WC and a greater pos-
sibility of predicting these events than over Lakes Su-
perior and Huron. Thisis associated with the difference
in lake shape (more elliptical) and a significant decrease
in fetch distances over a range of wind directions. The
general shift in U/L morphological regionstoward lower
wind speeds for Lakes Michigan, Erie, and Ontario cap-
tured a slight decrease in the average wind speed that
occurs during observed WC events over Lakes Michi-
gan, Erie, and Ontario when compared to WC over
Lakes Superior and Huron. In general, this shift of ide-
alized U/L regions toward lower wind speeds resulted
in increased predictability of WC and SBWC mor-
phologies over Lakes Michigan, Erie, and Ontario (Ta-
ble 2).

Additionally, SB and SBWC events were a larger
percentage of LE storms reported for Lakes Erie and
Ontario (KS95). The U/L morphological regions for SB
and SBWC extend to higher wind speeds in association
with wind directions down the long axis of the lakes, a
condition often favorable for intense SB events at the
downwind shoreline. Even though POD of SB events
for Lakes Erie and Ontario (0.87, 0.85) were lower than
for SB events on the western Great L akes, the FAR and
bias were reduced, and SB events that occurred under
higher wind speed conditions were better identified for
Lakes Erie and Ontario (Fig. 3). Under conditions when
dynamical forcing of large surface heat fluxes is the
dominant mechanism for intense SB development (e.g.,
Niziol et al. 1995), the U/L criteria seems to identify
SB events more readily than criteria suggested by pre-
vious studies that have emphasi zed conditionsfavorable
for land-breeze development during weak ambient wind
conditions (e.g., Passarelli and Braham 1981; Hjelmfelt
1990).

b. Analysis of U/L for K95 and lake ice coverage

Increased lake ice coverage tends to inhibit the ex-
change of heat and moisture from the lake surface to
the atmosphere during cold winter periods. Although
most of the Great Lakes rarely form a continuous ice
cover during the winter (e.g., Assel and Quinn 1979;
Assel et al. 1985), extensive nearshore and shallow-
water regions in the Great Lakes (e.g., Lake Erie) often
become covered by a significant concentration of ice,
which affects a decrease in the maximum overlakefetch.
The impact that these regions of significant ice coverage
have on boundary layer fluxes and circulations or the
development and evolution of mesoscale LE snow-
storms has not been quantified.

The current investigation uses the GLERL ice cover
digital dataset (Assel et a. 2002) in combination with
LE morphology information from the KS95 database to
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account for regions of significant ice cover and assess
the impact of ice cover on the use of the U/L criteria.
If significant ice cover was present for aKS95 LE event,
an adjusted open-water maximum fetch (L) was deter-
mined using fetch distances over which there was less
than 80% ice concentration and the U/L value for the
event was recalculated. If the lake had no significant ice
cover during an event, the U/L value remained the same.
Ice cover was present for 204 LE events of the 570 SB,
WC, and SBWC events examined using the KS95 da-
taset.

Table 3 showsindividual lake POD valuesdetermined
for SB, SBWC, and WC events and average all-lakes
values. In general, these results are similar to those
found when ice cover was not taken into account (Table
2). The individual lake and all-lakes mean U/L values
increased from SB to SBWC events and from SBWC
to WC events. The results showed a high probability to
identify SB events over each lake (~91%), with the
largest FAR and bias values over the western Great
Lakes. The probability of identifying SBWC events
showed the largest increase combined with a slight de-
crease of FAR values. Overall, POD values increased
or remained nearly the same for each Great Lake and
LE morphology with the inclusion of the GLERL ice
cover information. Although accounting for lake ice
cover had a relatively small impact on the hindcasts of
LE morphology when applying the U/L criteria, these
results suggest that ice coverage can have a measurable
influence on LE events. Additionally, thesefindings sug-
gest that more work is needed to determine the impacts
of ice cover on both LE boundary layer structure and
the morphology of LE circulations.

4. Summary and conclusions

Although mesoscale model simulations have shown
the capability of providing detailed forecasts of lake-
effect systems (e.g., Ballentine et al. 1998), simpler
more accessible techniques that have proven useful for
operational forecasting, such as proxies, rules of thumb,
and decision trees (e.g., Niziol 1987; Niziol et al. 1995),
are likely to find continued use in a balance between
the man—machine mix of the forecast process (Sou-
souniset al. 1999). Forecastersin the Great Lakesregion
have for several decades recognized a general relation-
ship of wind speed and fetch to LE morphology. Laird
et al. (2003a,b) used a series of idealized mesoscale
model simulations to identify and examine this rela-
tionship and suggest U/L criteria that could be used as
an aid to forecast L E morphology, a proxy of snowstorm
intensity. Information and data from past observational
LE studies were used to assess the effectiveness of the
suggested U/L criteria to correctly identify LE mor-
phology.

The results showed that the U/L criteria, developed
from idealized mesoscale model simulations of LE con-
ditions over circular (Laird et al. 2003a) and elliptical
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MAY 2004 LAIRD AND KRISTOVICH 1101
(b)
U (m/s)
WD | L(km) | 01 | 02 | 03 06 ] 07 |08 [09 [ 10 | 11 [12 [13 | 14 [ 156 ] 16 | 17 [ 18 [ 19 | 20
360 | 92
350 | 92
340 | 92
330 | 92
320 | 95 A
310 98
o [ 300 | 108
‘= [200 [ 117
W 280 [ 127
QO [270 | 184
S [260 | 317
—1 [ 250 | 362
240 | 304
230 | 190
220 | 1590
210 | 127
200 | 108
190 98
01 | 02 06 [ 07 [08 [09 [10 [ 11 [12 [ 13 [ 14 [ 15 ] 16 [ 17 | 18 [ 19 | 20
360 | 70
350 72
340 | 78
330 91
320 | 98 Py
o [0 711 Py
= [300 [ 139
K200 | 174 A ® @
C [280 | 211 ® -
O 270 265 -
&J 260 285 P =
® | 250 | 270 A @
- [240 109
230 | 98
220 81
210 | 78
200 78
190 | 74

B Mesoscale Vortex &
I Shoreline Band &
1 Widespread Coverage @

(1 Shoreline Band / Vortex
1 Widespread / Shoreline Band <

Fic. 3. (Continued)

(Laird et a. 2003b) lakes, contain important information
related to the mesoscale dynamics of different LE mor-
phologies, but may provide only alimited benefit when
being used to predict mesoscale morphology in real LE
situations. The U/L criteria exhibited the greatest prob-
ability of detecting LE SB events, but also experienced
a relatively large number of false hindcasts of these
events. The probability of the U/L criteria to identify
WC events, the most frequently observed in the Great
Lakes region, was approximately 56%—62%, with low
occurrences of falsely predicting WC events. Theresults
also show that MV and SBWC events have alow prob-
ability of being correctly identified by the U/L criteria.
This is likely due to the low frequency of occurrence
and enhanced complexity of these mesoscale events.
The examination of the U/L criteriain this study sug-
gests that U/L is related to observed LE morphology,
although not as directly as previously indicated by ide-
alized model simulations, and could be used to provide
a first-order estimate of the LE morphology that would

develop for particular LE wind conditions over a spe-
cific lake. The results, especially the variability shown
in Fig. 2, suggests that a spectrum of LE events within
a single morphology exists and that the idealized or
“normal”’ LE conditions used by Laird et al. (2003a,b)
may not have adequately represented this spectrum with
the limited array of nearly 55 model simulations. De-
spite this limitation, Fig. 3 may prove to be a useful
component in providing an indication of the relative
intensity of an LE event for specific wind conditions by
identifying the likely LE morphology. For example,
forecasted LE conditions with a wind direction of 330°
and wind speed of 13 m s~* would indicate that SB,
SBWC, and WC events are likely to develop over Lakes
Superior and Huron, Lake Michigan, and Lakes Erie
and Ontario, respectively.

It is generally understood that extensive regions of
significant lake ice cover concentrations decrease the
upward heat and moisture fluxes from the lake surface,
although the relationship has not been quantified. Even
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TaBLE 3. Evaluation of U/L hindcasts with ice coverage for KS95 LE cases. Shown for each LE morphology and lake are humber of
cases, minimum U/L, maximum U/L, mean U/L, POD, FAR, and bias. POD, FAR, and bias determined using U/L criteria from Laird et al.
(2003b). Mean values for each morphology are also included (All Lakes). Mesoscale vortex events were not reported by KS95.

L ake-effect morphology Lake No. of cases Min U/L Max U/L Mean U/L  POD (LO3b) FAR (LO3b) Bias (LO3b)
Shoreline Superior 15 0.003 0.109 0.044 0.952 0.873 7.523
Huron 16 0.010 0.070 0.035 0.926 0.734 3.482
Michigan 20 0.015 0.160 0.044 0.950 0.672 2.900
Erie 19 0.016 0.143 0.055 0.913 0.533 1.957
Ontario 43 0.011 0.239 0.074 0.830 0.371 1.321
All Lakes 113 — — 0.050 0.914 0.637 3.440
Coexisting shoreline and  Superior 6 0.020 0.081 0.052 0.333 0.952 7.000
widespread Huron 11 0.019 0.127 0.055 0.364 0.909 4.000
Michigan 20 0.011 0.133 0.055 0.350 0.860 2.500
Erie 4 0.046 0.077 0.059 0.500 0.917 6.000
Ontario 10 0.036 0.110 0.074 0.700 0.848 4.600
All Lakes 51 — — 0.059 0.449 0.897 4.820
Widespread Superior 140 0.008 0.200 0.048 0.274 0.091 0.301
Huron 71 0.013 0.131 0.062 0.549 0.043 0.573
Michigan 90 0.015 0.216 0.073 0.536 0.078 0.582
Erie 52 0.028 0.725 0.133 0.860 0.109 0.947
Ontario 43 0.019 0.198 0.107 0.868 0.361 1.358
All Lakes 396 — — 0.085 0.617 0.136 0.752
under conditions when a solid ice cover forms, vertical REFERENCES

heat transfer from the ice-water interface through the
overlying ice and snow layers to the atmosphere can
occur (Assel 1999). For example, a comparison of the
KS95 LE cloud database with GLERL ice charts shows
atotal of eight winter cases when LE convective clouds
(six WC and two SB events) developed over Lake Erie
and the underlying surface area of the lake was com-
pletely covered with an ice concentration of 95%. Al-
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leads to a small improvement of the accuracy of the
hindcasts, the impact that different concentrations of
lake ice cover have on the modification of LE boundary
layer structure, mesoscale morphology, microscale
cloud structure, and snowstorm intensity remainsan im-
portant and challenging unresolved scientific issue and
should be quantified for use in mesoscal e weather fore-
cast models.
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