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ABSTRACT

Boundary layer rolls over Lake Michigan have been observed in wintertime conditions predicted by many
past studies to favor nonroll convective structures (such as disorganized convection or cellular convection). This
study examines mechanisms that gave rise to transitions between boundary layer rolls and more cellular con-
vective structures observed during a lake-effect snow event over Lake Michigan on 17 December 1983. The
purposes of this study are to better understand roll formation in marine boundary layers strongly heated from
below and examine the evolution of snowfall rate and mass overturning rate within the boundary layer during
periods of convective transition. A method of quantifying the uniformity of convection along the roll axes, based
on dual-Doppler radar-derived vertical motions, was developed to quantify changes in boundary layer convective
structure. Roll formation was found to occur after (within 1 h) increases in low-level wind speeds and speed
shear primarily below about 0.3zi, with little change in directional shear within the convective boundary layer.
Roll convective patterns appeared to initiate upstream of the sample region, rather than form locally near the
downwind shore of Lake Michigan. These findings suggest that either rolls developed over the upwind half of
Lake Michigan or that the convection had a delayed response to changes in the atmospheric surface and wind
forcing. Mass overturning rates at midlevels in the boundary layer peaked when rolls were dominant and gradually
decreased when cellular convection became more prevalent. Radar-estimated aerial-mean snowfall rates showed
little relationship with changes in convective structure. However, when rolls were dominant, the heaviest snow
was more concentrated in updraft regions than during more cellular time periods.

1. Introduction

Lake-effect snow and rainstorms contribute signifi-
cantly to the total wintertime precipitation in the Great
Lakes region (e.g., Eichenlaub 1979; Braham and Dun-
gey 1995; Scott and Huff 1996; Miner and Fritsch
1997). Snowfall patterns around the western Great
Lakes reveal that as the mean west to northwesterly
winds blow across these lakes, lake-effect precipitation
concentrates along the downwind (eastern) shoreline re-
gions (Braham and Dungey 1984). Kelly (1986) and
Kristovich and Steve (1995) found that the most com-
mon convective pattern over all of the Great Lakes,
particularly Lakes Superior, Michigan, and Huron, is
widespread fields of snow associated with winds across
the short axis of the lakes. These widespread cloud and
precipitation fields, observed by satellite and WSR-88D
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radars, usually exhibit multiple wind-parallel banded
features. Kelly (1984) and Kristovich (1993) used sin-
gle- and dual-Doppler radar observations near the east-
ern shore of Lake Michigan to show that roll vortices
were present when the convective pattern was organized
into wind-parallel bands of heavier precipitation.

Numerous investigators have examined roll devel-
opment in various environmental conditions. Some no-
table reviews of published research on boundary layers
and roll convection can be found in Kelly (1977), Etling
and Brown (1993), Moeng and LeMone (1995), and
Atkinson and Zhang (1996). In general, past research
emphasized that under conditions of weak to moderate
thermal forcing from the surface, convection tended to
organize into longitudinal roll convection when winds
and wind shear were high (e.g., Woodcock 1940; Gross-
man 1982). Current roll formation theories emphasize
the importance of the curvature of wind speed profiles
parallel to the roll axes (e.g., Kuettner 1959, 1971),
inflection points in the wind speed profiles perpendicular
to the roll axes (e.g., Brown 1970, 1972, 1980), and
boundary layer mean wind shear (Asai 1970, 1972; Miu-
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ra 1986). Clark et al. (1986), Kuettner et al. (1987), and
Hauf and Clark (1989) found that gravity waves, gen-
erated within the stable air above the convective bound-
ary layer by wind shear near the boundary layer top,
can augment linear convective structures. If the bound-
ary layer top wind shear is roughly perpendicular to the
boundary layer wind direction, then bands of convection
parallel to the mean boundary layer wind can be induced
by gravity waves. Rao and Agee (1996) and Cooper
(1998) used numerical modeling techniques to deter-
mine that cloud microphysical processes and shear pro-
files influence the development of roll and nonroll con-
vective patterns in lake-effect boundary layers. Kris-
tovich (1993) compared atmospheric characteristics
shown by the earlier studies to favor roll development
over nonroll convection, with those observed on four
dates with roll circulations over Lake Michigan. He
found that none of the existing criteria for roll occur-
rence were met on all dates and suggested that low-level
shear (below about 200-m height) was primarily re-
sponsible for roll development.

The purpose of this observational study is to gain a
better understanding of mechanisms responsible for roll
occurrence in boundary layers strongly heated from be-
low. The temporal evolution of convection between non-
roll and roll patterns and the changes in atmospheric
conditions responsible for the transitions are examined
for a lake-effect event that occurred on 17 December
1983. The term nonroll denotes nonlinear convective
structures with high reflectivity and updraft centers with
roughly the same size and spacing as the rolls. Section
2 gives an overview of studies of roll convection. Sec-
tions 3 and 4 describe the dataset and analysis methods
used, including those for determining the convective
uniformity along the roll axes. Sections 5 and 6 describe
the evolution of synoptic conditions, mesoscale con-
vective structure, and the internal boundary layer on 17
December 1983. Section 7 examines changes in snow-
fall and vertical mass overturning rates as the convective
structure evolved. Finally, section 8 discusses and sum-
marizes the findings of this study.

2. Background

A number of past studies give quantitative descrip-
tions of environmental conditions that resulted in roll
development, which can be compared to conditions ob-
served in this case. For example, Brown (1972) argued
that shear induced by a wind profile that turns with
height, leaving an inflection point at midlevels, may be
sufficient to overcome the stability profile in the at-
mosphere. When the magnitude of shear at the inflection
point was sufficient to overcome the atmospheric sta-
bility (defined as the Richardson number near the height
of the inflection point, RiL, was less than 0.25), then
linear convective patterns were predicted. Miura (1986)
found that rolls were favored when boundary layer wind
shear was between 1023 and 1022 s21. Kuettner (1971)

found that rolls existed when the alongroll wind profile
curvature exceeded a value of 1027 cm21 s21 over the
depth of the boundary layer. Two different approaches
employ ratios of the influence of shear and buoyancy
on boundary layer turbulence. Grossman (1982), using
theoretical arguments and observations of cloud bands
taken during the Barbados Oceanographic and Meteo-
rological Experiment, found evidence for roll convec-
tion or a combination of rolls and cells in vertical ve-
locity measurements when the negative ratio of the
boundary layer depth (zi) to the Monin–Obukhov length
(L, defined later) was greater than 21.4. Using numerical
experiments, Sykes and Henn (1989) revealed that rolls
developed when the ratio of the friction velocity (u*)
to the convective velocity scale (w*) was greater than
0.35. Other factors, such as latent heat release by cloud
and precipitation formation (e.g., Brümmer 1985; Sykes
et al. 1988; Cooper 1998), are also thought to influence
convective structures. The literature gives examples
where the presence of clouds and precipitation favors
nonroll convective structures (e.g., Brümmer 1985;
Cooper 1998) or increases the likelihood of rolls (e.g.,
Sykes et al. 1988; Rao and Agee 1996).

Recent observational studies have shown that rolls
can form in boundary layers more strongly heated from
below than suggested by the above studies. On four
wintertime lake-effect roll cases examined by Kristovich
(1993), all with strong surface heating, none of the cri-
teria shown by past authors to favor roll development
were consistently met. However, the criteria for Kuettner
(1971) was met when using wind shear below about
0.2zi. Kristovich (1993) concluded that near-surface
shear was likely responsible for roll formation. This
finding is similar to that by Sykes and Henn (1989),
who used numerical modeling techniques to determine
that shear close to the surface organizes convection at
those levels into wind-parallel bands. This convection
then rises through the remainder of the near-neutrally
buoyant convective boundary layer, while retaining its
linear pattern. Similarly, Weckwerth et al. (1997) used
observed and numerically derived turbulent kinetic en-
ergy calculations to show that wind shear close to the
surface was more important than shear throughout the
boundary layer in sustaining roll convection observed
over east-central Florida during the Convection and Pre-
cipitation/Electrification Experiment (CaPE). In gener-
al, however, the CaPE studies examined cases with low
wind speeds and weak to moderate heating from the
surface. The present study examines the evolution of
convective structures between rolls and nonroll con-
vection within a boundary layer strongly heated from
below. Our goal is to gain further insight into the forcing
mechanisms responsible for roll occurrence in highly
convective boundary layers.

It is well known that convective rolls modulate
boundary layer turbulent eddies (e.g., LeMone 1973,
1976; Grossman 1982), clouds (e.g., Kuettner 1959;
Streten 1975; LeMone and Pennell 1976), and precip-
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FIG. 1. Map showing locations of National Weather Service surface
observational sites and NCAR CP3 and CP4 radars during the Uni-
versity of Chicago Lake-Effect Snow study. Radar analysis region is
depicted by the hatched square.

itation (Kelly 1984; Rao and Agee 1996). Much less is
known, however, about the possible relationships be-
tween the rate of mass overturning and the organization
of convection within the boundary layer. Braham (1986)
observed a case when transitions between nonroll and
roll convection were accompanied by large changes in
the spatial coverage of snowfall and perhaps the mean
snowfall rate. This study examines how mass overturn-
ing rates, snowfall rates, and boundary layer depth re-
spond to changes in both surface forcing and the struc-
ture of mesoscale convection.

3. Data and analysis approach

Data used for the analysis of the 17 December 1983
lake-effect snow event were taken during the University
of Chicago Lake-Effect Snow Storm Project that was
conducted during December 1983 and January 1984.
This field project included dual-Doppler radar mea-
surements, aircraft in situ observations (NCAR King Air
and Queen Air), research rawinsonde observations of
atmospheric profiles, and Portable Automated Mesonet
surface stations (see Schoenberger 1986). Atmospheric
conditions, including convective boundary layer depth
and wind profiles, were derived from surface, radar, ra-
winsonde, and aircraft observations. The National Cen-
ters for Environmental Prediction global tropospheric
gridded analysis maintained by the National Center for
Atmospheric Research (NCAR) was used for examining
the synoptic evolution of this event.

The primary dataset used in this study was taken by
the NCAR CP3 and CP4 5-cm wavelength radars, which
provided dual-Doppler coverage near the east (down-
wind) shore of Lake Michigan (Fig. 1). Radar scans
were generally taken between 0.08 or 0.18 and about
5.08 elevation angle, with a vertical resolution of gen-
erally 0.48 or 0.58. The radar equivalent reflectivity fac-
tor (hereafter called reflectivity) and radial velocity
fields were interpolated to a Cartesian grid using the
NCAR Mesoscale and Microscale Meteorology Divi-
sion (MMM) Sorted Position Radar Interpolation pro-
gram (Mohr and Vaughan 1979; Miller et al. 1986). The
primary analysis region was 25 km 3 25 km with hor-
izontal and vertical grid spacings of 250 m and 200 m,
respectively. It is noted that over portions of the sample
region, data between height levels is not independent.
Tests using vertical grid spacings between 200 and 350
m revealed only minor changes in calculated vertical
velocity fields. All heights presented in this paper (un-
less otherwise noted) are relative to the surface. The
analysis region was large enough to include several roll
wavelengths during periods of boundary layer roll con-
vection.

Dual-Doppler syntheses of the horizontal winds, cal-
culation of derived fields, and creation of graphical dis-
plays of the data were done with the NCAR MMM
Custom Editing and Display of Reduced Information in
Cartesian Space program (Mohr et al. 1986). In addition,

the NCAR MMM Planned Position Indicator program
was used to examine the radar measurements at the orig-
inal sampling resolution throughout a larger region over
the lake (55 km 3 50 km). Vertical motions were cal-
culated using observed convergence fields, and inte-
grating the continuity equation downward from an al-
titude of 1100 m (the height of the top of the boundary
layer near the eastern shore). Use of a single value for
boundary layer top height is justified because of the
observed small variations in the cloud tops (e.g., Chang
and Braham 1991; Braham and Kristovich 1996) and
intense above–boundary layer stability. Variational or
bottom-up methods appeared to be less reliable in this
case due to the shallow nature of the convective cir-
culations and the radar ranges required to observe them
with ground-based radars in Michigan.

Six surface stations that provided meteorological pa-
rameters along the eastern and western shores of Lake
Michigan were used in estimating surface fluxes (Fig.
1). Measurements of Lake Michigan surface water tem-
perature, from Coast Guard observations and aircraft
downward-looking radiometer observations, ranged
from 28 to 58C. Due to uncertainty of the representa-
tiveness of the lake water temperatures, and the fact that
a small amount of floating ice was observed from the
aircraft, a water temperature of 08C was used in esti-
mating the heat and moisture fluxes. This may have
resulted in underestimates of the surface heat, momen-
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tum, and moisture fluxes. However, temporal trends of
the fluxes should be well represented. Heat and moisture
fluxes were estimated using bulk methods every hour
along the western and eastern shores during the lake-
effect event, using

H 5 c C ru(u 2 u) ⇒ H 5 c C ru(T 2 T ), (1)p H LM p H LM

E 5 C ru(q 2 q) ⇒ E 5 C u(r 2 r ), (2)E LM E y -LM y

where H is sensible heat flux (W m22); E is vapor flux
(g m22 s21); CH and CE are nondimensional bulk transfer
coefficients of heat and moisture, respectively; cp is spe-
cific heat at constant pressure for air ; r is air density;
ry is water vapor density; u is near-surface wind speed;
u is potential temperature; T is temperature; and q is
specific humidity. The subscript LM denotes values as-
sociated with the surface of Lake Michigan. For this
study, a value of 1004.5 J kg21 K21 was used for cp and
a constant value of 1.5 3 1023 was used for CH and CE.

Several methods are available for comparing the in-
fluences of shear to buoyancy on boundary layer cir-
culations. One of the most commonly used factors in
the literature on roll formation is the negative ratio of
the boundary layer depth (zi) to the Monin–Obukhov
length, L (e.g., Grossman 1982). This length is a mea-
sure of the ratio of shear to buoyant production of tur-
bulent kinetic energy in the boundary layer and was
estimated for this study by

3rC Tup *2L 5 , (3)
0.07

K gH 1 1a 1 2B

where the friction velocity is

u* 5 [CDu]2 (4)

with a constant drag coefficient, CD, of 1.5 3 1023 (Arya
1988, p. 160, 167, 171). For this calculation, u was
assumed to be zero at the surface. The Bowen ratio, B,
is the ratio of the surface sensible heat flux (H) to sur-
face latent heat flux (E). Another common method of
comparing shear to buoyant production is the ratio of
the friction velocity (u*) to the convective velocity
scale, w*, calculated here by

1/3 H gzi1 2r 
w* 5 . (5) 

T 

Bulk transfer relationships were utilized for all flux
calculations since vertical profile information was not
available at each measurement location (Garratt 1992)
and aircraft flight patterns on 17 December 1983 did
not allow for determination of temporal variations in
low-level fluxes. In utilizing the bulk transfer method,
temporal trends in estimated and actual values of fluxes
over Lake Michigan should be closely related, even
though specific values may not be numerically equiv-

alent. There are a variety of methods for estimating
surface fluxes (e.g., Sykes et al. 1993). The methods
used for this investigation were chosen because they
give reasonable values compared to past aircraft obser-
vations of fluxes derived through eddy-correlation tech-
niques in lake-effect situations (e.g., Chang and Braham
1991; Kristovich 1993; Kristovich and Braham 1998)
and due to the limited vertical extent (i.e., measured at
a single altitude) of the wind and temperature obser-
vations.

Wind shear at various levels was derived using single-
and dual-Doppler radar data, project rawinsonde sound-
ings from Muskegon, Michigan, about 10–15 km to the
east of the dual-Doppler sample region, and wind pro-
files taken during aircraft takeoffs and landings.

4. Methods of determining degrees of
linearity/cellularity

In this section, we combine a method employed by
Weckwerth et al. (1997) with a new method of calcu-
lating the degree of convective uniformity along the roll
axes based on vertical motion observations, so that
changes can be quantitatively described. Observations
of the radar reflectivity and radar-derived vertical mo-
tion fields on 17 December indicate that a gradual tran-
sition occurred between nonroll convection and hori-
zontal roll circulations during a 5-h time period. The
gradual transition of convective structure and meteo-
rological conditions suggest that the differing convec-
tive modes existed simultaneously during this event. For
example, linear convection (rolls) tended to dominate
over nonroll convection between about 1510 and 1600
UTC. Nonroll convective elements remained during this
time period, but to a lesser degree. The 17 December
1983 event provides an example of situations in which
the transition between convective modes is gradual and
difficult to define. Therefore, a method of quantifying
the degree that linear and nonroll convection exist, es-
pecially under transitional time periods, is necessary.

Weckwerth et al. (1997) employed an autocorrelation
technique to examine statistical properties of atmo-
spheric bandedness within radar reflectivity fields ob-
served during CaPE and model-derived vertical velocity
fields. Spatial correlation fields allow for determination
of regular, repeated patterns in a region of observed
radar reflectivity (or other quantity). Weckwerth et al.
(1997) used spatial autocorrelation fields to calculate a
horizontal aspect ratio (HAR), which is a measure of
the major axis versus the minor axis of the 0.2 corre-
lation coefficient contour about the center of an auto-
correlation field. Weckwerth et al. (1997) used HAR
values of greater than six to identify the existence of
rolls based on the visual inspection of many cases. It is
not known if this criteria is appropriate for events with
differing environmental conditions or radar scatterers,
or in conditions where there is a spatial variation in roll
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FIG. 2. Plan view of (a) radar reflectivity (dBZ) and (b) vertical
motion (m s21) fields estimated from dual-Doppler radar horizontal
wind observations at 1541 UTC 17 Dec 1983 at 700 m.

FIG. 3. Schematic illustration of the mass flux ratio (MFR) method
for determining the uniformity of convection along boundary layer
rolls. Case A represents one in which there is no roll-mean vertical
motion field (i.e., mass flux due to rolls 5 0); MFR 5 0. Case B is
one in which convection along the roll axes is uniform; MFR 5 1.

wavelength (as seen in Muira 1986; Kelly 1984; Steve
1996).

An important assumption for the HAR method is that
the reflectivity field is a reliable indicator of the vertical
motion field, as has been indicated for convective
boundary layers over land by Wilson et al. (1994). Fig-
ure 2 shows vertical motion estimates and radar reflec-
tivity values for 1540 UTC on 17 December 1983. There
is considerable agreement between these fields, partic-
ularly in regions of highest reflectivity and strongest
vertical motions. However, the reflectivity field appears
to be more coherent along the roll axes than the vertical
motion field, where numerous downdrafts were located
along the roll updraft axes. The presence of significant
downdrafts along the roll updraft axes was shown using
aircraft vertical motion and dual-Doppler radar obser-
vations by Kelly (1984) and Kristovich (1991, 1993).
The more linear patterns in the reflectivity field may be

due to the combined influences of snow formation ev-
erywhere in the cloud-filled upper boundary layer (Kris-
tovich 1991) and the slow fall speeds of snow crystals
(up to about 1 m s21). It is suggested that in order to
fully understand the evolution of boundary layer con-
vection, methods using both reflectivity and vertical mo-
tion fields are necessary.

Rather than rely entirely on reflectivity signatures, an
alternative method of estimating linearity of roll con-
vection was developed. This method utilizes measure-
ments of mass flux, derived using radar-synthesized ver-
tical wind fields, and is based on the dynamic structure
of boundary layer roll circulations. As an illustration,
consider the motions along a band of high reflectivity.
Past observations reveal that the mean vertical motion
along these high-reflectivity lake-effect bands is positive
(Kelly 1984; Kristovich 1993). Superimposed on this
weak mean upward vertical motion are stronger updrafts
and downdrafts (Fig. 3). If synoptic-scale vertical mo-
tions are assumed to be negligible, then the vertical
motion at a point (n) along the band (wn) is the sum of
the mean vertical motion along the strip (wn) and var-
iation from the mean ( ); wn 5 w n 1 . If the verticalw9 w9n n

motion is averaged along a sufficiently long strip, then
nonroll motions would average to zero ( 5 0) andw9n
the average would represent the mean roll motion (w n

5 wR). Therefore, the convective component at any lo-
cation along the high-reflectivity band is simply wC 5
wn 2 wR. For the 17 December 1983 case, mean roll
vertical motions were estimated by calculating
[ (wn)]/k, where k is the number of samples withinkSn51

each 250-m-wide, 25-km-long strip parallel to the roll
axes.

To derive a measure of convective uniformity along
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FIG. 4. MFR values as functions of geographic orientation angle
for time periods with (a) rolls and (b) more cellular or random con-
vective structure.

the roll axes, it is convenient to use mass fluxes rather
than vertical motions. The mass flux (F) at a point is
Fn 5 rwn. The mass flux due to the roll circulation at
a given point in the high-reflectivity band is 5 rwR,FRn

since wR is the same at all points in the high-reflectivity
band. The total mass flux due to the roll-mean circu-
lation was found by computing the sum of the roll mass
fluxes at each point, FR 5 5 krwR. The totalkS Fn51 Rn

upward mass flux (FT) was found by computing the sum
of mass fluxes at all points with upward vertical veloc-
ities along the high-reflectivity band (i.e., wn . 0). The
ratio of mass flux due to the roll updraft to the mass
flux due to all updrafts along the high-reflectivity band

MFR 5 FR/FT (6)

is a measure of the uniformity of the roll circulations.
Hereafter we will refer to this ratio as the mass flux
ratio (MFR). If the vertical motion along a high-reflec-
tivity band is uniform, then FR 5 FT, and MFR is unity
(panel B in Fig. 3). For decreasing values of MFR, the
vertical motions along the roll axes are more and more
cellular. If the value of MFR is zero, then there is no
roll updraft present (Fig. 3a). The same method can be
applied to the roll-downdraft regions between high-re-
flectivity bands.

In lake-effect situations, Kelly (1984) and Kristovich
(1993) found that bands of high reflectivity were as-
sociated with the updraft branch of roll circulations.
Similar to Weckwerth et al. (1997), the correlation of
bands of high reflectivity with the roll updrafts allow
the orientation of roll axes to be determined using the
major axis of the 0.2 contour from the spatial autocor-
relation analyses of reflectivity. The orientation was eas-
ily determined during times with clearly definable linear
patterns in the reflectivity field. Analyses were con-
ducted for times when rolls existed (e.g., 1541 UTC)
to determine the sensitivity of the MFR method to the
roll orientation. Figure 4a shows that varying the roll
orientation from 2848, the angle used to determine the
MFR at 1541 UTC, by approximately 58 will result in
about a 20% and 10% reduction of the MFR within the
roll updrafts and downdrafts, respectively. Although rel-
atively small variations in the orientation angle result
in a significant error, the spatial autocorrelation method
is best at determining the roll orientation angle when a
high degree of linearity exists in the reflectivity field,
as is the case when rolls are present.

The orientation angle is more difficult to define during
periods of predominantly cellular convection. However,
the MFR is less dependent on the determination of the
orientation angle during these times due to the more
random locations of the convective updrafts. Figure 4b
shows the MFR as a function of orientation angle during
a time when cellular convection existed (1502 UTC).
Nearly all values of MFR are within 20% of the mean
value (0.3). The values of MFR calculated using the
orientation of 2708, determined by the spatial autocor-
relation method, are within 10% of the mean. Also,

values of MFR calculated using the mean wind direction
at 700 m determined from dual-Doppler analysis
(;2808) are also within 10% of the mean.

For this study, the spatial autocorrelation method was
used to determine the roll orientation angle. When no
angle was evident, the mean boundary layer wind di-
rection was used. This angle was then employed to cal-
culate the mass flux ratio.

5. Synoptic and meso-g evolution on
17 December 1983

From 16–18 December 1983, the synoptic environ-
ment was dominated by a long-wave trough over the
eastern United States that induced strong cold air ad-
vection over the Great Lakes region. At the surface, an
anticyclone center moved southward from north of Lake
Superior/Minnesota during the day on 16 December,
across the Wisconsin/Illinois area on the morning of 17
December, to a position near Lake Huron by 0000 UTC
18 December. Minimum surface temperatures near the
center of the cold pool decreased from about 2278 to
2318C from 1200 UTC on 16 December to 1200 UTC
on 18 December, with the coldest air moving from
southern Manitoba, Canada, to southern Lake Michigan
during this time period.
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FIG. 5. Surface analysis for 1400 UTC on 17 Dec 1983. Wind
barbs are in m s21 with a full barb representing 2 m s21.

FIG. 6. Plan view of radar-measured effective reflectivity factor on
17 Dec 1983 at (a) 1409 UTC, (b) 1541 UTC, and (c) 1801 UTC.
Reflectivity values and wind barbs shown are for the 700-m height
level.

Surface observations in the western Great Lakes re-
gion (Fig. 5) reveal that a cold front moved through the
Milwaukee, Wisconsin, area between 1300 and 1400
UTC on 17 December 1983, crossed southern Lake
Michigan, and reached the MKG area between 1400 and
1500 UTC. Frontal passage over southern Lake Mich-
igan was accompanied by an increase in surface and
radar-measured wind speeds. MKG wind speeds in-
creased from about 5–6 m s21 before frontal passage to
about 8–9 m s21 after frontal passage, and radar-mea-
sured wind speeds at 0.7zi (700 m) height increased from
about 10 to 11 m s21 during this time period. Wind
directions were generally from the west, with a minor
(108–208) shift toward more northerly winds after cold
frontal passage. Thereafter, wind speeds slowly de-
creased with little change in wind direction throughout
the rest of the observational period. At 0.7zi (700 m)
height, radar-synthesized winds decreased from about
11.2 m s21 at 1500 UTC to approximately 10.4 m s21

by around 1630 UTC. Thereafter, the wind speed re-
mained nearly constant to about 1800 UTC. Wind
speeds below 500 m, as estimated by aircraft and radar
VAD analyses, changed more than those at higher levels
in the boundary layer. Wind directions, however, were
nearly unidirectional.

While the wind speed variations were small through
much of the boundary layer, the variations were appar-
ently strong enough to influence the structure of bound-
ary layer convection observed near the eastern shore of
Lake Michigan. Figure 6 gives the radar reflectivity pat-
tern interpolated to the 700-m height level within the
625 km2 dual-Doppler observational area. At 1409
UTC, before the cold frontal passage, there was little
evidence of linear patterns in the reflectivity field, and
the magnitude of the observed reflectivity was generally
below 10 dBZ. After the cold frontal passage and as-
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FIG. 7. Time series of MFR and HAR (see Weckwerth et al. 1997)
on 17 Dec 1983. The approximate time of frontal passage in the
sample region is shown as the dark gray vertical column. The time
period where rolls were most dominant in the observed convective
structure is shown in the white vertical column. (b) The horizontal
line denotes the criteria above which Weckwerth et al. (1997) argued
roll convection was present.

sociated peak in mean boundary layer wind speeds, lin-
ear patterns became much more pronounced, with wave-
lengths of 5–6 km (aspect ratios of about 5–6zi). Peak
magnitudes of reflectivity also increased, with reflectiv-
ities commonly over 10 dBZ in bands nearly parallel to
the wind direction. As the winds thereafter decreased,
the linear patterns became less prominent, with nonroll
convective patterns becoming more pronounced. At
1801 UTC (panel C, Fig. 6), for example, wind-parallel
bands of higher reflectivity can still be seen within the
reflectivity field, but the lines are less coherent than at
1541 UTC.

Figure 7 gives a time series of values calculated by
the HAR and MFR methods for estimating the degree
of linearity within the observed convective field. These
calculations utilized 20 radar volumes collected over a
5-h time period on 17 December 1983. Following a brief
period of high HAR values (Fig. 7b), based on radar
reflectivity patterns, values dropped below three. How-
ever, during the period between about 1510 UTC and
1600 UTC, HAR values were consistently larger (be-
tween about 6 and 11), with values above the minimum

value defined by Weckwerth et al. (1997) as indicating
roll convection during CaPE. Although the HAR values
for the two earliest radar volumes (values of 8 and 6.2)
are greater than the roll criterion used by Weckwerth et
al. (1997), orientation angles of the reflectivity patterns
were not close to the wind directions and apparently not
due to longitudinal roll circulations.

Using radar-derived vertical motion fields at midlev-
els in the boundary layer, MFR values showed a similar
pattern (Fig. 7a). Between about 1510 and 1600 UTC,
when bands were most prominent in the reflectivity
field, MFR values peaked in both the roll updraft and
roll downdraft regions at about 0.50 and 0.46, respec-
tively. These values indicate that during the period
where the convection was most linear, roll-mean vertical
motions accounted for about half of the total amount of
updraft (downdraft) mass flux along the roll updraft
(downdraft) region. After 1600 UTC, linear features be-
came less prevalent and MFR values dropped to about
0.30—indicating that local updrafts along the roll axes
had significantly increased. This suggests that during
this time, the roll-mean circulations accounted for only
about 30% of the total vertical motion along the bands.

6. Evolution of boundary layer structure

To better understand why the convective structure
changed with time near the downwind shore, it is nec-
essary to determine changes in atmospheric conditions
that accompanied the evolution of convection. Past stud-
ies have emphasized the important roles of surface heat-
ing and wind shear within and just above the boundary
layer in controlling the likelihood of roll or cellular
convection. In this section, we will examine temporal
and spatial changes in the atmospheric boundary layer
on 17 December 1983.

a. Boundary layer changes across Lake Michigan

The west–east growth of the convective boundary
layer was observed by the King Air and Queen Air,
which conducted multiple vertical soundings within and
above the boundary layer at locations across Lake Mich-
igan. These observations were taken after frontal pas-
sage (King Air soundings were taken between 1517 and
1746 UTC, and Queen Air soundings were between
1632 and 1841 UTC). Because these data were taken
over a period of several hours, these profiles may not
be appropriate for a given instant of time. However, they
do provide general information on the postfrontal ther-
mal and microphysical characteristics of the convective
boundary layer in which the convective transitions oc-
curred. Figure 8 gives vertical cross sections across the
lake of potential temperature, and the frequency with
which clouds and snow were observed. For each 1-min
flight segment, the potential temperature was averaged
and plotted at the midpoint of the aircraft position.
Cloud frequencies were determined for each flight seg-
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FIG. 8. Cross-lake cross sections of potential temperature (solid lines), and the percentage of 1-s samples that project aircraft
encountered (a) clouds and (b) snow in each 1-min interval of flight. Potential temperatures are given every 1 K. Clouds were
defined as having FSSP-measured concentrations over 10 cm23. Snow was having 200Y-measured concentrations over 0.1 L21. Gray
shading represents locations where 20%, 60%, and 100% of each 1-min sample period has cloud or snow.

FIG. 9. Wind speed and direction profiles observed by the NCAR
King Air during takeoff from Muskegon Airport (near 1516 UTC)
on 17 Dec 1983.

ment by tabulating the number of seconds with the Par-
ticle Measuring Systems Forward Scattering Spectrom-
eter Probe (FSSP)-measured cloud drop particle con-
centrations over 10 cm23 (Fig. 8a). The curves shown
were subjectively drawn according to these data. Sim-
ilarly, the snow frequencies represent the percent of sec-

onds in the flight segments with 200Y-probe-measured
snowflake concentrations over 0.1 L21 (Fig. 8b).

The cross sections show that a convectively driven
mixed layer grew with fetch across the lake into the
stably stratified air. The boundary layer was neutral
through most of the depth, with a very unstable surface
layer near the lake (lake temperatures were estimated
as between 08 and 38C, 273 to 276 K). On this date, the
boundary layer depth reached approximately 1.0 km
near the downwind shore, giving an average slope of
the boundary layer top across the lake of 8.3 m km21,
over a fetch of about 120 km. A 200- to 600-m deep
layer of nearly complete cloud coverage was observed
across much of the lake and snow was observed nearly
everywhere in the lower two-thirds of the boundary
layer. It is important to note that the potential temper-
ature gradient upwind of the lake was near 9 K km21,
which would strongly inhibit vertical motions. There-
fore, it seems likely that convective structures observed
near the downwind shore were generated over the lake.

Aircraft-measured wind profiles taken during sound-
ings over the lake (not shown) provided only general
information due to the large amount of scatter in the
data. Figure 9 shows an example aircraft profile taken
at MKG near the downwind shore. All soundings over
the lake revealed a rapid increase in wind speed from
the surface to about 300-m height (Kristovich 1991).
Between this height and about 900 m, wind speeds
reached a local minimum. Above about 1000 m, wind
speeds again increased rapidly. The wind direction var-
ied by less than 258 so wind shear was roughly parallel
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FIG. 10. Time series of surface observations of temperature, wind
speed, and estimated overlake sensible heat flux, vapor flux, and
friction velocity using surface observations taken at Milwaukee, WI
(solid lines), and Muskegon, MI (dashed lines). Lake surface tem-
peratures are assumed to be 08C.

to the wind direction throughout the boundary layer.
The strongest speed shear in the boundary layer was
within the lowest 200–300-m height in all soundings.
The difference between the low-level wind speed max-
imum and higher-level wind speed minimum decreased
from west to east across the lake.

b. Temporal changes of surface fluxes

Temporal changes in surface fluxes were examined
at six sites close to the lake (Fig. 1). Figure 10 gives
time series of surface temperature and winds at Mos-

kegan, MI (MKG) and Milwaukee, Wisconsin (MKE).
Additionally, estimated surface heat and vapor fluxes,
and friction velocity over the lake using near-shore sur-
face measurements are shown. Temporal trends ob-
served at four other sites around the lake showed similar
variations. Trends in surface conditions were consistent
with the passage of a cold front at around 1300–1500
UTC and a subsequent increase in wind speeds. There
is some evidence for a second weak frontal passage after
the time of dual-Doppler radar observations, around
2000–2200 UTC, after radar operations were terminat-
ed. Wind velocities at MKE underwent a spike in wind
speeds of about 8 m s21 at 1400 UTC, followed by a
decrease in winds thereafter. This pattern is similar to
those observed at Green Bay, Wisconsin, and Chicago,
Illinois. Wind speeds near the downwind shore of the
lake, illustrated by the observations at Muskegon, in-
dicated generally increasing wind speeds with peaks of
about 9 m s21 at 1500–1600 UTC and around 1900
UTC.

Estimated surface sensible heat fluxes peaked at
around 260–280 W m22 near the upwind shore of Lake
Michigan, and about 100 W m22 lower near the eastern
shore due to the lake-warmed surface air temperatures.
Latent heat fluxes showed similar trends, but were much
lower in magnitude (Bowen ratios were generally 2 to
3 near the upwind shore of the lake, and 1 to 2 near the
downwind shore). Current theories generally suggest
that for rolls to form, shear would have to offset these
peak values of surface heat fluxes (e.g., Kuettner 1959,
1971; LeMone 1973; Grossman 1982; Sykes and Henn
1989; Etling and Brown 1993; Moeng and LeMone
1995; Atkinson and Zhang 1996). Indeed, friction ve-
locities increased as heat fluxes increased and tended to
have much higher values on the eastern side of the lake.

A measure of the ratio of shear to buoyant production
of boundary layer motions, the Monin–Obukhov length
(L), revealed that shear tended to contribute the most
to turbulence formation just after frontal passage on 17
December 1983 (not shown), corresponding to the time
periods of increases in surface heat flux. This is not
surprising, given that the shear component in the nu-
merator of the equation for L [Eqs. (3) and (4)] is a
function of u6, while the heat flux component (in the
denominator) of L [Eqs. (1) and (3)] is a function of u1.
Therefore, while increases in wind speed result in in-
creases in both shear and buoyant production of tur-
bulence, with all other factors held constant, increases
in shear production dominate.

Grossman (1982) found that rolls dominated over cel-
lular convection when 2zi/L was less than 21.4. In gen-
eral, estimation of zi is difficult. However, Kristovich
(1991) found a reasonable correspondence between the
height at which the radar reflectivity decreased to half
of the within-boundary layer values and aircraft in situ
observations of the top of the boundary layer. An ex-
amination of the vertical variation of radar reflectivity
from CP3 and CP4 indicated that between 1300 and



DECEMBER 1999 2905K R I S T O V I C H E T A L .

FIG. 11. Wind speed and direction profiles derived from VAD meth-
ods at 1502 and 1751 UTC on 17 Dec 1983. Dual-Doppler estimates
at 0.7-km height are shown by shaded dots. Components of the wind
velocity are given relative to the roll angle between 1500 and 1600
UTC, for reference.

1700 UTC, the boundary layer depth remained at about
1100 m (not shown). Just prior to the time when rolls
were most dominant, 1500–1600 UTC, 2zi/L reached
its minimum of about 40. This suggests that rolls were
most favored following frontal passage.

c. Temporal changes of wind profiles

While estimates of surface heat and momentum fluxes
are useful indicators of when rolls are favored, wind
profiles are needed to determine mechanisms respon-
sible for roll development and for comparison with ex-
isting theories on the importance of shear to the devel-
opment and maintenance of rolls. Three datasets were
available on 17 December 1983 for examining temporal
changes in wind profiles. Radar dual-Doppler obser-
vations gave useful information on mean wind profiles,
but lack data within the lowest regions of the boundary
layer. Aircraft observations, taken during ascents and
descents from Muskegon Airport, could be combined
with research rawinsonde observations, taken at 1031
and 1606 UTC at the airport. However, lack of many
soundings and large scatter in the data make these in-
adequate to examine details of the temporal evolution
of the wind profiles during the entire observational time
period. Winds derived by the velocity–azimuth display
(VAD) method have high vertical and temporal reso-
lution of wind profiles, but have the disadvantage of
being averaged over an increasing large circle of radar
observations with increasing height. Aerial changes in
wind velocity would influence the mean wind obtained
at each height by this technique. Indeed, examination
of winds used in this method show a general decrease
in wind speed as the air passed from the lake to the land
surface, as expected. However, the influence of these
wind variations on the calculated wind velocities, par-
ticularly at low levels within the boundary layer, ap-
peared to be small. In addition, because of the shallow
nature of the boundary layer on 17 December 1983,
radar observations utilized for this study were limited
to those within a 16-km range. VAD wind profiles were
calculated for each radar sweep during this case, and
were compared, where possible, with profiles from air-
craft and rawinsonde observations.

VAD estimates of wind velocity profiles when rolls
were dominant (1502 UTC) and when the convection
was more cellular (1751 UTC) are given in Fig. 11. The
wind speed and direction estimates above 500 m agreed
reasonably well with dual-Doppler estimates for those
levels over water (not shown). However, the influences
of differences in surface friction between the lake and
land areas are obvious: VAD estimates of wind speed
below 500 m are less than aircraft observations (see Fig.
9). In general, wind speeds decreased throughout the
depth of the boundary layer as the convection became
more cellular. Variations were much greater in the lower
half of the boundary layer, where wind speeds decreased
by 2–4 m s21. Wind shear changes with time were great-

est below about 200-m height, even with the observed
underestimates of wind speed at low levels. A slight
backing in wind direction, from about 2808 to 2708, was
observed between these time periods, but there were
little or no changes in directional wind shear. Taken
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FIG. 12. Time series of (a) MFR, (b1) wind direction and speed, (c) mass overturning rate (sum of both updraft and downdraft mass
fluxes), and (d) radar effective reflectivity factor at 700-m height within the dual-Doppler observational field. Radar reflectivity values are
also shown for all grid points with verticle motions calculated as positive (filled triangles, updraft) and negative (open triangles, downdraft).

together, these variations suggest that differences in low-
level wind speed and shear may have played a signif-
icant role in the transition of convection from roll to
more cellular convection during this time period.

VAD observations suggest that, particularly at low
levels, wind shear was greater during and just before
the time when rolls became dominant in the overlake
convective field. Surface wind observations support that
the timing of these changes occurred within about an
hour of changes in the convective field. Variations in
wind speed shear tended to be higher, and more con-
sistent, than variations in directional shear, giving sup-
port for mechanisms favoring speed shear forced roll
convection in this case (e.g., Kuettner 1959, 1971; Sykes
and Henn 1989; Kristovich 1993; Weckwerth et al.
1993).

7. Temporal changes of boundary layer
overturning and radar reflectivity

A limited number of studies have suggested that the
magnitude of vertical motions may change during tran-
sitions of convective structures within the boundary lay-
er. For example, Braham (1986) found that the snowfall

rate, derived from radar reflectivity measurements, de-
creased markedly during a time period when cellular
convection dominated, and was much higher when lin-
ear patterns were present.

To determine how the boundary layer may respond
to changes in the convective structure between roll and
cellular convection, we examined changes in convective
strength and snowfall rate on 17 December 1983 (e.g.,
Braham 1986; Rao and Agee 1996). Figure 12 gives
time series of wind speed, MFR, mean radar reflectivity,
and mean overturning rate (sum of updrafts and down-
drafts) at 700-m height within the dual-Doppler radar
observational area. As noted in the previous section,
wind speeds reached a maxima at around 1430 to 1500
UTC, with linear patterns becoming most prevalent
(MFR highest) between about 1530 and 1600 UTC.

Throughout the time period from 1300 to 1700 UTC,
mean reflectivity tended to increase slowly. As expected,
when rolls became dominant, there was a large differ-
ence in radar reflectivity between regions of updraft and
downdraft. After the time period of maximum roll ac-
tivity, reflectivity gradually became more similar be-
tween updraft and downdraft regions. It was thought
that this may be related to changes in the rate at which
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updrafts and downdrafts traverse the boundary layer.
Indeed, the mass overturning rate was highest during
the time period of strongest roll convection. After 1600
UTC, when rolls became less coherent, the mass over-
turning rate decreased by only about 10%.

Scatterplots showing the relationship between the
midlevel mass overturning rate, MFR, and mean wind
speed at 700 m (not shown), reveal the close relationship
between each of these variables. However, the time lag
between the maximum wind speed at all levels and in-
creases in linearity and the mass overturning rate makes
the relationship less obvious. Computer-animated radar
reflectivity patterns on this, and other dates, suggests
that roll convective patterns, and conditions necessary
for rolls, developed upstream of the sample region and
then evolved across the lake into the sample region from
the west-northwest. This, and the time lag of up to an
hour between wind speed increases and roll observa-
tions on this case, may suggest either that the convection
takes time to react to this forcing or that the convection
is organized upstream of the sample area and subse-
quently advected in.

8. Discussion

While it is well known that roll structures are per-
vasive in the boundary layer, it has long been recognized
that roll structures, particularly in boundary layers heat-
ed from below, usually have organized convective el-
ements along the roll axes. For example, Kuettner
(1971) described satellite signatures of roll circulations
as a ‘‘string of pearls,’’ with each ‘‘pearl’’ describing a
convective element along the roll. Past studies often give
a range of conditions in which both rolls and cellular
convective structures have been observed (such as
Grossman 1982; Woodcock 1940). Our observations,
and those of several past authors, suggest that the tran-
sition between roll convection and cellular convection
is a gradual process, with possibly complex interactions
between the rolls and cellular convection along them.

This study documents the degree of cellularity along
roll axes using the reflectivity field to calculate the HAR
(Weckwerth et al. 1997) and by developing the MFR,
which is a measure of the fraction of vertical motions
that can be attributed to roll circulations. Data avail-
ability and quality, as well as the phenomena of interest,
should largely determine which method (HAR or MFR)
will be most illuminating for future studies. In this study,
we observe the evolution of the convective pattern on
17 December 1983 between primarily cellular patterns
(MFR from 0.24 to 0.40, HAR from 1 to 5) to situations
where roll circulations dominate (MFR near 0.5, HAR
above 6). The changes in coherent circulations are re-
flected in recognizable changes in the horizontal struc-
ture of the snowfall patterns from primarily nonroll to
one dominated by wind-parallel bands. These changes
in convective pattern reveal interchanges between roll
kinetic energy and cellular kinetic energy, which are

accompanied by observed changes in atmospheric con-
ditions.

To better understand the changes in atmospheric con-
ditions that gave rise to the observed transitions between
roll and cellular convective structures, changes in fac-
tors thought to control the development of rolls were
examined for 17 December 1983. Temporal trends in
surface fluxes provided important information about
changes in surface forcing, despite limitations in the
methods used (i.e., fluxes were derived from bulk es-
timates using surface observations over land, rather than
over the lake, and assumed a minimum lake surface
temperature, 08C). Rolls dominated near and just after
time periods when both surface heat fluxes (both latent
and sensible) and boundary layer wind speeds were a
maximum, suggesting that magnitudes of shear were
sufficient to overcome the tendency for surface heating
to favor cellular convection.

Both radar and aircraft wind profiles reveal that the
greatest wind shear was below about 0.2zi. Variations
of wind profiles with high temporal and vertical reso-
lution are only available from radar measurements using
VAD methods with data collected at radar sites near the
downwind shore of Lake Michigan. The measured
winds utilized were entirely over land for most of the
lower half of the boundary layer, but some portions of
the radar sweep at higher altitudes were over water. The
wind profile underwent the largest change in the lower
half of the boundary layer (particularly below about 400
m–0.35zi) during periods of convective structure chang-
es. Changes in both wind shear and wind speed were
greatest in the layer below 0.2zi, with only minor var-
iations in wind direction throughout the boundary layer
depth. These results lend support to recent findings sug-
gesting that low-level wind speed or alongroll wind
shear (Kristovich 1993; Weckwerth et al. 1997) are re-
sponsible for the transitions between cellular and roll
convective structures.

It is important to note that the development of roll
convection occurred up to 1 h subsequent to the time
period of maximum wind speed and surface fluxes (cf.
Figs. 12a and 12b2). In addition, linear convective pat-
terns did not develop in the sample region, but devel-
oped into the region from the northwest. These obser-
vations suggest either the roll structures require a spinup
time for development following optimum conditions or
that the conditions that initiated the rolls occurred over
the upwind half of Lake Michigan. With the current
dataset, it is not possible to determine if rolls developed
over the upwind half of the lake and advected into the
sample region, or if the necessary conditions for rolls
moved across the lake and into the region. Numerical
modeling efforts and improved observations are re-
quired to determine if unique conditions near the upwind
shore of the Great Lakes (such as rapid changes in sur-
face friction and surface heating rates) are responsible
for the development of rolls over the lakes, and may
explain why rolls over Lake Michigan often occur in
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conditions that are predicted by past studies to favor
cellular convection (Kristovich 1993). New observa-
tional data taken during the 1997–98 field operations of
the Lake-Induced Convection Experiment (Kristovich
et al. 1998), and associated numerical modeling efforts,
are under study to give information on convective evo-
lution over the upwind half of Lake Michigan.

Braham (1986) found that time periods on 21 January
1984 when cellular convection dominated were accom-
panied by minimum snowfall rates. To examine this
further, the current study investigated the evolution of
the convective overturning and snowfall rates during
transitions in boundary layer convective structure. Over-
all, average snowfall rates slowly increased throughout
the day, with little correlation to convective structure or
surface flux rates. The snowfall was more uniform when
rolls were not present. Large differences in snowfall rate
between updraft and downdraft areas were found when
rolls were most dominant. The mean mass overturning
rate within the boundary layer, on scales of km2, max-
imized at the time periods when roll structures were
most dominant (MFR highest), rather than when the
highest surface fluxes and wind speeds were observed.
This may suggest either a delay in the response of the
boundary layer to surface heating, or may indicate that
roll circulations are more efficient at vertical mixing
than nonroll convective structures. Further studies of
the east–west evolution of vertical mixing rate and con-
vective structure may give insight into this surprising
finding.
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