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Abstract
Snowstorms generated over the Great Lakes bring localized
heavy precipitation, blizzard conditions, and whiteouts to downwind
shores. Hazardous freezing rain often affects the same region in
winter. Conventional observations and numerical models generally
are resolved too coarsely to allow detection or accurate prediction of
these mesoscale severe weather phenomena. The Lake Ontario
Winter Storms (LOWS) project was conducted to demonstrate and
evaluate the potential for real-time mesoscale monitoring and location-specific prediction of lake-effect storms and freezing rain, using
the newest of available technologies. LOWS employed an array of
specialized atmospheric remote sensors (a dual-polarization short
wavelength radar, microwave radiometer, radio acoustic sounding
system, and three wind profilers) with supporting observing systems
and mesoscale numerical models. An overview of LOWS and its
initial accomplishments is presented.

1. Introduction
The Lake Ontario Winter Storms (LOWS) project
was driven by the needs of a major private utility, the
Niagara Mohawk Power Corporation (NMPC). Its purpose was to deal with the impacts of lake-effect
snowstorms and common freezing-rain events through
better observations. Conventional measurements,
models, and forecasting approaches generally are too
coarse to detect or accurately predict the mesoscale
factors that define and control these localized severe
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weather phenomena. The field phase of LOWS was
conducted between 5 January and 1 March 1990 to
examine possibilities for using new remote sensing
technologies to improve real-time mesoscale monitoring and location-specific prediction of these winter
storms.
The NMPC serves 3 500 000 customers over
60 000 km2 of upstate New York, including the snow
belts that extend inland from the eastern shores of
Lakes Ontario and Erie. The winds, whiteouts, heavy
snowfalls, and extreme cold that occur with lake-effect
storms and the ice cover caused by freezing-rain
storms adversely affect many aspects of utility operations (Caiazza and Maraio 1991). Other organizations, such as state and county emergency management offices, water conservation and school districts,
and local and state departments of transportation, are
concerned about location of greatest impact, snow
depth, hazardous road conditions, snow and ice removal, and human exposure associated with these
storms. The local and regional economies are impacted. Military deployments are impeded. These
storms make it difficult for the National Weather Service (NWS) to meet its responsibility to deliver accurate and timely severe weather warnings to the public.
All have a need for better winter storm monitoring and
modeling to improve prediction.
The LOWS project consortium (Table 1) was formed
by private industries, federal and state agencies, and
academic institutions to respond to this need. LOWS
focused on the eastern basin of Lake Ontario where
distant (NWS) radars typically scan above the shallow
but intense lake-effect storm bands and the meltinglevel bright bands that accompany freezing rain. The
network of WSR-88D radars (NEXRAD—next generation radars), when implemented, will provide improved surveillance if the New York sites can be
selected to provide adequate low-level radar coverage (Reinking et al. 1991). Near-surface coverage
across the entire lake, however, should not be expected. The NWS rawinsonde network temporally or
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spatially does not resolve the mesoscale temperature
or wind field structures prerequisite to either kind of
storm. Freezing rain cannot be explicitly viewed by
satellite, and lake-effect bands are often embedded in
stratus and commonly go unseen. Quantitative predictions or nowcasts of snowfall amounts or ice accumulations are extremely difficult, and forecasts of
whiteouts are even more limited.
Operational numerical models that use the available coarse data and produce output only for standard
levels do not resolve the finescale fields that define
localized lake effects or separate freezing rain from
snow or warm rain. Fritsch et al. (1989) note that the
limited fine-mesh (LFM) model, for example, does not
include fluxes from the lakes, so it is not expected to
generate lake-effect disturbances. The nested grid
model (NGM) unrealistically dictates that the lakes
freeze when measurable snow cover exists on the
shores. Operational prediction schemes designed for
lake-effect events incorporate only the general features of the regulating physics (Niziol 1987). Likewise,

TABLE 1. The consortium for the Lake Ontario Winter Storms
(LOWS) project.

Private industries
Niagara Mohawk Power Corporation
(NMPC, primary sponsor)
Kaman Sciences Corporation (KSC)
Galson Technical Services, Inc. (GTS)
Tycho Technology, Inc. (TTI)
Enerlog
Eastern Microwave
Federal governments
NOAA Wave Propagation Laboratory (NOAA/WPL, principal investigator)
National Weather Service Forecast Office/Buffalo (NWSFO/BUF)
supported by NWS Eastern Region
Atmospheric Environment Service, Toronto (AES)
State agencies and academic institutions
The Pennsylvania State University (PSU)
State University of New York (SUNY) Colleges at Oswego and
Brockport
SUNY College of Environmental Sciences and Forestry at Syracuse
(SUNY/ESF)
New York Department of Environmental Conservation (DEC)
Great Lakes Research Consortium (GLRC)
Others
Volunteer observers
Pulaski Academy
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forecasting the track, width, and hydrometeor phase
transitions of a freezing rain band is difficult with
coarse data (Stewart 1992). Simple schemes to delineate the boundary between snow and rain regions in
freezing rain cases (e.g., Lamb 1955; Koolwine 1975)
are based on routine rawinsonde and surface observations, offer only general guidance, and lack the
spatial and temporal resolution needed for accurate
nowcasting (Stewart and King 1987). Without highresolution measurements, benign conditions can be
indicated while destructive storms are raging.

2. The mesoscale nature of lake-effect
snowstorms and freezing-rain storms
Lake-effect storms are primarily a mesoscale phenomenon, and important features occur on the
microscale.1 Lake-effect storm systems normally develop as long, narrow cloud bands when postfrontal
arctic air flows over and responds to a warm lake
surface (Petterssen and Calabrese 1959; Peace and
Sykes 1966). Reasonably predictable synoptic-scale
patterns and conditions define the general precursors
to lake-effect storms and influence their evolution
(Niziol 1987). Geographical features of the individual
and collective Great Lakes (sizes, elongations, orientations, shoreline shapes, relative positions, and terrain downwind), however, regionally or locally affect
the development and nature of lake-effect systems.
Ice cover is a deterring factor; Lake Ontario usually
has the highest surface temperatures and percentage
of open water of the five lakes. In relation to these
features of the lakes, wind speed and direction, fetch,
shear, humidity, lake-airtemperature differences, and
stability structure of the planetary boundary layer
(PBL) are all meteorologically important, as are surface friction and orographic lifting (Holroyd 1971;
Niziol 1987; Murphy 1989; Fritsch et al. 1989; Hjelmfelt
1990). The interaction of the synoptic-scale flow fields
and thermodynamics with the mesoscale geographical factors and airmass modifications provides the
setting for frequent lake-effect storms (Braham and
Kelly 1982).
Figure 1 shows the result. Here a major solitary
storm band has developed in a long fetch over the
open water of Lake Ontario; however, band formation
in a likely similar fetch over Lake Erie is apparently
prevented by ice cover and by partial ice cover and a
shorter fetch over Lake Huron. The dimensions of this
solitary storm band appear to be typical (5-20 km
1
Mesogamma and mesobeta horizontal scales of 2-200 km, time
scales of 2-12 h, and microscales down to 100 m and 1 h are
addressed in this paper.
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features that accompany a freezing-rain storm are usually confined to the lowest kilometers of
the atmosphere. These aspects
along with the location of precipitation-generating and melting levels and the supercooling layer
near the surface need to be monitored. The supercooled rain, upon
impact, creates an ice glaze on
all exposed surfaces. Too commonly, only the general time and
region of occurrence has been
predictable.

3. Project description
a. Project objectives
FIG. 1. Visible satellite imagery of a significant, solitary lake-effect storm band over Lake
Ontario and ice cover on Lakes Erie and Huron on 26 February 1982.

wide, 2 - 4 km deep, but more than 100 km long).
Multiple parallel bands occur more commonly with
diagonal fetches across Lake Ontario. They tend to be
much less intense than the solitary bands, since the
shorter fetches allow less time for interaction with the
lake (Kelly 1984). Band morphologies are reviewed by
Hjelmfelt (1990). The various bands quite unpredictably initiate and change (intensify, migrate, curve,
rotate, pulsate, decay, regenerate) in less than 1 h,
and this may continue over many hours or even days
(Peace and Sykes 1966). The bands normally form as
roll vortex circulations (Kelly 1984). From such storm
bands, snow commonly falls at 5-15 cm h~1 in a very
narrow area, while adjacent areas remain clear. Lifting
over the Tug Hill plateau to the east and smaller hills
to the southeast of Lake Ontario significantly enhances snowfall.
As with lake-effect storms, the synoptic-scale
weather patterns associated with freezing (i.e., supercooled) rain are fairly well understood, but freezing
rain is also primarily a mesoscale phenomenon. Little
research has been focused on the mesometeorological
and microphysical conditions that produce it (Stewart
et al. 1990). In the northeastern states, freezing rain
commonly occurs in a migrating band embedded in
the northeastern quadrant of an extratropical cyclone,
ahead of the warm front or within an occlusion where
a wedge of above-freezing air overrides advected or
pooled below-freezing air. The Great Lakes may help
to generate nimbostratus and drizzle that contribute to
the freezing rain. The thermodynamic and kinematic
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LOWS addressed the preeminent need to measure and
model the middle-to-lowertroposphere, including the PBL, over
and near Lake Ontario in winter.
For the storms of interest, this requires resolution
having horizontal scales of 10 km or less, vertical
scales of 100 m, and temporal scales of tens of
minutes to hours. It also requires high performance
from instruments operating in the harsh Lake Ontario
environment. Thus, LOWS had two specific objectives:
•

Improve prediction—Provide a scientific basis to
improve short-range (0-12 h) mesoscale forecasts
of lake-effect snowstorms and freezing rain through
improved measurements, physical description, and
numerical modeling of the generation and evolution
of these severe weather phenomena.
• Transfer technology—Demonstrate the potential
operational utility of a mesoscale array of specialized remote sensors for real-time, high-resolution
monitoring of the winter storms and their precursors.
b. LOWS observing systems
The LOWS consortium (Table 1) established a
mesoscale meteorological network to supplement the
standard synoptic network. The "operational units"
required to conduct LOWS are listed in Table 2.
1) REMOTE SENSING

The remote sensing instrumentation was arranged
in a triangle with legs of 80-110 km around the eastern
shores of Lake Ontario, as noted in Fig. 2.
(i) Wave Propagation Laboratory (WPL)ZLacona
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site. This site on the eastern end of the lake, near
Lacona, New York, afforded a long view over Lake
Ontario and direct exposure to the winds and storm
bands with the longest fetches over water. It was
optimally positioned to observe the upwind landfall
and downwind orographic enhancements of storm
bands forced up the slopes of the Tug Hill plateau.
Here WPL of the National Oceanic and Atmospheric
Administration (NOAA) provided continuous measurements of 1) storm morphology, precipitation intensity,
wind field information in the cloud systems, and the
height of the melting level, if any, within a 100-km
radius from an X-band (3.2-cm) dual-polarization Doppler radar; 2) winds in the boundary layer and aloft
from a developmental 915-MHz (33-cm) wind profiling
radar; and 3) vapor and cloud liquid water integrated
along the scan path of a three-channel, passive,
scanning microwave radiometer (see Hogg et al.
1983; Ecklund et al. 1988; Westwater and Kropfli
1989).

TABLE 2. Operational units for LOWS.
Operations
Operations headquarters (NMPC)
Operations director (NOAA/WPL)
Lead forecasters (NWSFO/BUF)
Forecast committee (NMPC, NWSFO/BUF, NOAA/WPL,
SUNY/Oswego and Brockport, New York DEC)
Weather observation center (SUNY/Oswego)
Nowcasters (participants and volunteers, led by NMPC)
Program management (KSC)
Remote sensing instrumentation
Radar, X-band polarization Doppler (NOAA/WPL)
Three-channel steerable microwave radiometer (NOAA/WPL)
915-MHz wind profiling radar (NOAA/WPL)
Two 404-MHz wind profiling radars (PSU and TTI)
Radio Acoustic Sounding System (RASS) (PSU)
Radar, King City Doppler (AES)
Real-time data transmission and display
(NOAA/WPL, Enerlog, Eastern Microwave)
Supporting measurements and numerical modeling
Field coordination (KSI)
Rawinsondes, mobile (SUNY/Brockport and Oswego)
Rawinsondes, supplementary (NWS and AES/Egbert)
Microbarograph network (GTS)
Weighing precipitation gauge network (GTS)
Surface meteorology network (GTS and volunteer observers)
Snow observers network (GTS and volunteer observers)
Snow survey (SUNY/ESF)
Snow data assimilation (Pulaski Academy)
Mesoscale numerical modeling (PSU and SUNY/Oswego)
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(ii) The Pennsylvania State University (PSU)/North
Rose site. Wind profiles and lower-atmosphere virtual
temperature profiles were measured on the southeast
shore at North Rose, New York, with a radio acoustic
sounding system (RASS) from PSU. This RASS included a 404-MHz profiler (Albrecht et al. 1990). PSU
also deployed standard micrometeorological instrumentation and a laser ceilometer. The North Rose site
was upwind from the Lacona site in westerly and
southwesterly flows. In this position, it afforded measurement of wind and temperature structures of any
land-to-lake convergence flows into bands oriented
along the axis of the lake and any of the shoreline
bands or cross-lake multiple bands that frequent the
southeast end of the lake.
(iii) Tycho Technology, Inc. (TTI)/Cape Vincent
site. Winds at the northeast shore, at Cape Vincent,
New York, were continuously measured with a TTI
404-MHz profiler. This site was positioned to profile
winds in upstream (unmodified) northerly and westerly flows and in southwesterly over-lake fetches. The
three-site triangle provided at least hourly profiles of
the horizontal wind on both sides and within the
expected swath of most banded lake-effect storms
and was suitable for observing subsynoptic aspects of
freezing-rain events.
(iv) Atmospheric Environment Service (AES)ZKing
City radar. At King City, Ontario, 40 km northwest of
Toronto, the AES recorded 5-cm Doppler radar surveillance of winter storm development on the western
end of the lake. Special 0° elevation plan position
indicator (PPI) scans were programmed to extend the
effective range of the radar.
(v) Data communication links. Microwave links and
telephone lines were used to transmit data from all the
remote sensors except the developmental 915-MHz
profiler to the NMPC/Syracuse operations center.
Some profiler measurements were also transmitted to
the National Weather Service Forecast Office at Buffalo (NWSFO/BUF).
2 ) SPECIAL RAWINSONDES AND SURFACE ARRAY

During storm periods, teams from the State University of New York (SUNY) at Brockport and Oswego
(Fig. 2) deployed mobile units to release rawinsondes
at 3-6-h intervals from strategic points along the
southern and eastern lake shores (Byrd et al. 1991).
Deployment strategy focused on 1) evolution of the
boundary-layer winds and stability at positions where
data suitable for lake-effect model initiation and verification could be provided, 2) comparison of environments within and adjacent to storm bands, 3) evolution
of the lower troposphere during freezing-rain events,
and 4) comparison of measurements with the remote
sensors. Supplemental NWS and AES rawinsondes
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tightened sampling to 6-h intervals at Flint and Sioux
St. Marie, Michigan; Egbert (40 km northwest of
Toronto), Ontario; and Buffalo, New York. This improved resolution of the regional conditions upwind.
The surface network (Fig. 2) organized by Galson
Technical Services (GTS) included several existing
automated surface wind measuring stations, recording microbarographs, weighing precipitation gauges,
and 40 volunteer observers who measured snowfall
and liquid water equivalent and categorized visibility
(good, fair, poor) at approximately 6-h intervals.

field and precipitation for LOWS events. Tests with a
nonhydrostatic MM4 with a 6-km inner mesh examined band development and morphology. The SUNY/
Oswego Mesoscale Model (Ballentine 1980; Ballentine
et al. 1992; Pielke and Mahrer 1975) was also used in
LOWS to simulate the evolution of lake-effect storm
bands, including surface fluxes, PBL height, and precipitation. A hydrostatic version is being tested with
10 layers extending up to 9500 m MSL (mean sea
level), with a 10-km mesh covering the Lake Ontario
area.

d. LOWS events
Temperatures were unusually warm, midwinter ice
on the lakes declined, and lake-effect activity was
considerably less than average during the JanuaryFebruary 1990 project period. A satellite measured
Lake Ontario surface temperatures as warm as +4°C.
Thus, a good heat and moisture source was maintained during LOWS, but the necessary outbreaks of
arctic air were rare. The dearth of prerequisite conditions was evident in the Collier temperature index,
which compares 700- and 850-mb temperatures with
the lake surface temperature and rates the probability
of lake-effect storms as "conditional," "moderate," or
"extreme" (Niziol 1987). Only three of the 12-h NWSFO/
BUF soundings for the two project months fell in the
moderate or extreme categories (Reinking et al. 1991).
The index incorporates the empirical "13°C instability
criterion," which requires a minimum 13°C lake/
850-mb temperature difference for lake-effect snow to
develop (Holroyd 1971).
The principal LOWS case studies
are listed in Table 3. The one lakeeffect storm with a succession of fairly
intense solitary bands and snowfall
materialized on 12 January 1990 under conditional temperature conditions, in a fetch along the west-east
axis of the lake. The index was in the
extreme category on 25 February, but
only weak multiple bands occurred in
a cross-lake fetch. Weak multiple
bands again developed in a crosslake fetch under a conditional index
value on 28 February. In several observed situations, forecasts recognized weak but marginal possibilities
for storms, but lake-effect clouds and
snows did not materialize; these cases,
defined as "submarginal," are useful
to better define and quantify the factors that inhibit development. One
from200 m MSL m a J o r freezing-rain case was obFIG. 2. LOWS observational network. Topography of Tug Hill rises
served.
Lacona to 500 m MSL on the plateau.

c. Forecasting and numerical modeling
Guidance for LOWS field operations was provided
by a lead forecaster at the NWSFO/BUF working with
a project forecast committee. A "lake snow outlook"
(LSO; Niziol 1987) for the ensuing 48-h period was
provided four times a day. Nowcasters at the NMPC/
Syracuse operations center incorporated incoming
measurements from the specialized remote sensors
to guide details of the operations. The SUNY/Oswego
weather observation center assisted LOWS nowcasters and coordinated mobile rawinsonde deployments.
The PSU/NCAR (National Center for Atmospheric
Research) Mesoscale Model (version 4, or MM4), with
variable terrain and high-resolution PBL physics
(Anthes and Warner 1978; Warner and Seaman 1990),
was used experimentally to assist the NWS forecasts.
A hydrostatic, nested grid version of the model with 90km and 30-km grid spacing was run in real time to
examine model performance in forecasting the flow

at
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TABLE 3. Case studies from LOWS—1990

12 January
Successive solitary storm bands
Heavy lake-effect snow
25 February
Multiple storm bands
Light lake-effect snow following frontal snow
28 February
Multiple storm bands
Light lake-effect snow
18-19, 22-23, 26-27 January, 1 0 , 1 7 , 1 9 - 2 0 February
Submarginal lake-effect events
15 February
Freezing rain

4. Lake-effect storms
(12 January 1990 and other cases)
In the following overview, highlights of exemplary
observations of precursors and features of the 12
January storm are outlined; supportive findings from
the other cases are interwoven where noted. Factors
that control the lake-effect storms were identified in
the thermodynamic and kinematic structure of the
boundary layer, the trends and fluxes of water vapor
and liquid water that fuel these storms, and the morphology and dynamics of these systems. Conference
publications by Caiazza et al. (1990), Reinking et al.
(1990a,b,c; 1991), Penc et al. (1991 a,b), and Byrd and
Penc (1992) report further details.
a. Forecasts and models versus reality: 12 January
1990
Many general aspects of the predictions and model
simulations of this event held true. The need for
improvement through mesoscale monitoring as done
in LOWS, however, was clearly demonstrated by the
differences between the observed and predicted specific development, movement, areas of effect, precipitation, and dissipation of the storm bands, and the
development of a last storm band that was not anticipated.
The "12 January 1990" event, from initial synoptic
development to final dissipation, extended from 11 to
14 January. The storm developed under a broad arctic
trough pattern that was almost ideally conducive to
lake-effect snow on Lake Ontario (Byrd and Penc
1992). Warm air temperatures, however, restrained
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the LSO, and a moderate category lake-effect event
was forecast, with a solitary band developing in a
strong postfrontal fetch over the length of the lake. The
band was expected to impact the area over and north
of Lacona (Fig. 2), then shift southward, and subsequently be replaced by multiple bands. The LSO called
for snowfall rates greater than 2.5 cm hn1, but more
quantitative information was not issued. A snow-squall
warning was issued for the eastern Lake Ontario
counties for 12 January.
Four successive solitary bands rather than the
predicted one sustained band developed on 12 January. The evolution of the storm bands is outlined by the
sequence of reflectivity PPI scans (Figs. 3a-j) from the
radar just east of the lake (Fig. 2). The PBL in the
postfrontal arctic air was preconditioned by the lake for
4 h before the first storm band (SB1, Figs. 3a,b)
developed as an elongated area of cellular radar
echoes. This was a weak precursor that lasted 1 h
(0130-0230 UTC 12 January). A second and welldeveloped storm band did not form until about 0730
UTC (SB2, Figs. 3c,d). The LSO most likely time of full
development was only 1 - 2 h early. The second
stormband (SB2) first formed 80-90 km west of the
radar and moved inland over and south of Lacona.
Before SB2 dissipated, a third, also well-developed
band (SB3, Figs. 3d-h) similarly initiated over the
central and southern part of the lake and then migrated
to the southeastern lake shore at Oswego and inland.
SB2 and SB3 each evolved through their life cycles in
2 - 3 h (0700-0840 and 0815-1000UTC, respectively).
A well-developed fourth storm band (SB4) began to
form as SB3 dissipated. Unlike its predecessors, SB4
developed over and fed from the center of the lake
throughout its life cycle (Figs. 3g-j). Contrary to the
forecast, it remained north of the positions of the other
bands. SB4 persisted for 7.5 h. Conditions conducive
to lake effects degenerated after 1700 UTC 12 January. Multiple bands did not form in the forecast period.
The primed boundary layer, however, temporarily
regained upper-air support, and an unexpected fifth
cloud band produced localized snow southeast of
Lake Ontario on the night of 13 January (after 0000
UTC 14 January) when LOWS was in a stand-down
mode (Byrd and Penc 1992).
Occasional whiteouts made travel hazardous within
the storm bands on 12 January. The complete storm
produced 30-80 cm of snow at average rates of 2.36.2 cm h_1 in a main zone only about 50 km wide; this
zone extended inland from the southeastern lake
shore, over Lacona and the rising terrain of the Tug Hill
plateau to the east (Fig. 4). The snowfall occurred
primarily between 0700 and 1630 UTC, four hours
later than forecast.
The PSU/NCAR MM4 model provided forecasts of
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FIG. 3. Evolution of lake-effect storm bands SB1-SB4, eastern Lake Ontario, 12 January 1990, as depicted by PPI reflectivity scans from
the X-band radar at Lacona (center); 20-km range rings extend to 100 km. Gray scale indicates reflectivities from - 2 0 dBZto +40 d B Z Time
(UTC) is noted. Specialized "viewscan" PPIs covered the western 180° (the lake) at 0.5° elevation and the eastern 180° (Tug Hill plateau)
at 2.0° with minimum clearance. The 240° radial from the radar very closely marks the southeast shore of Lake Ontario out to 80 km.
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FIG. 3. Continued from previous page.

the mesoscale 850-mb wind and temperature fields
and precipitation. Preceding the event, a 12-h forecast
valid at 1200 UTC 12 January showed a west wind
fetch over the eastern half of Lake Ontario, with 850mb temperatures in the - 9 ° to - 1 1 °C range. A simultaneous 18-h forecast predicted winds veering to the
northwest by 1800 UTC, with the 850-mb temperatures cooling to the - 1 1 ° to -13°C range over the lake
(Figs. 5a,b). This supported the NWS forecast for
solitary banding followed by multiple banding. The
warmer of the forecast temperatures and the wind field
forecast were accurate (see below). The employed
version of MM4 is not intended to resolve the storm
band-scale winds or precipitation, but it did predict the
general area and time of the lake-effect snow (Figs.
5c,d). The predicted area of maximum precipitation,
however, was farther south than observed, and the
model underestimated the actual water-equivalent
precipitation by a factor of 3 to 4.
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The finer-mesh SUNY/Oswego model, used for
postevent simulation in LOWS, does resolve the
coarser band scale. Given only the 0000 UTC 12
January mobile sounding from Lacona as input, it
simulated average storm band dimensions and the
timing of the full event quite accurately and shifted the
primary area of effect of the migrating bands only
slightly northward; however, in this version, flat terrain
seriously contributed to an underestimation of precipitation by a factor of 5 to 6. The simulated vertical
velocity and corresponding 12-h precipitation accumulation are shown in Fig. 6; here the 1200 UTC
forecast time corresponds to maturity in SB4 (e.g., Fig.
3i). Confluence into the warm-core storm band from
the surface up to 0.5 km and diffluence from 1.2 to 2.5
km was indicated; and the model simulated a maximum boundary-layer depth of about 2.5 km in the
storm band versus 4 km observed (section 4b). With
turbulent but not convective vertical transports of lake-
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driven heat and momentum included, the model underestimates the depth of the warm core.
b. Precursors and controls
The capability to monitor characteristics and
changes in mesoscale controls that regulate the initiation, maintenance, and decay stages of lake-effect
storms should lead to better prediction.

20° and strengthened by 5-20 kt (2.6-10.3 m s~1)
throughout the profiles, suggesting that passage of a
mesoscale wave, undetected by the synoptic network,
initiated or intensified SB3. After 1500 UTC, the gradual
introduction of directional shear within and above the
PBL encouraged the gradual dissipation of the final
storm band in the sequence.
2 ) TRENDS IN PRECIPITABLE WATER VAPOR AND RELATIVE

1) PRECONDITIONING WINDS IN THE LOWER ATMOSPHERE

HUMIDITY

The LOWS wind profiler measurements substantiTotal precipitable water vapor (PWV) in the
ated the need for a prolonged over-lake fetch with postfrontal arctic air declined continuously, even within
minimal directional wind shear to support lake-effect the direct path of developing storm bands, despite
storm development, and for continuous measurements to detect temporary but influenThe capability to monitor characteristics and
tial features of the flow.
Subsequent to frontal passage, synoptichanges in mesoscale controls that regulate the
cally produced strong winds with minimal
|
initiation, maintenance, and decay stages of
shear throughout the boundary layer were
lake-effect storms should lead to better prediction.
sustained in a fetch generally along the axis
j
over the whole width of Lake Ontario for
some 19 h, as the lake-effect storm developed and evolved (Fig. 7). These conditions
prevailed for a full 9.5 h after frontal passage before infusions of vapor from the lake. The trend in relative
significant formation of the first fully developed storm humidity (RH) in the path of the over-lake fetch was a
band, SB2. During the overlap of SB2 and SB3 (0800- good indicator of the broad period of lake-effect buildup
0840 UTC), the winds at both the North Rose and the and decay, but as a precursor, it was too coarse to
Cape Vincent profiler sites temporarily backed about indicate evolution of specific bands.
Continuous cooling in the postfrontal arctic air was
observed at the Lacona site, 12 km inland, in the flow
off the lake in the path of the successive storm bands.
The first storm band (SB1, Fig. 3) was short-lived; the
RH at Lacona had increased to just 80%. The next
three storm bands successively developed only as the
RH climbed and was sustained above 85%. The RH
steeply declined along with (not before) the gradual
dissipation of SB4 after 1630 UTC.
The continuous microwave radiometer measurements of vertically integrated PWV over Lacona for
this case (Fig. 8) show 1) significant buildups in frontal
convective clouds, 2) an abrupt decline to minimal
values with frontal passage and encroachment of the
drier arctic air, 3) a 2-h postfrontal minimum followed
by a notable partial recovery as the fetch off the lake
was established, and 4) an extremely steady decline
at 0.02 cm h"1 that persisted for 24 h from 0000 UTC
with the continued advection of arctic air into the
locale. A general decline in PWV with decreasing
temperatures in encroaching arctic air was expected.
It was hypothesized, however, that the precipitable
water in the path of an imminent storm band would
substantially increase as the arctic air entrained water
FIG. 4. Snowfall within the LOWS network from lake-effect storm
from the warm lake. The opposite was true of the
of 11-14 January 1990. Most precipitation fell from the storm bands
observed trend. The degree of recovery in PWV
of 12 January. The 100-km range ring is centered on the LOWS site
shortly after frontal passage (3, above), however, may
at Lacona.
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FIG. 5. PSU/NCAR MM4 numerical model forecasts for 850-mb wind and temperature fields over the Great Lakes region on 12 January
1990; (a) 12-h forecast valid at 1200 UTC; (b) 18-h forecast valid at 1800 UTC (Large arrows emphasize the streamline flow). Model
forecasts for snowfall (water equivalent, cm) initialized at 0000 UTC for ensuing 6-h periods of (c) 0600-1200 UTC and (d) 1200-1800 UTC.

be an important indicator of the initial vapor entrainment required to form storm bands.
3) OROGRAPHIC CLOUDS AND SCATTERED CELLS AS PRECURSORS

Orographic clouds and precipitation (radar echoes)
over terrain downwind of Lake Ontario, followed by
convective cell development over the lake, tend to
precede storm band development.
The position of high terrain east of Lake Ontario is
fortunate for the forecaster. In fetches from the west,
the forced lift of Tug Hill can add to destabilization of
the air conditioned by the lake and produce precipitation and radar echoes before storm development on
the lake (e.g., Figs. 3a,c,g). Lake-effect bands, however, do not necessarily follow orographic development if the air remains stable over the lake, as certain
submarginal cases show. Unorganized echoes or
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short, fast-moving lines of echoes (streakers) over the
lake, accompanied by orographic development, appeared to more directly signal storm band development (Figs. 3a,c,g). The time from the initial cell
development to consolidation and subsequent landfall
of a storm band was sufficient to allow about an hour
for a nowcast.
4 ) ORGANIZING SURFACE-LAYER CONVERGENCE

The X-band radar observations of evolving boundary-layer convergence patterns and roll circulations
provided lead times sufficient for nowcasting storm
band intensification.
The two storm bands of 28 February 1990 serve as
a good example. They formed in parallel and were
sustained with variations in intensity in northwesterly
cross-lake flow between 0600 and 1350 UTC. The
bands were only about 70 and 30 km long at maturity.
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They produced light snowfall (up to 15 cm) in zones
about 20 km wide as they propagated inland southwest of Lacona. The wind-parallel orientation of these
bands, perpendicular to the radar viewing angle, provided an ideal opportunity to examine cross-band
convergence fields.
The bands had waned and were in a state of
regeneration and intensification when the near-surface (0° elevation) PPI of the radial wind field showed
distortion in the northwesterly flow; this was an important precursor to intensification. Scattered echoes
(15-20 dBZ) initiated at a radial velocity minimum,
where wind-parallel lines of near-surface convergences
of 0.2 x 10~3 S"1 and more began to develop. The
reflectivity of the more westerly storm band then

increased where an area of near-surface convergence elongated and strengthened by a factor of 4;
here the radial flow shifted from at least - 3 m s~1
(toward the radar) to +3 to 6 m s~1 (away from the
radar). The second storm band regenerated in a
shorter line of convergence about 20 km to the east,
coincident with the trough in the radial velocities.
From the Doppler radar volume scans through
these storm bands, we constructed vertical cross
sections of the convergence field through the parallel
areas of band development. The transect in Fig. 9 is
perpendicular to the bands through the area of maximum development (along the 240° radial). It shows
the alternating convergence-divergence pattern of
horizontal roll circulations with magnitudes to ±0.6 x
10~3 S"1. This was preceded by two parallel areas of
distinct but substantially weaker convergence and
lifting between the surface and 1.0 km AGL (above
ground level), and only hints of organization in the
upper boundary layer.
The data show that alignment of ensuing storm
bands is observable in the radial flow field, evolving
horizontal rolls can be identified, and low but important
values of convergence can be measured with X-band
radar before a storm band has intensified, all with a
significant lead time (perhaps 1 - 2 h in the observed
storm bands).
5 ) THE CAPPING INVERSION

FIG. 6. SUNY/Oswego model simulations of a lake-effect storm
valid 1200 UTC 12 January. A standard NWSFO/BUF 0000 UTC
sounding was used to initiate the model for this control-run. (a)
Vertical velocity at 1200 m, cm s~1; (b) 12-h water equivalent
precipitation, mm.
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The strength and the level of the capping inversion
were indicated to be more important than the degree
of PBL instability in controlling development, maintenance, and decay of lake-effect storm bands.
LOWS mobile soundings showed that the 13°C
instability criterion (section 3d) was only tenuously
reached during the main storm band episode on 12
January (Fig. 10). Even so, major storm bands occurred. The stable PBL cap is indicated in each of the
soundings in Fig. 10. Also, a series of range-height
indicator (RHI) radar scans over Lacona sliced the
storm bands vertically to provide a direct measure of
the level of the cap at cloud top (-10 dBZ; Fig. 11).
These data indicate that SB2 and SB3 evolved through
their life cycles as the effective PBL depth increased
from 2 to 4 km and then decreased to 3 km (07001000 UTC). This was coincident with the temporary
boundary-layer wind shift and passage of the mesoscale short wave (Fig. 7). SB4 then developed as the
PBL depth recovered to about 3.8 km, was then
sustained in this deep layer for more than 4 h, and
decayed as the PBL depth decreased to 2.0 km (Fig.
11).
In the multiple-band case of 25 February 1990,
weak 1 -km-wide multiple bands formed and produced
snowfalls of less than 2.5 cm south and east of the
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storm bands on 12 January, the
shallowness of the unstable layer
allowed only weak bands to form.
During the submarginal event of
18-19 January 1990, mobile unit
soundings showed a low-based (1.5
km) inversion that was also evident
in RASS virtual temperature profiles from 1200 through 2400 UTC
(Fig. 13). The RASS indicated a
coldest temperature of -15°C at 1.3
km. The inversion clearly inhibited
any convective development, despite the sufficiently cold temperature and several hours of over-lake
fetch that supported lake-effect
development before 2000 UTC.
Then a wind shift and warm-air
advection terminated the possibility (Fig. 13).
In summary, with other conditions favorable for significant lakeeffect snows, 1) intense storm
FIG. 7. Hourly consensus average wind profiles measured with 404-MHz wind profiling
bands developed with weak destaradar at North Rose, 0000 UTC 12 January-0000 UTC 13 January. Each full barb
bilization in a deep PBLon 12 Janurepresents 10 kts (5 m s_1).
ary, 2) storm bands did not develop
= = = = = = =
with modest destabilization in a
shallow PBL on 18-19 February,
lake. The lake/850-mb temperature difference was and 3) weak multiple bands and only light snows were
26°C, which indicates strong destabilization and "ex- produced with intense destabilization in a shallow PBL
treme" lake-effect snows by the 13°C criterion and the on 25 February. These combinations strongly suggest
Collier index (Niziol 1987). Serial soundings launched that the intensity of lake-effect activity depends more
from Oswego showed very stable air above about 1.5 on the PBL depth than on the intensity of the low-level
km AGL during band activity (1000 to 2300 UTC), and instability. Thus, refinement of even the coarse foresubsequent intensification and lowering of the cap- casting criteria of Niziol (1987) to include in situ
ping inversion to near 1 km AGL that stifled band measurements of the depth of the unstable layer
activity (after 2300 UTC; Fig. 12). Despite instability should produce improvement in predicting lake-effect
that was twice that observed with the intense solitary episodes.
c. Dynamic influences on stormband intensity, morphology, and
movement
1) P B L JETS AND WINDS WITHIN
STORM BANDS

FIG. 8. Microwave radiometer measurements of precipitable water vapor and cloud liquid
water. Storm bands SB1-SB4 are noted.
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The horizontal extents of PBL
jets developing in the arctic air, as
partially discerned by Doppler radar, substantially exceeded the
widths of storm bands. Winds were
slowed in the central cores of storm
bands.
The stable arctic air overriding
the lake is conducive to quasi-laminar flow (except where destabilized) and therefore to the develop-
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FIG. 9. Distance-height cross section of convergence in the PBL
across intensifying parallel storm bands through area of maximum
development; 0934-0937 UTC 28 February 1990.

ment of wind maxima, or jets, in the synoptically driven
mesoscale wind field. Whiteouts within the storm
bands are often driven by such jets. Previous research
has offered only general perceptions of the PBL jets
and the wind field surrounding the storm bands in
relation to band structure. A series of 75° elevation
velocity azimuth display (VAD) scans were used to
measure wind profiles through the storm bands, and
broader wind patterns were discerned from radial
velocity measured in low elevation scans with the
LOWS radar. A jet with a 19 m s~1 nose occurred just
above the friction layer, at 0.8 km AGL, in the 0629
UTC 12 January VAD (Fig. 14). The occurrence of
such jets was common but not consistent through the
period of storm band activity.
On 12 January, the major storm bands (SB2-SB4)
at maturity (based on the 10-15-dBZreflectivity level)
were all more than 150 km long; widths of the organized areas varied from 3 to 25 km, and depths varied
from 2 to 4 km (Figs. 3 and 11). Horizontally, the
maximum velocities surrounding the storm bands
likely extended throughout much of the expanse of the
PBL; they were consistently much wider than the
bands themselves. This is shown by a comparison of
the radial velocities in the PPIs in Fig. 15 to the
stormband reflectivities at corresponding times in Fig.
3. "Bullet" patterns in radar PPI radial velocity fields
indicated jets in the cloudy PBL (e.g., Fig. 15d; see
Brown and Wood 1987). During SB4, a PBL jet was
noted in the profiler winds as far south as North Rose.
The jets intruded into the confines of the storm
bands. Radar observations throughout the storm period, however, also showed that the winds along band
axes were restrained by several meters per second
relative to surrounding jets in cores of bands with cells
exceeding about 30 d B Z The more intense convection, transporting low-momentum air aloft, appears to
be responsible for the slowing. Clearly, the circulations that develop near and within a Storm band

FIG. 10. Temperature and dewpoint from mobile sondes on 12

will be significantly different from the mesoscale PBL

January 1990. Approximate temperature differences between the

flow.

850-mb level and the lake surface are indicated.
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continued to receive sustenance from the lake, as
allowed by its maintained orientation in the sustained
deep boundary layer (cf. Figs. 3g,h).
Storm band rotation and curvature were quite evidently influenced by low-level wind shears caused by
surface friction. The friction layer was deep, a consequence of strong winds and surface turbulence during
major band activity (e.g., Fig. 14). The shears are

FIG. 11. Time-height record of effective boundary-layer depth
over Lacona, as determined by the - 1 0 dBZcloud top on 12 January.

2 ) LINKS BETWEEN WIND SHEAR AND STORM BAND STRUCTURE, MOVEMENT, AND EVOLUTION

For given boundary-layer thermodynamics, storm
band curvature, movement, and evolution appeared
to be systematically governed by directional shears in
the PBL wind profile. The profile was influenced by the
synoptically forced fetch, vorticity advection, and surface friction. Radar observations within the storm
bands reveal these influences and offer improved
means for nowcasting time and location of landfall.
The deep storm bands generated in lines approximately parallel to the wind shear vector within the
boundary layer. The observations indicated that, in a
deep PBL, a new storm band could intensify, or a
mature band could be maintained for many hours, but
only if the orientation of the band (Fig. 3, and below)
and the synoptic fetch (Fig. 7) remained constant.
Band rotation into the shoreline cuts off the source of
latent and sensible heat and moisture. Figure 16a, for
example, depicts SB3 at maturity just before it started
to dissipate as its long tail encroached on the southeast shoreline, and SB2 in its dissipation stage after
rotation inland (cf. Figs. 3e,f). Figure 16b depicts SB3
in final dissipation over land, and the mature SB4 as it

FIG. 12. Time-height cross section of potential temperature for
25-26 February 1990, from serial soundings at SUNY/Oswego.
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FIG. 13. Time-height sections of North Rose 404-MHz profiler
winds and RASS virtual temperatures for the submarginal case 19
January 1990. Time increases to the left.

FIG. 14. Radar VAD wind velocity profile over Lacona at 0629
UTC 12 January.
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FIG. 15. Sequential PPIs of radar-measured radial velocity at 2° elevation associated with the storm bands for 12 January 1990. Gray
scale range is ±20 m s; negative is toward the radar.

indicated in the 2° elevation PPI radar scans by the
curvature, or lack of it, in the zero Doppler velocity
zone (white curve through zero range, Figs. 15a-d;
see Brown and Wood 1987). SB1 showed no curvature (Fig. 3b) and had no significant shear (Fig. 15a).
The variable but substantial veering in the lower
boundary layer (30°-45° in 0.4-km depth) within SB2
is notable (e.g., Fig. 15b). SB4 (Figs. 15d, 16b) showed
only occasional signs of veering within its core. Storm
bands that developed curvature and rotated (SB2,
SB3) exhibited veering winds with increasing altitude
through a friction layer 0.7-1.0 km deep. Curvature did
not develop with veering through a friction layer less
than 0.5 km deep. Rotation appeared to be initiated
with increasing directional wind shear within the friction layer that was likely associated with lake shore
drag on the storm band (SB2 and SB3 vs SB4; Figs.
3h,i).
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The observations indicated that once rotation
brought a band into an orientation oblique to the
synoptically driven fetch, the band entered the decay
stage. Possibly, winds in the fetch across the band
above the friction layer sheared off convective cells
moving along the band, causing overturning and disorganization. Final dissipation of the sequence of
storm bands occurred with backing in the cloud layer
above the friction layer due to negative vorticity advection aloft (Fig. 7). In all, band intensification, maintenance, curvature, propagation, rotation, and decay
were partially regulated by the PBL wind profile.
3 ) FACTORS THAT ENHANCE PRECIPITATION

Intense convergence into convective cells and enhancement of cloud-scale convergence at the shoreline intensified precipitation from the storm bands.
Within the bands, significant quantities of cloud liquid
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water were carried inland, where orographic lifting
contributed to more persistent rather than more intense snowfall.
Convergences of the order of 10~3 s~1 to more than
10~2 s"1 into convective cells within the 12 January
storm bands were frequently observed in radar RHI
scans along and across the bands. Landfall of convective cells moving within a storm band was accompanied by a significant enhancement in cloud-scale
convergence and corresponding precipitation near
the shoreline. Much of the length of cyclonically curved
SB2 was driven to landfall (Fig. 3d) by a westerly
cross-band fetch (Fig. 7) as embedded cells propagated from southwest to northeast along the band.
Echo from clouds and precipitation was generated in
lateral inflow as the leading edge of the band encountered landfall. Here, along the 250° radial from the

radar, for example, the inflow in the lower PBL slowed
some 10 m s~1 in 3 km; this equates to a convergence
of 3 x 10-3 s~\ which was confined below 2 km AGL.
The convergence forced the convection that rose to
the capping inversion near 3 km where the precipitation creating the echo was then blown downwind and
inland.
During the storm band episode, variable but substantial cloud liquid water (LW), measured at Lacona
with the microwave radiometer, was transported inland without glaciating (Fig. 8). Cloud LW in excess of
0.2 mm with broad peaks to 0.8 mm, for example, was
maintained throughout the life of SB4 (Fig. 8). With a
cloud depth no greater than 4 km (Fig. 11) and a wind
at the band core of no less than 16ms - 1 , the 0.8-mm
(0.2 g rrr3) peaks resulted in LW fluxes of no less than
3.2 g rrr 2 s~1. Following from Fig. 8, the simultaneous
water vapor flux in the storm band was about 30 g
rrr 2 s~1. Thus, the potential for producing additional
precipitation with downstream lifting over the inland
terrain was very substantial. Real-time calculations of
these fluxes offer a method to quantitatively nowcast
rate of supply of condensates and consequent snowfall rates downwind of the measurement site (Uttal et
al. 1990).
Storm bands with more intense internal convection
tended to be more laterally confined. Echoes in excess of 30 dBZfrom convective cells occurred occasionally and tended to develop within the cores of the
narrowest bands; band width, or at least core width,
tended to decrease as convective organization and
core-echo intensity increased (e.g., Fig. 3e vs 3f). The
area of precipitation echo was broadened considerably, to as much as 50-100 km, as the bands were
lifted under the capping inversion and overthe Tug Hill
plateau; however, the echo strength was not enhanced (Fig. 3). Therefore, the Tug Hill orographic
precipitation maximum (Fig. 4) appeared to be generated by more persistent rather than more intense
snowfall overthe plateau.

5. Freezing rain (15 February 1990)

FIG. 16. Contours of radar reflectivity showing the axis, migration,
and dissipation of individual storm bands in Cartesian space. Lacona
is at (X,Y) = (0,0). Lake Ontario is shaded.
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A storm associated with a deep but sluggish 500mb trough caused widespread aircraft icing conditions
and freezing rain from Oklahoma to New England in
mid-February. This system brought strong warm-air
advection aloft to the LOWS region on 15 February
1990 ahead of a surface warm front. A shallow layer of
subfreezing easterly airflow near the surface was
overrun by the advancing southwesterly flow of warm,
moist air, producing a deep, extensive, and destructive freezing-rain storm. Heavy glaze ice accumulations toppled thousands of trees and caused pro-
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longed power outages to 80 000 NMPC customers.
The same storm caused similar havoc across several
other states and in southeastern Canada (Martner et
al. 1992).

peratures aloft, the ensemble of measurements offers
the potential to distinguish freezing rain from other
forms of precipitation.

b. Precursors within the mesoscale structure
The specialized LOWS profiler and radar observations resolved storm structure, kinematic, and microphysical transitions and the arrival of a wedge of
above-freezing air aloft, which defined the precursors
and onset of the freezing rain.
Although the storm was 9 km deep, the crucial
signatures were confined below 2.5 km AGL. Thus, as
with the shallow lake-effect storms, the
important levels of this storm over the
The specialized LOWS profiler and radar observations
LOWS area were poorly observed by
resolved storm structure, kinematic, and microphysical
the distant NWS radars. The precipitatransitions and the arrival of a wedge of above-freezing
tion at Lacona evolved from snowfall
(approximately 0700-1500 UTC) to ice
air aloft, which defined the precursors and onset
pellets (1500-1830) to freezing rain
of the freezing rain.
(1800-2200) and finally to ordinary rain
(2200 and beyond) as the warm front
approached. A 7-mm layer of clear ice
advection pattern was in error. Freezing rain was accumulated on all exposed surfaces at Lacona durpredicted for Lake Ontario, but the 48-h model fore- ing the freezing rain.
cast of the 850-mb temperature was 8°C too warm.
Figure 18 shows the 915-MHz profiler time history
Subsequent forecasts resolved on the synoptic scale of the winds above Lacona. Low-level easterlies and
were less errant but still brought the 850-mb tempera- northeasterlies were driven by a surface high pressure
ture above freezing hours too early (Martner et al. center in Quebec. Winds veered sharply with height to
1993a).
westerly components; the transition marking the warmA schematic time-height history of the 15 February frontal surface aloft. The westerly flow shifted to south1990 event based on the highly resolved LOWS westerly as a wedge of above-freezing air overrode
measurements is presented in Fig. 17. For freezing the cold surface air to develop the vertical temperature
rain to occur, persistence of the subfreezing surface structure required for freezing rain. Serial soundings
layer and the development and deepening of the above-freezing layer aloft are
necessary. The depth and temperature
of the cold surface layer, in relation to
that of the overriding warm layer, are
critical; these factors control the degree
of melting aloft, the degree of supercooling nearthe surface, and counteractively,
the potential for the falling hydrometeors
to refreeze before impact. Within that
thermodynamic structure, the evolution
of liquid water through the course of a
storm defines the actual freezing-rain
hazard. Radar can monitor the height
and horizontal extent of a melting level
and the relative fall speed of hydrometeors overhead, and the reflectivities will
differ for ice and liquid; the radiometer
LW is dominated by rain below the melting level (but above any refreezing layer)
and the PWV measurement signals enFIG. 17. Schematic of the lower structure of freezing-rain storm with microphysical
hanced moisture. With winds and tem- processes inferred from radar data (from Martner et al. 1993a).

a. Predictions and observations
Predictions and observations of temperatures and
timing differed considerably.
The NGM predicted that the trough in the western
United States would move rapidly into the Midwest,
whereas it actually lingered in the west and dug
southward. Consequently, the model's temperature
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FIG. 18. Time history of horizontal winds through 15 February 1990 freezing-rain event, from the 915-MHz profiler at Lacona. Not included
are data that were missing (M), edited out (E), or did not meet hourly consensus-averaging standards (C).

from Oswego mapped the temperature evolution and
confirmed the profiler winds. The depth of the cold air
decreased gradually during the storm and the elevated layer of above-freezing air steadily widened
after its arrival at 1430 UTC. The LOWS profilers and
radar showed a 5-h period beginning at 1500 UTC
when speeds of 25 m s_1 or greater descended below
3 km MSL (Fig. 18); this coincided with the arrival of the
above-freezing air aloft (Martner et al. 1993a).
Very similar wind and precipitation transitions occurred all along the lake. At the northwest end, freezing rain was delayed until 0200 UTC 16 February.
Figure 19 shows a time-height cross section of temperature advection estimated from AES King City
Doppler radar (Fig. 2) wind measurements and the
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thermal wind relation. This indicates that cold-air advection prevailed below 1 km over King City until 0900
UTC. Warm-air advection above the warm-frontal
surface gradually lowered to the surface where it
strengthened sharply after 1200 UTC.
The evolving demarcation between the overrunning warm airflow and the underlying layer of subfreezing air is lucidly depicted in the RHI scans of the
Lacona radar (Fig. 20). The flow reversal between
these layers is shown by the horizontal white (zero
velocity) lines of the radial velocity data in Fig. 20a
during the snowfall period, and 9 h later during the
freezing rain in Fig. 20b. The depth of the cold layer of
easterlies decreased from 2 km to 1 km in this period,
in agreement with the profiler data. The depth of the
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first project to test a mesoscale
array of advanced remote sensors
for potential high-resolution operational monitoring in the winter environment of the Lake Ontario basin.
The value of the six LOWS remote
sensors is demonstrated by the
wealth of findings reported above.
Each sensor offers unique capabilities, but it was through the combination of sensors and complementary measurements in the mesoscale network that the maximum
benefit of each was realized.
FIG. 19. Time-height cross section of temperature advection (°C h_1) from VAD-derived
Radar is perhaps the only means
winds from the King City radar and the thermal wind equation. Weather at nearby Toronto
to resolve the dynamic forcing of
is noted at top.
organizing lake-effect storm bands,
their evolving morphology and poincreasingly more vapor at saturation (Reinking et al. sition, and the spatial distribution and at least qualita1991). Small amounts of liquid were measured until tive intensity of the localized snowfalls within a large
about 1500 UTC; values of 0.1-0.5 cm represented area. With only minor clouds to return a signal, a short
supercooled cloud droplets that were feeding the wavelength radar like the LOWS X band, positioned to
snow-crystal growth early in the storm. Near 1500 scan the PBL over the lake and inland terrain, can
UTC the formation of raindrops aloft was verified by provide early detection of precursors to storm band
the appearance of the radar bright band (Fig. 20c). formation and evolution. The dual-polarization feature
This was accompanied by a sharp
increase in the radiometer's liquid
LOWS is an exemplary step toward realization of the
measurement while ice pellets, aprecently
defined partnership between the NWS and private
parently formed by the refreezing of
industry, which promotes means to meet specialized
rain not far aloft, began falling at the
surface (the radiometer does not deweather forecasting needs of private organiz
tect ice particles). The liquid values
as well as the general needs of the public.
increased further with the onset of the
freezing rain around 1800 UTC. Lowelevation scans with the radiometer
during the snowfall period indicated low liquid water was most useful for observing freezing rain; warmvalues in all directions; however, progressively more front structure and hydrometeor fall speed changes
liquid was observed to the south as the transition in with melting were readily monitored in the Doppler
that direction to freezing rain preceded the transition at velocities. Scatterers were insufficient to measure
Lacona (Martner et al. 1993a). Such changes in the wind profiles with the X-band radar in cloud-free arctic
temporal and spatial radiometer patterns offer addi- air.
tional help for nowcasting the imminent arrival of a
The LOWS wind profiling radars provided data up to
freezing-rain hazard, when interpreted in concert with the altitudes of the most distant range gates in clouds,
snow, and rain (Fig. 18). In the clear arctic outflows
the other observations.
that cause lake-effect storms, the profilers and RASS
performed with little margin over the minimum requirements of winds to 3 km and temperature to 1.5 km
6, Conclusions
MSL. Peters et al. (1991) hypothesize that the acoustic
signals defocus when they travel from the cold pool
Effective monitoring, modeling, and prediction of
to
the warm air above. Within operating altitudes,
the mesoscale parameters that define the spatially
however,
RASS provided continuous monitoring of
constrained and rapidly evolving lake-effect storm
the
level
and
intensity of capping inversions, PBL
bands and their embedded convection have been
stability,
thermal
advection, and the time of maximum
limited by a lack of high-resolution measurements.
boundary-layer
cooling.
New designs in RASS may
The same is true of the subsynoptic features of storm
overcome
limitations
imposed
in LOWS by low-level
systems that produce freezing rain. LOWS was the
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FIG. 20. Lacona radar RHIs of radial velocities through the
opposed low-level and overriding flows in (a) snow, at 0951 UTC
toward 265° azimuth, and (b) freezing rain, at 1833 UTC toward 90°.
Also, an RHI of the signature of the melting layer from the circular
depolarization field (c), at 1833 UTC toward 90°.

inversions and an annoying audio wave. Recently, an
RASS operating with an extremely sensitive 404-MHz
profiler routinely measured winds to 16 km MSL and
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temperature to 4 km in winter (Martner et al. 1993b).
This outstanding performance exceeds the requirements for monitoring lake-effect potential.
The microwave radiometer is an invaluable albeit
underused tool for continuously observing the evolution of water substance in winter storms. Real-time
computations of the vapor and cloud liquid fluxes,
combined with mesoscale models, potentially offer a
route to truly quantitative precipitation nowcasts. The
LOWS radiometer operated continuously with a net
system reliability of 99.45%. Details of the remote
sensor performances in LOWS are examined by
Reinking et al. (1991). Martner et al. (1993b) present
a current assessment of state-of-the-art wind profilers,
microwave radiometers, and RASS.
The LOWS forecasters from the NWS, AES, and
private industry gained hands-on experience with
continuous data streams from the specialized sensors. The two differing mesoscale models tested in
LOWS, in combination, provided good simulations of
the synoptically driven mesoscale wind fields and the
general area of storm band generation over the lake;
they coarsely resolved the area of precipitation but
substantially underestimated the quantity. Improved
versions of the models offer significant promise for
quantitatively handling the scales of lake-effect storms,
especially if initialized and updated with real-time,
high-resolution data.
The continuity in sensing parameters of known
importance on appropriate meso- and microscales,
with lead times sufficient for nowcasts, was in itself an
advance that satisfied the LOWS technology transfer
objective. New information was gained on early PBL
circulations and downwind orographic clouds that give
warning to lake-effect storm development; the capping inversion as a greater determinant that PBL
instability; controls on band curvature, rotation, and
landfall; the nature of the PBL jet; and the liquid water
and water vapor available LW and PWV to form
precipitation in storm bands after landfall. The excellent LOWS network coverage of the freezing-rain
event provided a unique opportunity to continuously
monitor, decipher, and identify precursors and the
freezing rain itself in the mesoscale structure within
the synoptic-scale storm system. The initial LOWS
results have been highlighted at the beginning of each
interpretive section.
LOWS is an exemplary step toward realization of
the recently defined partnership between the NWS
and private industry, which promotes means to meet
specialized weather forecasting needs of private organizations as well as the general needs of the public
(National Weather Service 1991). Operationally, improvements in the temporal resolution of winds may
be expected if a national wind profiler network is
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deployed. The specific placement of the new WSR88D radars will determine how well the lower troposphere over eastern Lake Ontario is monitored. However, complementary subsynoptic measurements
within the PBL will still be required to meet specialized
needs of NMPC and other regional users. Mesoscale
remote sensing capabilities like those demonstrated
in LOWS could significantly complement and mutually
benefit the federal capability. The LOWS dataset
(Kaman Sciences Corporation 1990; Reinking et al.
1990c) is available to the scientific community.
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Remote Sensing for
^ Hydrology: Progress
a\m
^ and Prospects
A prerequisite for the assessment, rational development, and sound
management of the world's freshwater resources is the availability of
accurate and reliable hydrological and meteorological data. This report
discusses the observational data requirements in operational hydrology
and the ability of satellite- and aircraft-based remote sensing methods
to meet these requirements either at present or in the future. It is hoped
that the report will provide hydrologists and water resources personnel
with a realistic view of the usefulness, the limitations, and the potential
of remote sensing techniques in hydrology, and that it will assist in
promoting the more widespread use of remote sensing methods.
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Boundary Layer
Donald H. Lenschow. Editor
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techniques for probing the atmospheric boundary layer. The 12 chapters, all by
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