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ABSTRACT: Potential factors affecting the inland penetration and orographic modulation of lake-effect precipitation
east of Lake Ontario include the environmental (lake, land, and atmospheric) conditions, mode of the lake-effect system,
and orographic processes associated with flow across the downstream Tug Hill Plateau (herein Tug Hill), Black River val-
ley, and Adirondack Mountains (herein Adirondacks). In this study we use data from the KTYXWSR-88D, ERA5 reanal-
ysis, New York State Mesonet, and Ontario Winter Lake-effect Systems (OWLeS) field campaign to examine how these
factors influence lake-effect characteristics with emphasis on the region downstream of Tug Hill. During an eight-cool-
season (16 November–15 April) study period (2012/13–2019/20), total radar-estimated precipitation during lake-effect
periods increased gradually from Lake Ontario to upper Tug Hill and decreased abruptly where the Tug Hill escarpment
drops into the Black River valley. The axis of maximum precipitation shifted poleward across the northern Black River
valley and into the northwestern Adirondacks. In the western Adirondacks, the heaviest lake-effect snowfall periods
featured strong, near-zonal boundary layer flow, a deep boundary layer, and a single precipitation band aligned along
the long-lake axis. Airborne profiling radar observations collected during OWLeS IOP10 revealed precipitation en-
hancement over Tug Hill, spillover and shadowing in the Black River valley where a resonant lee wave was present, and
precipitation invigoration over the western Adirondacks. These results illustrate the orographic modulation of inland-
penetrating lake-effect systems downstream of Lake Ontario and the factors favoring heavy snowfall over the western
Adirondacks.

SIGNIFICANCE STATEMENT: Inland penetrating lake-effect storms east of Lake Ontario affect remote rural com-
munities, enable a regional winter-sports economy, and contribute to a snowpack that contributes to runoff and flood-
ing during thaws and rain-on-snow events. In this study we illustrate how the region’s three major geographic
features}Tug Hill, the Black River valley, and the western Adirondacks}affect the characteristics of lake-effect pre-
cipitation, describe the factors contributing to heavy snowfall over the western Adirondacks, and provide an examples
of terrain effects in a lake-effect storm observed with a specially instrumented research aircraft.
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1. Introduction

Lake-effect snowstorms that develop during cold-air out-
breaks over warm bodies of water often produce heavy local-
ized snowfall that can paralyze downstream communities.
Accurate prediction of these snowstorms is crucial for pro-
tecting life and property and minimizing transportation and
other disruptions (e.g., Schmidlin 1993; Niziol et al. 1995;
Fujisaki-Manome et al. 2022). Snowbelts climatologically
downstream of the Great Lakes of North America receive

plentiful lake-effect snow each year (e.g., Muller 1966; Norton
and Bolsenga 1993; Niziol et al. 1995; Jones et al. 2022). East
of Lake Ontario, the Tug Hill Plateau (herein Tug Hill)
averages over 500 cm (200 in.) of snow annually, a result of
frequent lake-effect snowstorms and local enhancement pro-
cesses due to coastal and orographic effects (e.g., Minder et al.
2015; Veals and Steenburgh 2015; Campbell and Steenburgh
2017; Steenburgh and Campbell 2017; Veals et al. 2018). Dur-
ing thaws and rain-on-snow events, the melting of lake-effect
snow contributes to flooding that can be exacerbated by fro-
zen soils, which prevent groundwater infiltration, and ice flows
or jams (Langbein et al. 1947; Hoyt and Langbein 1955). Al-
though prior studies noted above have examined precipitationCorresponding author: Jim Steenburgh, jim.steenburgh@utah.edu

DOI: 10.1175/JAMC-D-23-0026.1

Ó 2023 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

S T E EN BURGH E T A L . 1347SEPTEMBER 2023

Brought to you by UNIVERSITY OF UTAH | Unauthenticated | Downloaded 10/18/23 01:50 PM UTC

https://journals.ametsoc.org/collection/OWLES
https://orcid.org/0000-0003-1028-4230
https://journals.ametsoc.org/collection/OWLES
https://orcid.org/0000-0003-1028-4230
mailto:jim.steenburgh@utah.edu
http://www.ametsoc.org/PUBSReuseLicenses


enhancement over Tug Hill, lake-effect systems often extend
farther inland across the Black River valley (BRV) and the
western Adirondack Mountains (herein Adirondacks), affecting
rural communities and winter recreation.

Lake-effect snowstorms are generated during cold-air out-
breaks as sensible and latent heat fluxes from the warmer lake
surface warm, moisten, destabilize, and deepen the convective
boundary layer (CBL), leading to the development of moist
convection (e.g., Peace and Sykes 1966; Hjelmfelt and Braham
1983; Niziol et al. 1995). Many factors influence the characteris-
tics of lake-effect storms. Larger lake-air temperature differences,
stronger winds, and a longer fetch produce a deeper CBL that
enables stronger convection and greater liquid equivalent precipi-
tation (e.g., Hill 1971; Braham 1983; Niziol 1987; Hjelmfelt 1990;
Byrd et al. 1991; Kristovich et al. 1999; Laird and Kristovich
2002). Event characteristics are also affected by the mode of the
lake-effect system, which includes broad-coverage convection
(typically open cellular or wind-parallel bands), or long-lake-axis
parallel (LLAP) bands generated by land-breeze convergence
(e.g., Peace and Sykes 1966; Passarelli and Braham 1981; Kelly
1982, 1984, 1986; Braham 1983; Kristovich 1993; Laird and
Kristovich 2004; Steiger et al. 2013; Steenburgh and Campbell
2017). Broad coverage periods typically are associated with
weaker precipitation rates, whereas LLAP bands produce more
localized but intense snowfall rates. Additional lake-effect modes
identified over and downstream of Lake Ontario include hybrids

of broad coverage and LLAP band systems, shoreline bands, me-
soscale vortices, and lake-orographic systems with a stationary
precipitation region over downstream orography (Veals and
Steenburgh 2015).

Tug Hill is the first major topographic feature encountered
by lake-effect systems east of Lake Ontario and rises gradually
to an elevation of about 500 m above lake level (Figs. 1a,b).
Mean cool-season lake-effect precipitation maximizes over the
western and upper (windward) slopes of Tug Hill, which reflects
coastal, orographic, and other influences (Niziol et al. 1995;
Veals and Steenburgh 2015; Campbell et al. 2016; Campbell
and Steenburgh 2017; Veals et al. 2018; Gowan et al. 2021,
2022). To the east, the Tug Hill escarpment drops into the Black
River valley. The terrain then rises gradually into the western
Adirondacks to elevations higher than Tug Hill. Lake-effect
spillover into the Black River valley and maintenance or invigo-
ration over the western Adirondacks is a critical forecast issue
for rural communities and winter recreation in the region. The
eastern Tug Hill and western Adirondacks are also the head-
waters of the Black River, with half of the annual runoff occur-
ring during the mid-February–mid-May snowmelt season. In
addition, rain-on-snow events produce the greatest potential for
flooding (Black River Watershed Management Plan 2010).

As a result of the 2013/14 Ontario Winter Lake-effect Sys-
tems (OWLeS) field campaign (Kristovich et al. 2017), many
recent studies have examined lake-effect systems generated

FIG. 1. (a) Geography and topography (m MSL) of the study region with the REDF and
OLDF New York State Mesonet sites identified with blue dots and the KTYXWSR-88D shown
with a red triangle. Maple Ridge and Madison Wind Farms are outlined with a yellow oval.
Black- and red-outlined rectangles define the averaging areas for ERA5 variables. Dashed teal
lines indicate REDF and OLDF meridians. (b) Topography (m MSL) along a zonal transect
[43.628N; dashed maroon line in (a)].
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by Lake Ontario, especially over Tug Hill. Environmental factors
that have been linked to the intensity and/or distribution of lake-
effect precipitation in this region include the strength of the inci-
dent flow, lake-induced convective available potential energy
(LCAPE), lake-air temperature difference, differential cold-air
advection, multilake connections, and orographic effects (Veals
et al. 2018; Villani et al. 2017; Campbell and Steenburgh 2017;
Kristovich et al. 2018; Lang et al. 2018; Eipper et al. 2018, 2019).
Lake-effect mode also plays a role with well-developed LLAP
band periods (herein “banded”) producing the highest precipita-
tion rates but small orographic enhancement ratios (i.e., the
ratio of upland to lowland precipitation) and nonbanded broad-
coverage periods (herein “nonbanded”) producing the lowest
precipitation rates but the largest orographic enhancement ratios
(Campbell et al. 2016; Veals et al. 2018). In addition to orographic
processes, ascent along a land-breeze front can contribute to the
maximum in lake-effect precipitation over Tug Hill (Campbell
and Steenburgh 2017; Steenburgh and Campbell 2017). Although
conceptual models often emphasize an invigoration of lake-effect
convection over downstream orography, lake-effect systems
typically exhibit a convective-to-stratiform transition from
Lake Ontario to upper Tug Hill (Minder et al. 2015).

The evolution of lake-effect systems east (downstream) of
Tug Hill has not been carefully investigated. In other regions,
water-vapor depletion and terrain-induced subsidence can
produce precipitation shadowing downstream of hills and
mountains, but significant spillover can occur in some situa-
tions (Brady and Waldstreicher 2001; Ralph et al. 2003; Siler
et al. 2013; Mass et al. 2015; Siler and Durran 2016; Stockham
et al. 2018). Mechanisms contributing to spillover include the
existence of a lee-side cold pool, which suppresses leeward
subsidence, and reduced upstream stability with strong cross-
barrier flow, which increases orographic enhancement and
spillover distance (e.g., Sinclair et al. 1997; Nakai and Endoh
1995; Chater and Sturman 1998; Siler and Durran 2016). De-
pending on where potential instability is released on the wind-
ward side, convection may also result in proportionally more
precipitation in the lee (Zängl 2005; Geerts et al. 2015). Cloud
microphysical processes may also play a role, with lower hydro-
meteor fall speeds resulting in greater downstream hydrome-
teor transport into the lee (e.g., Chater and Sturman 1998; Roe
and Baker 2006; Geerts et al. 2015; Zagrodnik et al. 2021).

Snowfall in the western Adirondacks requires the penetra-
tion of lake-effect systems well inland from Lake Ontario
and/or invigoration during orographic uplift. Previous studies
have identified some of the factors influencing the inland pen-
etration of lake-effect precipitation systems. Eipper et al.
(2018) identified statistically significant correlations between
inland penetration and two environmental parameters: cold-
air advection in the upper portion of the CBL and CBL
depth. Cold-air advection in the upper portion of the CBL de-
stabilizes the lower atmosphere and represents an inland
power source for continued moist convection. A deeper CBL
may indicate greater available moisture and more intense
LLAP bands. Eipper et al. (2018) also suggested a linkage be-
tween inland penetration and 850-hPa wind speed, although
this relationship was not statistically significant. Villani et al.
(2017) however, suggested that the mean mixed-layer wind

speed is correlated with inland penetration, along with the ex-
istence of a multilake/upstream moisture source or connec-
tion, a larger lake-air temperature difference, and increased
0–1-km bulk shear.

In the present study, we focus on the characteristics of lake-
effect storms downstream of Tug Hill over the Black River
valley and western Adirondacks. We aim to elucidate the en-
vironmental, morphological, and orographic factors that influ-
ence lake-effect precipitation over these inland topographic
features. Section 2 describes the datasets and methods used to
perform the analysis. Section 3 describes the relationship be-
tween key environmental variables and the characteristics of
lake-effect precipitation over the Black River valley and west-
ern Adirondacks based on radar observations during eight
cool seasons. Section 3 also presents airborne profiling radar
observations collected during OWLeS IOP10, which provides
a unique perspective on the inland penetration and oro-
graphic modulation of lake-effect precipitation over these
orographic features. The paper concludes with a summary of
key findings in section 4.

2. Data and methods

a. Event and morphology identification

Level-II radar observations from the Montague/Fort Drum,
New York (KTYX), WSR-88D, located at 562 m MSL on
Tug Hill, were downloaded from the National Centers for En-
vironmental Information (NCEI) and used to identify and ex-
amine the characteristics of lake-effect storms across Tug Hill,
the Black River valley, and western Adirondacks. Lake-effect
periods come in part from the climatologies developed by
Veals and Steenburgh (2015) and Veals et al. (2018), which
spanned nine cool seasons (16 November–15 April) from
November 2008 to April 2017. We focused, however, on events
beginning in the 2012/13 cool season to enable the use of dual-
polarization (dual-pol) products for radar processing and iden-
tified additional cases as described in Veals and Steenburgh
(2015) through the 2019/20 season. Thus, our climatology cov-
ers eight cool seasons from 2012/13 to 2019/20. One exception
is the analysis in which we examine how the lake-effect
morphology (i.e., banded or nonbanded) affects western Adi-
rondack precipitation. This is based on a subset of cases from
Veals et al. (2018) during the 2012/13–2016/17 cool seasons in
which the morphology of the lake-effect precipitation features
was identified in 3-h intervals along a transect at 43.628N
(Figs. 1a,b).

b. Radar estimated precipitation and quality control

Following Campbell et al. (2016), we estimated liquid pre-
cipitation equivalent (LPE) during these lake-effect periods
using the Z–S relationship described by Vasiloff (2001):

Z 5 75S2, (1)

where Z is the lowest-level (0.58) radar reflectivity factor
(mm6 m23), and S is the LPE rate (mm h21). Three-hourly radar-
estimated precipitation (REP) was derived by integrating the
LPE rate for each lowest-level scan over a 3-h period.
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A major challenge for precipitation estimates in the study
region is wind turbine clutter (WTC) from the Maple Ridge
and Madison Wind Farms on upper Tug Hill (Fig. 1a). Not
only is there clutter produced locally by the turbines, but
there is also multipath scattering as far as 50 km down radial
(Radar Operations Center 2022). Although radar clutter
often has zero or near-zero Doppler velocity, the wind tur-
bines move and frequently have a nonzero velocity, complicat-
ing clutter removal (Norin and Haase 2012; Radar Operations
Center 2022). The multipath scattering also varies temporally
and must be removed scan by scan rather than using static
maps.

Multiple approaches have been proposed to filter wind-turbine
effects from radar data (see section 3.1.3 of Norin and Haase
2012). We used a simple but straightforward approach that re-
duces these artifacts, especially multipath scattering, although
some artifacts remain, especially in the Maple Ridge Wind Farm
area. We began with the lowest-tilt reflectivity data (Fig. 2a) and
removed all range gates with a correlation coefficient , 0.9
(Fig. 2b), which typically reflects nonmeteorological targets
(Zrnić et al. 2006; Frech and Seltmann 2017). We then used the
Py-Art despeckling algorithm (Helmus and Collis 2016) to re-
move extraneous clusters of radar echoes covering an area
smaller than 20 range gates (Fig. 2c; changes most apparent

FIG. 2. Radar quality control and estimated precipitation: (a) raw reflectivity (dBZ), (b) reflectivity (dBZ) after
removing gates with correlation coefficient , 0.9, (c) reflectivity (dBZ) after application of the Py-Art despeckling
algorithm, and (d) LPE rate (mm h21) after conversion to Cartesian coordinate system and application of the Z–S
relationship.
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near 0 northing between 250 and 220 easting). These clusters
often resulted from multipath scattering down radial of wind
turbines, including outside the area of lake-effect precipitation.
We then filled the removed gates in contiguous precipitation
areas using nearest neighbor interpolation, converted from an-
tenna to cartesian coordinates at 500-m horizontal grid spacing,
and applied the Z–S relationship (Fig. 2d). This reduces many
of the issues with multipath scattering, but some artifacts re-
main, especially in the wind-farm area where time-averaged
LPE rates may be anomalously high due to the intermittent
presence of clutter.

Assuming standard atmospheric refraction, the centroid of
the lowest-level (0.58) scan is generally above the topography
(Brown et al. 2007), but there are sometimes terrain-blocked
radials in the vicinity of the ;1358 and;3408 azimuths (Veals
and Steenburgh 2015). The effects of the latter are minimal,
but the former is evident in the radar statistics as no attempt
was made to fill this region. The effects of any ground clutter
not accounted for by the approaches described above to deal
with wind turbine clutter appeared to be minimal. Addition-
ally, by focusing on lake-effect periods from 16 November to
15 April, we minimize the influence of lake-effect rain events
that could include a radar bright band.

c. Validation

To test the validity of these quality control and precipita-
tion estimation methods, we compared the REP with LPE
measurements from six New York State Mesonet sites that
began operating prior to the 2016/17 cool season. These sites
provide LPE measurements every 5 min using an OTT
Pluvio2 200 weighing gauge that includes a heated rim to pre-
vent snow and ice buildup and a proprietary algorithm to adjust
for wind and temperature effects (Brotzge et al. 2020). A dou-
ble Alter wind shield surrounds the gauge to reduce the under-
catch of frozen precipitation. For comparison, the REP is
averaged over a 9-gridpoint (33 3) stencil centered on each ob-
serving site.

Results were generally consistent across all six sites, so for
brevity, we present a comparison of REP and measured LPE
during lake-effect periods at the Redfield (REDF) and Old
Forge (OLDF) sites on the western (windward) slopes of Tug
Hill and the Adirondacks, respectively, which is the focus re-
gion of our analysis (Fig. 3). At REDF, the REP is 27%
higher than observed with a range of 19%–37% by cool sea-
son. At OLDF, the REP is also 27% higher, with a range of
6%–60% by cool season. These values are somewhat higher
than the 10% and 15% REP overestimation relative to man-
ual snow samples at Redfield and Sandy Creek during the
OWLeS field program (Veals et al. 2018), possibly due to an in-
ability of the proprietary algorithms to fully account for gauge
undercatch. These values also suggest that the REP is within
the undercatch uncertainty exhibited by precipitation gauges,
even when undercatch algorithms are applied (Rasmussen et al.
2012; Pierre et al. 2019). Thus, we have not attempted to refine
the Z–S relationship but suggest that our estimates may be
slightly higher than actual values.

d. Environmental conditions

We examined the relationship between several environ-
mental variables and lake-effect precipitation east of Tug Hill
and over the western Adirondacks. These variables were ob-
tained or derived from the ERA5 Reanalysis (Hersbach et al.
2020), which was downloaded from the Copernicus Climate
Change Service (CS3) Climate Data Store (https://cds.climate.
copernicus.eu/#!/home) at 0.258 horizontal grid spacing, 25-hPa
vertical grid spacing at and below 750 hPa, 50-hPa vertical grid
spacing above 750 hPa, and hourly intervals. The hourly data
were averaged into 3-h intervals and spatially averaged over the
region in the black or red rectangles in Fig. 1a, depending on
the variable. The black rectangle covers the region over and im-
mediately inland from Lake Ontario, whereas the red rectangle
covers eastern Lake Ontario.

Mean boundary layer zonal wind speed U has been shown
to influence the intensity and distribution of lake-effect

FIG. 3. Comparison of a 3-h running accumulation of KTYX REP (mm) with NYSM LPE (mm) during lake-effect
periods at (a) REDF and (b) OLDF. Inset boxes indicate the REP overestimation in each cool season.
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precipitation. Following Veals et al. (2018), U was based on
the mean zonal wind in the 850–950-hPa layer and averaged
over the black rectangle. We also examined mean boundary
layer wind direction, similarly based on the mean wind in the
850–950-hPa layer and averaged over the black-outlined
rectangle, which was previously examined in Veals and
Steenburgh (2015) for lake-effect precipitation on the wind-
ward side of Tug Hill. Boundary layer depth was obtained
from the ERA5 and averaged over the red-outlined rectangle.
LCAPE provides an estimate of the instability of the lake-
effect environment (e.g., Niziol 1987; Steiger et al. 2009; Veals
et al. 2018) and was calculated using the MetPy Python library
(May et al. 2022) cape_cin calculation function using ERA5
pressure level data aloft and the lake-surface temperature as
the surface temperature and dewpoint, assuming a surface
pressure of 1004 hPa. The ERA5 pressure level data and
lake-surface temperatures were averaged over the red rectan-
gle for the LCAPE calculation.

e. Environmental diagnostics

To examine the relationship between the environmental
variables described above and western Adirondack precipita-
tion, we identified the maximum precipitation rate for each
3-h period along the meridian corresponding to the OLDF
New York State Mesonet site (Fig. 1a). In addition to being a
New York State Mesonet Site, OLDF is a winter-recreation
center located within the snowiest area of the western Adir-
ondacks (National Weather Service 2022; Steenburgh 2023,
his Fig. 3.10). We then defined high precipitation (HP) peri-
ods as those when the precipitation rate was in the upper
quintile of all 3-h lake-effect periods, which yielded 434 HP
and 1750 non-HP periods, with HP periods most common in
December and January, similar to lake-effect periods in
general (Veals and Steenburgh 2015). The upper quintile
threshold was 1.8 mm (3 h)21. Assuming a climatological
snow-to-liquid ratio of 14 to 1 (Baxter et al. 2005) a 3-h accu-
mulation of 1.8 mm corresponds to a snowfall rate of 2.5 cm
(3 h)21. In our analysis, we compared the distributions of
each environmental variable during HP periods with all other
periods, which we labeled as non-HP periods, and examined
precipitation characteristics during periods in the upper quin-
tile (high), middle quintile (medium), and lower quintile
(low) of the distribution of each variable.

f. Airborne radar data

Detailed airborne profiling radar observations of banded
lake-effect precipitation and its inland penetration over the
Tug Hill and the western Adirondacks were obtained during
OWLeS intensive observing period 10 (IOP10) by the Univer-
sity of Wyoming King Air (UWKA). During IOP10, the
UWKA was equipped with instruments to measure basic me-
teorological variables as well as the Wyoming Cloud Radar
(WCR), a 95-GHz Doppler radar (Kristovich et al. 2017).
Radar reflectivity and Doppler velocity measurements were
sampled every 4–5 m along the flight track and in range incre-
ments of 15 m for three fixed antennas: one pointing up (near
zenith), one pointing down (near nadir), and one pointing

down-forward (;308 forward of nadir). The first two provide
a vertical profile from cloud top to the ground, whereas the
two downward-pointing antennas provide the along-track
horizontal and vertical velocities through dual-Doppler syn-
thesis. We focus on the sole along-wind flight leg flown during
IOP10 from the central Adirondacks westward over the Black
River valley and Tug Hill to the eastern end of Lake Ontario.

Bergmaier et al. (2017) describe the WCR Doppler data
processing method. Horizontal wind profiles from proximity
soundings collected from North Redfield on Tug Hill during
the UWKA flight described herein1 were used to remove the
horizontal wind contribution from the zenith and nadir beam
Doppler velocities when the beams were not oriented verti-
cally due to aircraft attitude variations. Furthermore, WCR
reflectivity-weighted hydrometeor vertical velocity wH meas-
urements from the zenith and nadir beams were used to re-
trieve the air vertical velocity. We used a method described
by Zaremba et al. (2022), which assumes that the mesoscale
(leg mean) air vertical velocity is zero over the length of
the full flight track, and subtracts the flight-leg-mean hydro-
meteor fall speed (or terminal velocity Vt, which is positive
downward) at each height level, to obtain the best-guess air
vertical velocity w 5 wH 2 Vt. The assumption of zero mean
air vertical velocity (i.e., the magnitude of updrafts and down-
drafts average to zero at each height level) is appropriate for
sufficiently long flight legs, such as the.100-km-long leg used
here given the uncertainty of the Doppler radar measure-
ments. The flight leg was roughly aligned with the prevailing
wind, which makes retrieval of dual-Doppler velocities more
accurate than for crosswind flight legs (Bergmaier et al. 2017).
Along-track horizontal velocities u of hydrometeors from the
dual-Doppler synthesis were processed with horizontal-
by-vertical grid spacings of 90 3 60 m2 and projected onto a
straight Cartesian grid aligned with the flight leg. These veloc-
ities, together with those obtained from the nadir beam, were
used to calculate 2D hydrometeor streamline estimates below
flight level. By definition, these streamlines are tangential to
the 2D hydrometeor motion vector (u, wH) at any point in the
2D grid. They can be interpreted as Lagrangian hydrometeor
trajectories only if the flow is steady state.

3. Results

a. Climatological characteristics

Over the eight cool seasons, there were 2184 three-hour
lake-effect periods totaling 6552 lake-effect hours (a mean of
819 per season). The highest mean monthly frequency of
lake-effect hours was in January (622 h), and the lowest was
in April (77 h), although events were only identified for the
first half of the latter. The number of lake-effect hours per
season varied between 453 in 2016/17 and 1005 in 2019/20.

The mean 3-h LPE rate during lake-effect periods increases
from eastern Lake Ontario to a maximum over Tug Hill (Fig. 4a),
consistent with Veals et al. (2018). The axis of maximum mean

1 The North Redfield sounding site was ;250 m north of the
current REDF NewYork State Mesonet site identified in Fig. 1.
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LPE rate extends from the southeast shore of Lake Ontario to
Tug Hill east of which it shifts poleward and extends eastward
across the northern Black River valley and the western Adir-
ondacks. Beam blockage to the southeast of KTYX may en-
hance this shift by reducing reflectivities and REP along
southeast-oriented radials. Although complicated by the clut-
ter effects of the wind farms, the mean LPE rate decreases
over the eastern escarpment of Tug Hill, indicative of lee shad-
owing. Relatively high values of mean LPE rate extend over
the northwestern Adirondack foothills before decreasing far-
ther inland over the central Adirondacks. This decrease is con-
sistent with mean annual snowfall climatologies (e.g., National
Weather Service 2022; Steenburgh 2023, his Fig. 3.10), but
may partly reflect overshooting or partial beam filling. Per
figures from Brown et al. (2007), which assume standard
refraction, the centroid of the lowest-level (0.58) scan is at
;1.5 kmMSL and;1.0 kmAGL 75 km from the KTYX radar,
which roughly corresponds to the eastern edge of Fig. 4.

Histograms of maximum radar-estimated 3-h precipitation
at the REDF and OLDF meridians illustrate changes in the
characteristics of lake-effect precipitation from Tug Hill to

the western Adirondacks (Fig. 5). Consistent with a decline in
the mean 3-h LPE rate inland from Tug Hill, the distribution
of maximum 3-h precipitation over the western Adirondacks
is shifted toward lower values. For example, the median and
80th-percentile maximum 3-h precipitation over the western
Adirondacks are 0.7 and 1.8 mm, respectively, as compared
with 1.6 and 4.4 over Tug Hill. The frequency of periods with
a maximum 3-h accumulation at or above 1.8 mm, which cor-
responds to 2.5 cm of snow at climatological snow-to-liquid
ratios (Baxter et al. 2005), declines by a factor of 2.3 from Tug
Hill to the western Adirondacks.

The spatial distribution of mean LPE rate during HP peri-
ods over the western Adirondacks exhibits some similarities
to all lake-effect periods such as a maximum over Tug Hill, a
decrease over the eastern escarpment of Tug Hill, and an ex-
tension of high mean LPE rates over the western Adiron-
dacks (cf. Figs. 4a,b). The mean LPE rate during HP periods,
however, is much higher nearly everywhere, and especially
over the western Adirondacks, indicating that western Adi-
rondack HP periods are regionally stronger lake-effect storms
and not enhanced locally. Additionally, the axis of maximum
precipitation is more zonally oriented and closer to the mid-
lake axis rather than the south shore of Lake Ontario. Such an
orientation and alignment are favored by boundary layer flow
from 2508 to 2708, whereas a maximum along the south shore
is favored by flow from 2708 to 3008 (Veals and Steenburgh
2015, see their Fig. 16).

b. Environmental conditions during HP periods over the
western Adirondacks

Next, we compared the environmental conditions during HP
and non-HP periods in the western Adirondacks. HP periods

FIG. 5. Histogram of maximum 3-h precipitation along the
REDF (red) and OLDF (blue) meridians. Median, 80th-percentile,
and maximum values are annotated.

FIG. 4. Mean 3-h LPE rate [mm (3 h)21] during (a) all lake-effect
periods (n 5 2184) and (b) HP lake-effect periods (n 5 434). The
250-m terrain contour (light solid line), 500-m terrain contour
(dark solid line), and OLDF meridian (dashed line) are annotated.
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are generally characterized by higher U and deeper boundary
layers than non-HP periods (Figs. 6a,b; in this and other
box-and-whisker plots, boxes with notches that do not overlap
indicate that the medians differ at a 95% confidence level). The
former is broadly consistent with Veals et al. (2018) who found
that strong incident boundary layer flow favors higher precipita-
tion rates and greater inland and orographic precipitation en-
hancement over Tug Hill. In contrast, although higher LCAPE
leads to greater precipitation enhancement over Tug Hill (Veals
et al. 2018), there is a tendency for HP periods over the western
Adirondacks to feature lower LCAPE (Fig. 6c). A compara-
ble analysis using the daily lake-surface temperature from
the Great Lakes Surface Environmental Analysis (GLSEA),
however, showed a no significant difference between the me-
dians of HP and non-HP events (not shown), so this relation-
ship may be weak. Last, HP periods feature a narrower range
of boundary layer wind directions than non-HP periods, with

the interquartile range between 2638 and 2818 (Fig. 6d).
Overall, these results, along with the more zonally elongated
distribution of mean precipitation rate during HP periods than
during non-HP periods (cf. Figs. 4a,b), highlight the impor-
tance of strong zonal flow for HP periods over the western
Adirondacks.

To further highlight the roles of U , boundary layer depth,
and LCAPE, we divided the distribution for each variable

FIG. 6. Box-and-whisker plots depicting the distributions of (a) U , (b) boundary layer depth, (c) LCAPE, and
(d) boundary layer wind direction during HP (blue) and non-HP periods (brown). Whiskers and outliers are based on
1.5 times the interquartile range above the first and third quartile.

TABLE 1. Lower (low), middle (medium), and upper (high)
quintiles for U , boundary layer depth, and LCAPE during all
lake-effect periods.

Low Medium High

U (m s21) #7.25 9.51–11.42 $13.78
Boundary layer depth (m) #679.4 923.0–1135.1 $1378.4
LCAPE (J kg21) #226.3 457.5–730.5 $1144.1
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FIG. 7. Plan-view mean LPE rate [mm (3 h)21] and box-and-whisker plot of maximum LPE rate along the OLDF
meridian during lower, middle, and upper U quintile periods. The 250-m terrain contour (light solid line), 500-m ter-
rain contour (dark solid line), and OLDF meridian (dashed line) are annotated in the plan-view plots. Whiskers and
outliers are based on 1.5 times the interquartile range above the first and third quartile.
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FIG. 8. As in Fig. 7, but for boundary layer depth.
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FIG. 9. As in Fig. 7, but for LCAPE.
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during all lake-effect periods into quintiles and examined the
precipitation distributions in the lower (low), middle (medium),
and upper (high) quintiles, as defined in Table 1. LowU periods
are associated with the lowest mean precipitation rates through-
out the region, including the western Adirondacks (Fig. 7). In
contrast, high U periods have the highest precipitation rates,
including over the Black River valley and western Adiron-
dacks. With increasing flow, the precipitation maximum shifts
inland from near the Lake Ontario shoreline to upper Tug
Hill, consistent with Veals et al. (2018). Although the vari-
able nature of lake-effect precipitation yields a wide range of
maximum LPE rate at the OLDF meridian for low, medium,
and high U , including some periods with no precipitation,
there is a clear upward shift in the 25th, 50th, and 75th per-
centiles of maximum LPE rate with increasing U (see box-
and-whiskers plot in Fig. 7). This indicates a greater likelihood
of higher precipitation rate in the western Adirondacks for
higher U . For all categories, the poleward shift of the axis of
maximum precipitation from Tug Hill to the western Adirondacks
is present.

Throughout the region, including the western Adirondacks,
precipitation increases with increasing boundary layer depth.
Similarly, there is an upward shift in the 25th, 50th, and 75th
percentiles of maximum LPE rate at the OLDF meridian
(Fig. 8). For LCAPE, there is a tendency for the maximum
LPE rate at the OLDF meridian to decline with increasing
LCAPE (Fig. 9). This is broadly consistent with, Villani et al.
(2017) who found a strong negative correlation between the
inland extent of lake-effect precipitation features and the
lake–850-hPa and lake–700-hPa temperature differences, which
are closely related to LCAPE. This suggests that strong lake-
induced instability may limit deep inland penetration of lake-
effect precipitation.

To further illustrate the combination of U and boundary
layer depth, we examined eight different combinations of low,
medium, and high U and boundary layer depth and their rela-
tionship to the maximum 3-h precipitation rate at the OLDF
meridian (Fig. 10). Low and medium U periods had medians
of 0.7 mm or less, regardless of boundary layer depth. During
high U periods, the median maximum 3-h precipitation rate
increased with boundary layer depth and maximized at more
than 2 mm for the combination of high U and high boundary
layer depth. The largest events occurred for that combination
as well. Low U and high boundary layer depth (10 periods) as
well as high U and low boundary layer depth (4 periods)
occur rarely, limiting the ability to draw conclusions from
those categories.

We also examined precipitation distributions for mean
boundary layer wind directions in 108 increments from 2408 to
3008 (e.g., 2408–2508 5 240.008–249.998). The highest LPE
rates occur for mean boundary layer winds from 2608 to 2708,
whereas the lowest LPE rates occur for mean boundary layer
winds from 2908 to 3008 (Fig. 11). The region of maximum
LPE rate shifts equatorward as the flow veers from 2408–2508
to 2908–3008, consistent with synoptic expectations and the
findings of Veals and Steenburgh (2015). The highest LPE
rates in the western Adirondacks occur for mean boundary
layer wind directions of 2608–2708. At the OLDF meridian,

the greatest median, 75th-percentile, and 90th-percentile maxi-
mum LPE rates are also greatest for 2608–2708, with the sec-
ond highest values for 2708–2808, indicating the importance of
zonal flow for western Adirondack lake-effect events (Fig. 12).
For all boundary layer direction increments between 2508 and
2808, there is a clear poleward shift of the axis of maximum
precipitation and a narrowing of the precipitation region from
Tug Hill to the Adirondacks (Fig. 11). Although this shift may
partly reflect beam blockage to the southeast of the radar site,
it is present even for mean boundary layer wind directions of
2508–2608. This suggests that the poleward shift and narrowing
reflect a physical process, perhaps related to downslope effects
in the lee of Tug Hill.

Morphology influences the intensity and spatial distribution
of lake-effect precipitation (e.g., Laird et al. 2003; Campbell
et al. 2016; Veals et al. 2018) and may have an additional influ-
ence on lake-effect precipitation over the western Adirondacks.
As described in section 2a, this analysis is based on a subset of
cases from Veals et al. (2018) during the 2012/13–2016/17 cool
seasons in which the morphology of the lake-effect precipitation
features was identified in 3-h intervals along a transect at
43.628N (Figs. 1a,b). Banded periods have a narrow, strong pre-
cipitation distribution, while nonbanded periods are broader
and less intense (Fig. 13). Both types of periods illustrate a
sharp decrease in LPE rate into the Black River valley, though
banded periods indicate higher western Adirondack precipita-
tion over nonbanded periods.

Detailed airborne and in situ observations from OWLeS
can help better illustrate the inland transition and orographic
modification of LE snow over the sparsely populated and

FIG. 10. Box-and-whisker plots depicting the distribution of
maximum LPE rate [mm (3 h)21] along the OLDF meridian for
different combinations of high (label H), moderate (label M), and
low (label L) zonal wind speed (label U) and boundary layer
depth (label B). Whiskers and outliers are based on 1.5 times the
interquartile range above the first and third quartile.
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observationally limited western Adirondacks. As part of OWLeS,
two UWKA flights were conducted between Lake Ontario and
the western Adirondacks, one in IOP10 on 12 January 2014, and
one in IOP14 on 19 January 2014. The latter featured strong tur-
bulence along the flight leg, especially in the lowest km above the
terrain, enabling the ;2-km deep cloud and snow layer to be
maintained eastward into the central Adirondacks (Welsh et al.
2014). However, it was a weak event, and there were no KTYX
radar data available to provide spatial and temporal context.
Therefore, we focus here on IOP10 during which KTYX radar
data is available.

c. Airborne radar analysis OWLeS IOP10

IOP10 was a lake-orographic event with weak, quasi-
stationary radar echoes forming downstream of Lake Ontario
over Tug Hill and the western Adirondacks. During IOP10,
the UWKA flew a single along-wind flight leg from the central
Adirondacks westward over the Black River valley, Tug Hill,
and the eastern end of Lake Ontario from 1359 to 1434 UTC.
A sounding collected from North Redfield one hour prior to
the start of this leg at 1259 UTC revealed an ;1.3-km deep
surface-based mixed layer with predominantly westerly flow

FIG. 11. Plan view of mean LPE rate for (a) 2408–2508, (b) 2508–2608, (c) 2608–2708, (d) 2708–2808, (e) 2808–2908,
and (f) 2908–3008 boundary layer wind directions. The 250-m terrain contour (light solid line), 500-m terrain contour
(dark solid line), and OLDF meridian (dashed line) are annotated.
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from Lake Ontario (Fig. 14). This mixed layer was capped by
an isothermal stable layer in which the flow veered to the
northwest. Above this isothermal layer a second well-mixed
layer extended from 780 to 720 hPa. The origin of this ele-
vated mixed layer is unclear but given the more northwesterly
flow it may represent lake-modified air from Lake Huron. Ex-
cept within a few hundred meters of the surface, the flow
within these layers was strong and generally 18–20 m s21. For
this sounding, U 5 18.5 m s21, the boundary layer depth was
1.3 km, and the LCAPE was ;190 J kg21 based on a Tlake of
2.18C obtained from GLSEA analysis. A comparison of this
case with the 8-yr climatology (section 3a) places this case in
the upper quintile for U , near the upper quintile for boundary
layer depth, and in the lower quintile for LCAPE (Table 1).

KTYX radar at the start of the flight leg at 1401 UTC
showed a broad region of precipitation over and south of Tug
Hill with evidence of weak banding extending inland from the
southeast shore of Lake Ontario (Fig. 15a). Reflectivities de-
creased over the Black River valley (the radial stripes over
this valley were from multipath scattering from the wind
farms over Tug Hill) and then increased over the western
Adirondacks. This pattern is similar to the lake-orographic
pattern described by Veals and Steenburgh (2015). It per-
sisted during the UWKA flight leg that crosses the apparent
orographic features over the western Adirondacks and Tug
Hill but remained near or just north of the weak band extend-
ing inland from southeast Lake Ontario (Fig. 15b).

TheWCR observations are consistent with the inferred oro-
graphic influences on precipitation described above with strati-
form precipitation developing over the windward slope of Tug
Hill and falling out over the upper Tug Hill (10 , x , 65 km in
Fig. 16a). This precipitation is orographically enhanced since

there is net rising air motion over the western slope of Tug Hill
(8, x, ;40 km in Fig. 16b). A shallow turbulent layer charac-
terized by small-scale variability in air vertical velocity (Fig. 16b)
and decelerated flow relative to that aloft (Fig. 16c) develops
near the lake shore, deepens over the western slope of Tug Hill,
and extends inland across the Black River valley and Adiron-
dacks, reaching depths of a few hundred meters. It is unclear if
this turbulence contributed to cloud and precipitation processes.
Farther inland, precipitation spillover and downslope flow occur
over Tug Hill’s steeper eastern slope (65, x, 75 km). WCR ra-
dar echoes weaken eastward across the Black River valley and
into the far western Adirondacks (75 , x , 95 km), consistent
with the KTYXmap view (Fig. 15). Broad ascent occurs over the
eastern Black River valley, possibly associated with a resonant
lee wave between Tug Hill and the Adirondacks (e.g., Grubišić
and Stiperski 2009; Geerts et al. 2023). This ascent, which tilts up-
stream with height, deepens the cloud layer and increases echo-
top heights aloft (60, x, 75). Precipitation invigorates farther

FIG. 12. Box-and-whisker plots depicting the distribution of max-
imum LPE rate [mm (3 h)21] along the OLDF meridian with wind
direction. Whiskers and outliers are based on 1.5 times the inter-
quartile range above the first and third quartile.

FIG. 13. Mean LPE rate [mm (3 h)21] for (a) banded and
(b) nonbanded lake-effect periods. Scale is extended into grayscale
up to 6 mm (3 h)21. The 250-m terrain contour (light solid line),
500-m terrain contour (dark solid line), and OLDF meridian
(dashed line) are annotated.
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east over the Adirondacks (95 , x , 145 km) where WCR re-
flectivities exceed those over Tug Hill, in contrast to the KTYX
reflectivity (Fig. 15), which may be affected by partial over-
shooting of the shallow (,2.7 km MSL) echoes. Hydrometeor
streamlines that appear to originate near the top of the deep-
ened cloud layer associated with the resonant lee-wave updraft
between Tug Hill and the Adirondacks approach the surface in
the region of increasing low-level reflectivity (90 , x , 105;
Fig. 16a). This region is still windward of the highest peaks of
the central Adirondacks and contained pockets of supercooled
liquid water (observed at flight level; not shown) that may
enhance snow growth, as observed elsewhere (Geerts et al.
2023).

Throughout the flight leg, small-scale cloud-top-generating
cells were present near and above flight level (Fig. 16a).
These features are common over stratiform cloud tops (e.g.,
Rosenow et al. 2014; Keeler et al. 2016a,b) and are driven
mainly by radiative cooling, which destabilizes the cloud-top
region (Keeler et al. 2016b). This may explain most of the
convective motions seen in the vertical velocity data above
;2 km MSL (Fig. 16b).

The analysis described above illustrates that the relatively
modest Tug Hill and western Adirondacks strongly influence
precipitation during this lake-orographic event. Wind speeds
during this event were very high (18–20 m s21) and westerly,
and the boundary layer was deep. Both factors favor deep in-
land penetration of lake-effect systems, as shown in section 2b.
The case, however, was predominantly nonbanded, which fa-
vors lower precipitation rates, but also greater orographic en-
hancement (Veals et al. 2018). Terrain-induced ascent on the
windward side of Tug Hill appeared to enhance precipitation
over upper Tug Hill, with spillover across the eastern escarp-
ment. Subsidence into the Black River valley appeared to
weaken precipitation. Boundary layer deepening and precipi-
tation invigoration occurred farther eastward, driven by the
resonant updraft in the lee of Tug Hill, and the gradual mean

terrain-induced ascent over the western Adirondacks. OWLeS
did not examine a LLAP-band event inland over the Black
River valley and western Adirondacks, so the existence and
potential role of such terrain-induced features on that lake-
effect morphology awaits future modeling or field-program
activities.

4. Conclusions

The characteristics of inland penetrating lake-effect storms
east of Lake Ontario are modulated by the ambient flow,
lake-effect mode, and the modest topography of Tug Hill, the
Black River valley, and western Adirondacks in New York.
Radar statistics from the Montague/Fort Drum (KTYX)
WSR-88D illustrate that mean precipitation during lake-effect
periods maximizes over Tug Hill and decreases abruptly
where the Tug Hill escarpment drops into the Black River
valley. The axis of maximum precipitation shifts poleward
from Tug Hill to the western Adirondacks where precipitation
decreases eastward (and downwind) into the central Adiron-
dacks. Strong zonal boundary layer flow, greater boundary layer
depths, and the organization of lake-effect precipitation into a
LLAP-band generate the highest precipitation rates over the
western Adirondacks. Both banded (i.e., LLAP band) and non-
banded lake-effect periods feature a decrease in mean LPE rate
from Tug Hill into the Black River valley, but banded periods
generally feature higher LPE rates in the western Adirondacks.
Maximum LPE rates in the western Adirondacks did appear to
decline with increasing LCAPE, consistent with prior studies in-
dicating an inverse correlation between lake–850-hPa and lake–
700-hPa temperature differences and the inland penetration of
lake-effect systems (e.g., Villani et al. 2017).

These findings are consistent with prior literature. Zonal
flow maximizes the fetch over Lake Ontario and strong
boundary layer winds promote increased latent and sensible
heat fluxes (e.g., DeCosmo et al. 1996; Veron et al. 2008) and

FIG. 14. North Redfield skew T–logp diagram [temperature (red); dewpoint (blue)] at 1259 UTC
12 Jan 2014. Full and half barbs indicate 5 and 2.5 m s21, respectively.
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have been shown to produce deep inland penetration of lake-
effect storms in multiple regions (Villani et al. 2017; Eipper
et al. 2018, 2019; Veals et al. 2018, 2019, 2020). The stronger
flow and deeper boundary layer (and hence lake-effect system
depth) also favor downstream transport of hydrometeors, includ-
ing spillover across Tug Hill and into the Black River valley, as
observed across other topographic features (e.g., Sinclair et al.
1997). Additionally, consistent with our climatology, lake-effect
systems with shallower boundary layers are often weaker
(Hjelmfelt 1990) and may dissipate before reaching the western
Adirondacks (e.g., Hjelmfelt 1990; Reinking et al. 1993). Overall,

these and prior results indicate that the strength of the incident
flow and the depth of the lake-effect system are critical factors
for the penetration of lake-effect systems to inland topographic
features.

Analysis of Wyoming Cloud Radar (WCR) data collected
by the University of Wyoming King Air (UWKA) during
OWLeS IOP10 revealed several key impacts of Tug Hill, the
Black River valley, and western Adirondacks on a nonbanded,
lake-orographic event with strong winds and a deep boundary
layer. Specifically, upslope flow enhanced precipitation over Tug
Hill, which spilled across the Tug Hill escarpment. A resonant

FIG. 15. KTYX 0.58 base reflectivity at (a) 1401 and (b) 1430 UTC 12 Jan 2014 overlaid on topography (the scales are
given at the bottom). Magenta lines indicate the UWKA along-wind flight leg.
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lee wave appeared to be present over the Black River valley,
which led to a deepening of the lake-effect cloud layer. Echoes
were weaker over the western Black River valley and initial
slopes of the western Adirondacks before invigoration farther
downstream. This invigoration occurred in a region where hy-
drometeor streamlines originating near the top of the deeper
cloud layer finally approach the ground in a region still wind-
ward of the highest peaks of the central Adirondacks. Boundary
layer turbulence developed and deepened immediately down-
stream of the Lake Ontario coast and extended inland across
Tug Hill, the Black River valley, and the Adirondacks, although
what role this played in the precipitation evolution is unclear.
Small-scale cloud-top-generating cells were observed near and
above flight level and contributed to precipitation processes dur-
ing the inland penetration of the storm system but were likely
related to cloud-top radiative cooling rather than an orographic
effect.

Although these findings help to illustrate the factors affect-
ing the inland penetration and orographic modulation of lake-
effect precipitation east of Lake Ontario, further work is
needed to better elucidate the case-to-case variations in terrain-
induced flows and their influence on spillover downstream of
Tug Hill and the evolution of lake-effect systems over the west-
ern Adirondacks. In particular, WCR profiles similar to those
presented in Fig. 16 could be used to illustrate variations in oro-
graphic circulations and precipitation features across a wider-
range of ambient flows and lake-effect modes, especially LLAP

bands that tend to produce the heaviest precipitation over the
western Adirondacks. Such bands were not examined over the
Adirondacks during OWLeS. Such data could also be used to
validate next-generation convection permitting ensemble sys-
tems [e.g., the Rapid Refresh Forecast System (RRFS)] and
ultimately improve forecasts for rural communities, mountain
transport, and winter recreation in the lake-effect snowbelt
east of Lake Ontario.
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