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Snowfall in the Northern Great Lakes
Lessons Learned from a Multisensor Observatory
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ABSTRACT: A multisensor snowfall observational suite has been deployed at the Marquette, 
Michigan, National Weather Service Weather Forecast Office (KMQT) since 2014. Micro Rain 
Radar (MRR; profiling radar), Precipitation Imaging Package (PIP; snow particle imager), and 
ancillary ground-based meteorological observations illustrate the unique capabilities of these 
combined instruments to document radar and concomitant microphysical properties associated 
with northern Great Lakes snowfall regimes. Lake-effect, lake-orographic, and transition event 
case studies are presented that illustrate the variety of snowfall events that occur at KMQT. Case 
studies and multiyear analyses reveal the ubiquity of snowfall produced by shallow events. These 
shallow snowfall features and their distinctive microphysical fingerprints are often difficult to dis-
cern with conventional remote sensing instruments, thus highlighting the scientific and potential 
operational value of MRR and PIP observations. The importance of near-surface lake-orographic 
snowfall enhancement processes in extreme snowfall events and regime-dependent snow particle 
microphysical variability controlled by regime and environmental factors are also highlighted.
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The Laurentian Great Lakes collectively form a vast natural reservoir that strongly influences 
regional weather and climate in winter months (e.g., Petterssen and Calabrese 1959; 
Changnon and Jones 1972; Sousounis and Fritsch 1994; Angel and Isard 1998; 

Notaro et al. 2013). Air–lake interactions enhance snowfall generated by synoptic-scale 
midlatitude cyclones (i.e., lake-enhanced snow) (Owens et al. 2017) and produce lake-effect 
snow (LES) from shallow cumuliform clouds during cold air outbreaks (e.g., Holroyd 1971; 
Niziol et al. 1995; Kristovich and Laird 1998; Kristovich et al. 2003, 2017). Lake-influenced 
snowfall is an integral component of the Great Lakes hydrologic budget (Scott and Huff 1996; 
Pettersen et al. 2020a), impacts regional ecology (Henne et al. 2007; Kolka et al. 2010), and 
socioeconomically affects the ~34 million residents living in the Great Lakes basin (e.g., 
Schmidlin 1993; Schmidlin and Kosarik 1999). Since Great Lakes snowfall is sensitive to 
lake ice cover and air–lake temperature differences, long-term temperature trends may 
modulate winter precipitation in this region (Burnett et al. 2003; Kunkel et al. 2009; 
Notaro et al. 2014).

Lake Superior is the northernmost and largest Great Lake. It is usually exposed to 
cold air outbreaks first and preconditions the boundary layer for southern tier Great 
Lakes—an important process for lake-to-lake LES events that can span hundreds of kilo-
meters (Ballentine et al. 1998; Rodriguez et al. 2007; Laird et al. 2017; Villani et al. 2017; 
Lang et al. 2018; Kristovich et al. 2018). Lake Superior LES morphology is also somewhat 
unique, as widespread wind-parallel LES structures occur much more frequently than other 
Great Lakes (Kristovich and Steve 1995). Lake Superior LES observations, however, serve as 
plausible proxies for broad coverage LES events over northern Lakes Michigan and Huron 
that share similar meteorological conditions and shoreline topography.

Michigan’s Upper Peninsula—located on Lake Superior’s southern shore—receives between 
~150 and 750 cm of snow accumulation annually (Fig. 1). Snowfall production is modulated 
by Lake Superior’s proximity, as near-shoreline locales in the Marquette, Michigan, National 
Weather Service (NWS) Weather Forecast Office (WFO) (hereafter referred to by its radar 
call sign KMQT) county warning area annually receive 2–4 times more accumulation than 
southern inland sites.1 Snow accumulations are orographically amplified by 100–300-m 
lake surface-to-inland elevation gains (Fig. 1). For example, 
KMQT—located ~12 km inland and ~200 m higher than Lake 
Superior—measures over 500 cm of snow accumulation an-
nually, while the lakeshore city of Marquette receives ~300 cm. 
NWS cooperative observer and snow spotter networks in 
higher terrain locations measure ~20%–40% more annual 
snowfall than KMQT.2

1 Site-specific snowfall accumulations are ob-
tained from KMQT data archives: www.weather 

.gov/mqt/Local_Climate_Information.
2 Seasonal KMQT snowfall accumulation analyses 

can be found at the following link: www.weather 

.gov/mqt/seasonsnowfallmaps.
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Motivated by this region’s snowfall 
production and exposure to different 
snowfall regimes (e.g., synoptic, LES, 
lake orographic, lake enhanced—see 
later sections for regime descriptions), 
in situ microphysics and remote sensing 
instruments were deployed at KMQT in 
January 2014 with a snowfall-centric 
mission (Pettersen et al. 2020a). This 
observational suite has since operated 
continuously and complements KMQT 
and Great Lakes Evaporation Network 
(GLEN) measurements, thus creating 
an integrated dataset comprised of 
snow microphysical properties, radar 
observations, and meteorological mea-
surements. This manuscript conveys 
the project’s scientific objectives, early 
scientific lessons learned, and future 
research plans that will leverage this 
unique dataset.

Scientific objectives
Quantifying regime-dependent snow microphysical variability. Snow particle micro-
physical properties (e.g., particle number concentration, mass, density, fall speed, and micro-
structure) vary both as a function of size and in bulk due to snowfall regime and associated 
environmental conditions (e.g., temperature, water vapor content, boundary layer instability, 
wind speed and direction). The microphysical composition of Lake Michigan and Ontario LES 
events have been studied with aircraft and ground-based instrumentation (Agee and Hart 
1990; Braham 1990; Braham and Dungey 1995; Kristovich et al. 2000; Hudak et al. 2006; 
Barthold and Kristovich 2011; Wood et al. 2015; Welsh et al. 2016). These studies augment 
frozen hydrometeor microphysical observations collected worldwide (e.g., Heymsfield et al. 
2010; Field et al. 2007; Brandes et al. 2007; Houze et al. 2017; McFarquhar et al. 2017; Schirle 
et al. 2019). The current study, however, provides a long-term ground-based microphysical 
perspective of snowfall regimes in a previously uninvestigated northern Great Lakes location.

Quantifying regime-dependent snow accumulation partitioning. The second project 
goal is quantifying regime-dependent annual snow accumulation percentages. A 50-plus-yr 
lineage of snowfall regime partitioning studies that use ground-based measurements have 
quantified the contribution of LES to annual snowfall amounts and long-term LES trends 
throughout the Great Lakes region. Seasonal analyses estimate about 30%–60% of the 
annual snowfall accumulation on Lake Michigan’s leeward shoreline can be attributed to 
LES (Eichenlaub 1970; Braham and Dungey 1984). Veals and Steenburgh (2015) calculated 
LES annual snowfall contributions of 61%–76% in Lake Ontario snowbelts using daily 
snowfall measurements and operational radar datasets. Pettersen et al. (2020a) reported 
shallow snow event frequency and annual accumulation percentages of 68% and 49%, 
respectively, using 1-min KMQT observations. Great Lakes LES activity has also increased 
throughout much of the twentieth century (Eichenlaub 1970; Braham and Dungey 1984; 
Norton and Bolsenga 1993; Leathers and Ellis 1996), although lake-influenced snow-
fall trends and synoptic weather patterns that are conducive to LES production have 

Fig. 1. Land elevation (m) above mean sea level near Michigan’s 
Upper Peninsula. Annual mean snow accumulations (cm) from a 
30-yr climatology (1981–2010) are also shown for multiple sites 
[Ironwood (IWD), Houghton (CMX), Marquette National Weather 
Service (KMQT), Marquette (MQT), Munising (MUN), and Iron 
Mountain (IMT)] in the KMQT county warning area. The Granite 
Island and Stannard Rock Great Lakes Evaporation Network sites 
are also indicated.
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decreased after the early 1980s (Bard and Kristovich 2012; Suriano and Leathers 2017a,b; 
Suriano 2019).

The aforementioned surface-based studies in the Great Lakes region, combined with ob-
servational studies that quantify regime-dependent annual snowfall accumulation statistics 
over high-latitude ice sheets (Gorodetskaya et al. 2013; Pettersen et al. 2018), illustrate the 
hydrologic impacts of different snowfall regimes. These studies also serve as valuable datasets 
to assess regime-dependent snow event detection and quantitative precipitation estimates 
(QPE) from spaceborne instruments (Maahn et al. 2014). Satellite observations indicate that 
shallow cumuliform snowfall (e.g., LES and ocean-effect snow) comprises greater than 50% 
of estimated snow event occurrence and annual accumulation in many higher latitude regions 
(Kulie et al. 2016; Kulie and Milani 2018; West et al. 2019). Satellite-derived datasets can be 
further vetted using specialized datasets collected at sites like KMQT.

Improving snowfall QPE. Snow microphysical composition controls the bulk microwave scat-
tering properties associated with surface snowfall events (e.g., Liu 2008a; Kulie et al. 2010; 
Kneifel et al. 2011a; Leinonen et al. 2012; Kulie et al. 2014; Kneifel et al. 2015; Olson et al. 2016; 
Matrosov et al. 2019). Ground-based radar QPE is essential for hydrologic monitoring, yet op-
erational radar network products like the Multi-Radar Multi-Sensor (MRMS; Zhang et al. 2016) 
currently adopt a static reflectivity Z (mm6 m−3) to liquid-equivalent snowfall rate3 S (mm h−1) 
conversion for snowfall. Other Z–S conversions are applied at the discretion of local NWS 
WFOs (Ryzhkov and Zrnić 2019). The wide range of Z–S conversions reflect underlying micro-
physical variability and resulting uncertainty (Matrosov 2007; 
Liu 2008b; Kulie and Bennartz 2009; Matrosov et al. 2009; 
Hiley et al. 2011; Wolfe and Snider 2012; Huang et al. 2015; 
von Lerber et al. 2017; Cooper et al. 2017). A primary objective 
of the KMQT dataset is refining regime-dependent Z–S conver-
sions to improve radar QPE.

Satellite-based snowfall QPE has also received ample atten-
tion in recent years due to the CloudSat (Stephens et al. 2008, 
2018) and Global Precipitation Measurement (GPM; Hou et al. 
2014; Skofronick-Jackson et al. 2017) missions. Satellite precipi-
tation retrievals rely on microphysical assumptions that translate radar and passive microwave 
measurements to surface snowfall rates (Kummerow et al. 2015; Wood et al. 2015; Grecu et al. 
2016; Liao et al. 2016; Meng et al. 2017; Skofronick-Jackson et al. 2019; Ringerud et al. 2019; 
Wood and L’Ecuyer 2020). Snow microphysics and coincident remote sensing observations 
are therefore important informational conduits for improving spaceborne QPE algorithms.

Observations
Profiling radar. The Micro Rain Radar 2 (MRR) is a K-band (24 GHz) profiling radar 
(Klugmann et al. 1996). MRRs have been successfully used in many snowfall studies 
(Keighton et al. 2009; Kneifel et al. 2011b; Gorodetskaya et al. 2013; Stark et al. 2013; 
Colle et al. 2014; Maahn et al. 2014; Minder et al. 2015; Skofronick-Jackson et al. 2015; 
Souverijns et al. 2017; Schirle et al. 2019; Pettersen et al. 2020a). The MRR provides 
radar reflectivity, Doppler velocity VD spectra, and Doppler spectrum width σD profiles 
in 31 range gates at 1-min intervals. Postprocessing steps optimize MRR reflectivities 
for snowfall with a minimum detectable signal of about −10 dBZ (Kneifel et al. 2011a; 
Maahn and Kollias 2012). Further MRR specifications are provided in previous studies 
(Kneifel et al. 2011a; Maahn and Kollias 2012; Pettersen et al. 2020a).

The KMQT MRR uses 100-m range gates and samples up to 3 km above ground level (AGL). 
MRR profiles augment the scanning KMQT Next Generation Weather Radar (NEXRAD) Weather 

3 Unless explicitly noted otherwise, snowfall 
rates are assumed to be liquid-equivalent rates 
throughout the manuscript. Liquid-equivalent 
snowfall rates are also referred to as snow water 
equivalent (SWE) precipitation rates in the lit-
erature. SWE is not used in this study to avoid 
confusion with the hydrologic SWE definition for 
the total melted water contained in accumulated 
ground snowpack.
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Surveillance Doppler Radar observations, especially since the KMQT NEXRAD has historically 
operated in a “clear air” (five elevation angles) scanning mode with limited vertical informa-
tion near the radar for most snowfall events (Pettersen et al. 2020a). The measurements in 
the fourth range gate (300–400 m AGL) are defined as “near-surface” MRR observations to 
avoid ground clutter.

Precipitation particle imager. The Precipitation Imaging Package (PIP)—an updated 
version of the Snowflake Video Imager (SVI; Newman et al. 2009)—is an imaging dis-
drometer that provides two-dimensional imagery of hydrometeor shadows using a high-
speed camera (Pettersen et al. 2020b). The PIP is relatively immune to wind-related 
collection issues due to its open instrument design—a distinct advantage compared to 
other devices (Battaglia et al. 2010). Automated tracking software measures individual 
particle dimensions and particle fall speeds. The PIP provides 1-min averaged particle 
size distributions (PSD) for particle diameters Deq, as well as mean liquid equivalent 
snowfall rate and effective bulk particle density estimates (Pettersen et al. 2020b). 
The Deq is defined as the diameter of a circle with an area equal to that of the projected 
particle (Wood et al. 2013; von Lerber et al. 2017; Pettersen et al. 2020b). Additional 
PIP details are provided in previous studies (Kneifel et al. 2015; Tiira et al. 2016; 
Souverijns et al. 2017; von Lerber et al. 2017, 2018; Pettersen et al. 2020a,b). Figure 2 
shows the MRR and PIP deployment configuration at KMQT. KMQT PIP and MRR data 
can be obtained from the NASA Global Hydrology Research Center archive (https://ghrc 
.nsstc.nasa.gov/home/). Daily quick-look images are available at the following site: www 
.ssec.wisc.edu/lake_effect/mqt/.

KMQT observations. The KMQT site was chosen primarily for its perennially consistent 
snowfall. More practically, KMQT also provides reliable power, internet connectivity, me-
teorological expertise, and valuable observations. A scanning S-band, dual-polarization 
NEXRAD is located at KMQT. Standard meteorological observations are also collected. NWS 
staff measure snow accumulation every six hours using a snow board. Liquid water equiva-
lent (LWE) measurements are obtained from melted snow collected in a standard 20-cm 
precipitation gauge with a wind shield. An OTT Pluvio 200 precipitation weighing gauge is 
also deployed at KMQT. This gauge is part of a larger Pluvio network deployed near KMQT 
during the 2017–20 winters. An Automated Weather Observing System (AWOS) is also located 
at a nearby airport (~25 km).

Over-lake meteorological and flux 
observations. Eddy covariance instrumen-
tation measures over-lake sensible and latent 
heat fluxes and standard meteorological 
variables at the Granite Island and Stannard 
Rock GLEN sites (Blanken et al. 2011; 
Spence et al. 2011, 2013). Granite Island 
(Stannard Rock) is located about ~25 (75) 
km northeast (north-northeast) of KMQT 
(Fig. 1). Eddy covariance data are collected 
at a 10-Hz rate and processed to 30-min 
fluxes. Data can be obtained from the GLEN 
archive site (https://superiorwatersheds.org 
/GLEN/data.htm). Lake temperature and ice 
coverage are obtained from Great Lakes Fig. 2. KMQT instrument deployment configuration.
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Environmental Research Laboratory daily analyses (https://coastwatch.glerl.noaa.gov/). Nearby 
operational radiosondes (e.g., Gaylord, Michigan; International Falls, Minnesota) provide 
atmospheric temperature profile measurements.

Shallow snow, deep implications
The KMQT observatory reveals a critical aspect of northern Great Lakes snowfall: snowfall 
produced from clouds with shallow precipitation echo-top heights (PETH) is ubiquitous and 
hydrologically important. Pettersen et al. (2020a) highlights a distinct shallow snowfall mode 
that comprises almost 70% of all KMQT snowfall events. Pettersen et al. (2020a) also show 
that near-surface MRR reflectivity Zsfc values associated with KMQT shallow snow events are 
~10 dB smaller than deep events, yet shallow events account for ~50% of the mean annual 
KMQT snowfall accumulation.

Postfrontal LES—mostly multiband “broad coverage” events (e.g., Kelly 1982, 1984, 1986; 
Kristovich 1993; Kristovich and Steve 1995; Veals and Steenburgh 2015)—are the most com-
mon KMQT shallow snowfall type. While light snowfall rates accompany most KMQT LES 
events, LES can produce heavy and blowing snow that warrant hazardous winter weather 
advisories. Additionally, individual LES events can persist for several days. KMQT instruments 
observed single LES events that spanned ~76 (3–6 January 2018) and ~90 (17–21 January 
2019) hours. Shallow snow—primarily LES—dominated the KMQT meteorological landscape 
in January 2019 by occurring on 22 of 31 days and comprising ~40% of all MRR observations.

Figures 3 and 4 show a prototypical broad coverage LES event to illustrate the unique 
capabilities of the KMQT observational suite. This event developed in the wake of a strong 
surface cyclone that tracked northeastward over the region between 18 and 20 November 2016 
(see supplementary Fig. ES1 for surface pressure and wind animations; https://doi.org/10.1175 
/BAMS-D-19-0128.2). A vigorous cold front passed KMQT near 0100 UTC 19 November, with 
postfrontal 10-m air temperatures T10m between −4° and −7°C and rapidly rising surface 
pressures (Fig. 3f). Lake Superior water (5°–10°C) and estimated 850-hPa (−10°C) tempera-
ture differences were ~15°–20°C, well above the 13°C threshold for likely LES development 
(Niziol et al. 1995). North-northwesterly (NNW) surface winds were sustained between 10 
and 15 m s−1 before 2000 UTC 19 (Fig. 3g), then subsided and shifted directions [north (N)]. 
Multiple winter weather warnings and advisories for heavy snow and high winds were issued 
throughout this event. KMQT measured over 23 cm of accumulated snow between 1800 UTC 
19 and 1800 UTC 20 November.

KMQT NEXRAD imagery showed LES bands after ~1000 UTC 19 November (Fig. 4; also see 
supplementary Fig. ES2 for an event radar animation). Both 0.5° and 1.5° elevation angles 
are shown since terrain-induced 0.5° beam blockage occurs in some sectors. The shallow 
nature of LES bands is also emphasized by showing both elevation angles, as many 0.5° fea-
tures are absent in 1.5° observations at distances greater than ~75–100 km from KMQT. An 
intense snowband was located ~60 km east of KMQT at 2116 UTC 19 November (Figs. 4a,b). 
Widespread synoptic snow remnants were located further east. Enhanced, nonbanded reflec-
tivity structures were also anchored along the Lake Superior shoreline near KMQT—a probable 
lake-orographic enhancement signal (Figs. 4a,b). Multiple intense LES bands persisted on 
20 November 2016 (Figs. 4c,d).

MRR reflectivity profiles further highlight this event’s shallow and transitory features 
(Fig. 3a). PETH values peaked between ~1.5 and 1.7 km before ~2300 UTC 19 November. 
MRR Zsfc values exceeded 20 dBZ, but without obvious cellular structures, during the lake-
orographic period (~1600–2230 UTC 19 November) that was also illustrated in NEXRAD 
imagery (Figs. 4a,b). These trends are similar to orographically induced MRR reflectivity 
structural changes observed in LES near Lake Ontario (Minder et al. 2015; Welsh et al. 2016), 
although coastal baroclinic processes also likely contribute to these reflectivity features 

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 04/13/22 03:34 PM UTC

https://coastwatch.glerl.noaa.gov/
https://doi.org/10.1175/BAMS-D-19-0128.2
https://doi.org/10.1175/BAMS-D-19-0128.2


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J U LY  2 0 2 1 E1323

Fig. 3. Micro Rain Radar (a) radar reflectivity (dBZ), (b) Doppler velocity (m s−1), and (c) Doppler spectrum 
width (m s−1) profiles for the 19–20 Nov 2016 LES event. PIP-derived 1-min (d) particle number concentra-
tion as a function of particle size (colored in logarithmic units; mm−1 m−3), (e) liquid equivalent snowfall 
rates S (mm h−1; black), and snow-to-liquid ratio (SLR; blue) are also shown. KMQT NWS 6-hourly SLR 
measurements are also indicated (magenta diamonds). The following meteorological observations are 
also illustrated: (f) KMQT 10-m temperature (°C; blue solid), dewpoint temperature (°C; blue dashed), 
and atmospheric pressure (hPa; black); (g) AWOS 10-m wind speed (m s−1; black) and direction (blue); 
(h) sensible (SHF; solid) and latent (LHF; dashed) heat fluxes (W m−2) measured at the Granite Island 
(GI; blue) and Stannard Rock (SR; black) Great Lakes Evaporation Network sites.
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(Campbell and Steenburgh 2017; also see the following section for further discussion). 
MRR reflectivity structures evolved into distinct, periodic convective cores after ~2230 UTC 
19 November. After a period of lower intensity MRR reflectivities and PIP-measured snowfall 
rates (Fig. 3e), LES bands reinvigorated after ~1000 UTC. The Zsfc values again exceeded 
20 dBZ. Near-surface MRR σD values exceeded 1.5 m s−1 (Fig. 3c) and over-lake sensible 
(~300–700 W m−2) and latent (~100–300 W m−2) heat fluxes (Fig. 3h) confirmed vigorous 
air–lake interactions and a turbulent boundary layer under ice free conditions. PETH values 
near 1.5 km represent the upper end of the KMQT PETH spectrum for LES events (e.g., Fig. 6a), 
but are shallower than more vigorous LES events that occur in the southern Great Lakes 
(Minder et al. 2015; Kristovich et al. 2017).

PIP measurements revealed a distinct microphysical transition throughout this event. For 
instance, particle concentrations increased for Deq > ~6 mm and Deq < ~1 mm particle sizes 
after 2230 UTC 19 November (Fig. 3d). Maximum particle sizes exceeded 12 mm in LES cores. 
PIP-derived S surpassed 1 mm h−1 on 19 November, while peak S values exceeded 3 mm 
h−1 after 1000 UTC 20 November with notable S variability over short time scales (Fig. 3e). 
Conversely, the earlier lake-orographic phase displayed much lower temporal S variability. 

Fig. 4. KMQT NEXRAD (a) 0.5° and (b) 1.5° radar reflectivities for 2116 UTC 19 Nov 2016. (c),(d) The 
same NEXRAD observations for 1459 UTC 20 Nov 2016. NEXRAD figures are created using the 
Python ARM Radar Toolkit (Helmus and Collis 2016).
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PIP-estimated snow-to-liquid ratios4 (SLR; Pettersen et al. 2020b) also steadily increased 
from ~10 to ~15–25 (Fig. 3e). KMQT SLR trends were similar, but were consistently higher 
and reflect inherent measurement differences (e.g., settling, snowflake packing, and wind 
effects may affect 6-h KMQT observations). SLR trends replicated snow particle density 
changes inferred from lower MRR VD values observed on 20 November (Fig. 3b). The PIP 
estimated 9.9 mm LWE accumulation in the 24-h period after 1800 UTC 19 November, while 
KMQT measured 7.4 mm (Table 1).

A little orography goes a long way
While broad coverage LES constitute most KMQT shallow snow events, another shallow snowfall 
regime that is caused by combined lake-orographic influences is observed at this site. Even 
though the ~200-m elevation gain from Lake Superior to KMQT that is somewhat insignificant 
when compared to mountainous regions, orography increases snowfall production at KMQT and 
throughout the Great Lakes by mechanically inducing upward air 
parcel motion, increasing local relative humidity values, instigat-
ing or enhancing cloud and precipitation particle growth pro-
cesses, and reducing subcloud sublimation (Minder et al. 2015; 
Veals and Steenburgh 2015; Villani et al. 
2017; Veals et al. 2018). Figure 5 illustrates 
daily LWE totals collected by a network of 
10 Pluvio precipitation weighing gauges de-
ployed near KMQT during an orographically 
influenced snowfall event. The two gauges 
closest to Lake Superior (3 and 7) recorded 
~5–7 mm LWE, while gauges sited just west 
of the largest elevation gradients (4, 10, 
KMQT) measured LWE ex-
ceeding 12 mm. These daily 
snowfall patterns replicate 
the mean annual snowfall ac-
cumulations shown in Fig. 1.

Orographic processes 
near KMQT are further en-
hanced by lake-driven pro-
cesses. Increased bound-
ary layer moistening results 
from air–lake interactions, 
while coastal mesoscale 
circulations can be induced 
by land–water t her mal 
contrasts (e.g., Campbell 
and Steenburgh 2017). Fol-
lowing Veals and Steen-
burgh (2015), the “lake-
orographic” moniker is 
applied to shallow snowfall 
events at KMQT that fall 
within the lake-effect pre-
cipitation spectrum, but are 
distinguished from broad 

4 SLR refers to the ratio between accumulated 
snow and its melted liquid water equivalent and 
is inversely related to bulk snow density.

Table 1. KMQT LWE (mm) measurements and PIP LWE (mm) 
estimates for four snowfall events highlighted in this study.

KMQT snowfall events KMQT PIP

Lake effect: 1800 UTC 19–1800 UTC 20 Nov 2016 7.4 10.0

Lake orographic: 0000–1200 UTC 8 Mar 2014 2.3 1.9

Transition: 1200 UTC 13–0600 UTC 14 Dec 2017 5.8 7.2

Lake enhanced: 1800 UTC 10–1800 UTC 12 Nov 2014 82.3 94.3

Fig. 5. The 16 Apr 2018 daily liquid water equivalent (LWE) accumulations 
from a Pluvio weighing gauge network deployed near KMQT. Sites 2 and 5 
did not report any accumulations due to instrument power-related issues.
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coverage LES by the following four characteristics: 1) spatially contiguous NEXRAD reflectiv-
ity features confined mostly to land, 2) embedded NEXRAD reflectivity maxima within the 
broader contiguous reflectivity field aligned with the nearshore topographical gradient, 3) 
shallow MRR reflectivity structures lacking distinct periodicity, and 4) surface winds typically 
emanating from the northeast (NE) quadrant. KMQT lake-orographic snow events are less 
common than broad coverage LES since NE winds occur less frequently than other shallow 
event wind directions (Pettersen et al. 2020a).

Using the aforementioned distinguishing characteristics to classify snowfall events, 
composite KMQT MRR reflectivity-height statistics from 194 broad coverage LES and 32 
lake-orographic events between January 2014 and April 2018 were created (Figs. 6a,b). The 
large population of MRR reflectivity observations below ~1 km AGL confirms both lake-
orographic and broad coverage LES as KMQT shallow snowfall types shown in Pettersen 
et al. (2020a). However, lake-orographic Zsfc values are generally ~4–6 dB larger than LES. 
Mean reflectivity profiles increase substantially toward the ground in the lowest ~1 km 
AGL for both lake-orographic (>10 dB km−1) and LES (~7–10 dB km−1) events, implying rapid 
near-surface microphysical changes. Steep near-surface reflectivity gradients also portend 
spaceborne radar detection difficulties and/or possible QPE biases due to observational 
blind zones created by ground clutter contaminated range gates directly above the surface 

Fig. 6. MRR radar reflectivity–height two-dimensional relative frequency (%) histograms for 
KMQT (a) LES and (b) lake-orographic snowfall events during the January 2014 through April 2018 
period. MRR near-surface reflectivity Zsfc–PIP liquid equivalent snowfall rate S relative frequency 
histograms are also shown for (c) LES and (d) lake-orographic snowfall events.
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(Kulie and Bennartz 2009; Maahn et al. 2014). For instance, GPM Dual-Frequency Precipita-
tion Radar (DPR) radar blind zones range from ~500 m (nadir scan) to over 2 km (off-nadir 
scans). The near-nadir scanning CloudSat Cloud Profiling Radar has ~700 m (ocean) to 
~1 km (land) blind zones. QPE derived from the first usable spaceborne range gate might 
not detect KMQT shallow snow events if PETH values are too low, or might produce biased 
QPE that does not account for large near-surface reflectivity increases. Additionally, most 
KMQT shallow snow cannot be detected by the GPM DPR that has a nominal radar sensitiv-
ity of ~12 dBZ (Hamada and Takayabu 2016). Radar-based QPE is prone to further regime-
dependent uncertainties. Varying MRR Zsfc and PIP-derived S relationships for LES (Fig. 6c) 
and lake-orographic snow (Fig. 6d) further complicates radar-based QPE without prior 
knowledge of snowfall regime. Lake-orographic Z–S relationships are highly variable and 
produce higher snowfall rates than LES events. Furthermore, lake-orographic Zsfc values 
consistently exceed LES, yet produce similarly light snowfall rates below ~0.3 mm h−1 (−0.5 
on the log10 scale shown in Fig. 6).

The KMQT observational suite has also documented extremely high SLR values during 
some lake-orographic snowfall events. Figures 7 and 8 highlight a lake-orographic snowfall 
event that occurred on 8 March 2014 under very cold postfrontal conditions (supplementary 
Fig. ES3). Lake Superior was almost completely ice covered during an extremely cold winter, 
with some open waters located near the southern shore (Fig. ES4). Over-lake fluxes were 
therefore limited (Fig. 7d), but boundary layer moistening and possible coastal baroclinic 
processes initiated by open water located south of Granite Island produced persistent snowfall 
for over 10 h (Fig. 7c). Light NEXRAD reflectivities were observed over land with enhanced 

Fig. 7. (a) Micro Rain Radar radar reflectivity (dBZ) profiles, (b) PIP particle number concentration 
as a function of particle size (colored in logarithmic units; mm−1 m−3), (c) PIP liquid equivalent 
snowfall rates S (mm h−1; black), PIP snow-to-liquid ratio (SLR; blue), and KMQT NWS 6-hourly SLR 
measurements (magenta diamonds), and (d) sensible (SHF; solid) and latent (LHF; dashed) heat 
fluxes (W m−2) measured at the Granite Island (GI; blue) and Stannard Rock (SR; black) Great Lakes 
Evaporation Network sites for the 8 Mar 2014 lake-orographic snowfall event.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 04/13/22 03:34 PM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J U LY  2 0 2 1 E1328

values (~15–20 dBZ) anchored near KMQT (Fig. 8, Fig. ES5). MRR PETH values varied be-
tween ~0.6 and 1.2 km AGL, but MRR reflectivities lacked distinct periodicity for most of 
the event (Fig. 7a). The PIP, however, measured very large particles (Deq > 10 mm) (Fig. 7b). 
A persistent supply of smaller particles also existed, but notable disruptions occurred (e.g., 
near 0530 UTC). PIP-derived SLRs increased from ~10 to over 40 (Fig. 7c) as temperatures 
decreased from −5° to −12°C throughout the event (not shown). KMQT measured similar SLR 
trends (Fig. 7e), including a 55 SLR value under difficult measurement conditions (windy 
conditions and low density snow). The steady PIP SLR increase from 0000 to 0600 UTC is 
masked within the KMQT measurement window and highlights the benefit of higher temporal 
PIP SLR observations to monitor real-time trends.

Flipping the microphysical switch
Nature often flips a metaphorical switch when abrupt microphysical transitions accompany 
snowfall regime transitions. Figure 9 documents a KMQT snowfall event that exhibits snow 
microphysical variability induced by regime-dependent processes. An “Alberta clipper” 
(Thomas and Martin 2007) system tracked southeastward from Canada through the southern 
Great Lakes on 13–14 December 2017 (Fig. ES6). This system initially produced a spatially 
extensive area of synoptically forced snow (Fig. ES7) and MRR-indicated fall streaks before 
1800 UTC 13 December (Fig. 9a).

Combined MRR and PIP observations revealed a dramatic transition between 1800 and 
2000 UTC. MRR reflectivities aloft rapidly weakened as the Alberta clipper exited, but 
near-surface reflectivity enhancements appeared after 1800 UTC (Fig. 9a). MRR reflectivi-
ties increased ~6 dB km−1 in the lowest 2 km AGL from 1800 to 2000 UTC, compared with 
~0.7 dB km−1 from 1000 to 1800 UTC. MRR σD values also increased (Fig. 9c), likely indicating 
boundary layer turbulence invigorated by increased fetch across Lake Superior under east-
northeast (ENE) winds (Fig. 9f). Natural seeder–feeder particle growth processes (i.e., light 
snow particles generated aloft seeding shallow boundary layer clouds; Schroeder et al. 2006) 
plausibly combined with lake-orographic enhancement processes to intensify snowfall rates. 
NEXRAD imagery near 1830 UTC also showed a reflectivity enhancement zone anchored 
near KMQT (Fig. ES7).

Fig. 8. KMQT NEXRAD 0.5° and 1.5° radar reflectivities at 0510 UTC 8 Mar 2014.
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The PIP revealed abrupt microphysical changes near 1800 UTC. Maximum Deq values im-
mediately increased from ~3–5 mm to ~10–15 mm. Particle concentrations in the ~3–6 mm 
Deq range also increased, while the Deq < ~1 mm particle population decreased by almost an 
order of magnitude (Fig. 9d). PIP-derived SLR also increased and oscillated between ~15 and 
25 between 1800 and 2000 UTC. Increasing SLR values conformed with near-surface MRR 
VD reductions from 1600–1800 UTC to 1800–2000 UTC (Fig. 9b). Despite starkly different 
microphysical composition, PIP S (~0.5–1.0 mm h−1) and MRR Zsfc (~10–15 dBZ) values did 
not change appreciably. Temperatures increased by ~2°C between 1600 and 1800 UTC as 

Fig. 9. As in Fig. 3, but for the 13–14 Dec 2017 transition event.
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winds shifted from ESE to ENE, allowing air parcel trajectories over unfrozen Lake Superior 
(Figs. 9f,g). Over-lake fluxes oscillated between ~100 and 225 W m−2 between 1600 and 2000 UTC 
(Fig. 9h), confirming active surface energy exchanges. Lake-induced snowfall enhancements, 
however, did not occur until the wind direction shifted to ENE after 1800 UTC (Fig. 9g).

A final transition to banded, shallow LES occurred after ~2000 UTC as wind direction shifted 
from ENE to N and over-lake fluxes increased (300–400 Wm−2; Figs. 9a,g,h). PIP PSDs broadened 
further (Fig. 9d), and PIP-measured S exceeded 2 mm h−1 (Fig. 9e). PIP SLR values varied between 
~10 and 30 and were anticorrelated with S in most LES cores, indicating possible rimed particles 
(Fig. 9e). KMQT SLR measurements matched PIP trends, although KMQT values were at least 
double during the LES stage. KMQT measured 17.2 cm of accumulated snow (5.8-mm LWE) be-
tween 1200 UTC 13 and 0600 UTC 14 December, while the PIP estimated 7.1-mm LWE (Table 1).

Regime-dependent microphysical variability can be explored further using the multiyear 
KMQT dataset. Following the Pettersen et al. (2020a) partitioning methodology, deep (MRR 
PETH ≥ 3 km) and shallow (PETH < 3 km) snow event SLR statistics are shown in Fig. 10 
as a function of PIP-derived PSD parameters. The following inverse exponential function 
is often used to describe snow PSDs: N(D) = Noexp(−ΛD), where N is the particle concentra-
tion (mm−1 m−3) for a given particle diameter D, and No (mm−1 m−3) and Λ (mm−1) the respec-
tive PSD intercept and slope parameters (e.g., Heymsfield et al. 2008; Woods et al. 2008; 
Pettersen et al. 2020a). Higher No values indicate a larger population of smaller diameter 
particles, while lower Λ values define broader PSDs with larger diameter particles.

Adopting this PSD descriptor framework, Pettersen et al. (2020a) showed that deep KMQT 
snowfall events possess narrow PSDs with elevated smaller particle concentrations. Unlike 
deep events, shallow snow No–Λ relationships are distinctly bimodal. A primary cluster ex-
hibits broad PSDs and low small particle concentrations, while a secondary cluster displays 
narrow PSDs and preferentially smaller particle diameters. This secondary shallow grouping 
is associated with extremely cold LES events that likely suppress dendritic particles due to 
a limited or nonexistent dendritic growth zone (i.e., ambient temperatures between about 
−12° and −18°C with sufficient supersaturation levels to support dendritic snowflake growth; 
Bailey and Hallett 2009) within shallow LES cloud structures. Rimed particle splintering or 
wind-induced particle fracturing may also inflate the smaller particle population.

Figures 10 reveals further regime-dependent microphysical variability measured by the PIP. 
SLR values are mostly near ~10 for deep KMQT snow events (Fig. 10a), while shallow events 
display more SLR variability as a function of PSD properties (Fig. 10b). Considerable variability 

Fig. 10. Mean SLR as a function of PIP-derived PSD intercept parameter N0 and slope parameter 
Λ for KMQT (a) deep and (b) shallow snowfall events during the January 2014–April 2018 period.
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exists across the entire shallow snow population, although the largest population of shallow 
events indicated by the Pettersen et al. (2020a) results have mean SLRs between ~20 and 25. 
These results offer a pathway to refine previous SLR climatologies based on daily manual 
measurements that indicate northern Great Lakes SLR values of ~17 (Baxter et al. 2005).

Lake-enhanced extreme snow events
Lake-enhanced snow is defined as synoptically generated snowfall that benefits from in-
creased snowfall production via lake-orographic processes (Owens et al. 2017). Lake enhance-
ment processes often amplify extreme KMQT snowfall events—typically midlatitude cyclones 
that track south and east of KMQT and produce prolonged NE winds—and appear as vertically 
aligned near-surface MRR reflectivity enhancements embedded within deeper synoptically 
forced fall streaks. KMQT MRR observations from 46 lake-enhanced and 150 nonenhanced 
synoptic events between January 2014 and April 2018 reveal Lake Superior’s snowfall pro-
duction role—likely combined with natural seeder–feeder processes—within synoptic snow 
events. MRR Zsfc values are ~3–5 dB larger during lake-enhanced synoptic events compared 
to nonenhanced events (Figs. 11a,b). However, a secondary lake-enhanced mode exists with 
much larger Zsfc values (~15–20 dBZ). Lake-enhanced events display ~6–8 dB km−1 MRR 
reflectivity enhancements in the lowest 1.5 km AGL, compared to ~2–3 dB km−1 for synoptic 
events. Similar to the orographic and LES snow categories, these large near-surface reflec-
tivity gradients highlight spaceborne radar blind zone and range-dependent ground-based 
scanning radar QPE complications. MRR-PIP observations also accentuate the propensity for 

Fig. 11. As in Fig. 6, but for synoptic and lake-enhanced synoptic snowfall events.
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lake-enhanced events to produce higher snowfall rates and slightly different Z–S relationships 
than nonenhanced synoptic events (Figs. 11c,d).

Figures 12 and 13 highlight an extreme lake-enhanced snowfall event on 10–12 November 
2014 that produced 76 cm of accumulated snow at KMQT and warranted numerous winter 

Fig. 12. KMQT (left) 0.5° and (right) 1.5° radar reflectivities for (top) 2000 UTC 10 Nov 2014, (middle) 
0533 UTC 11 Nov 2014, and (bottom) 0413 UTC 12 Nov 2014.
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storm warnings and advisories. A complex and vigorous synoptic system skirted to the south, 
east, then northeast of KMQT (Fig. ES8) and followed a synoptic to LES event progression. 
The synoptic phase (1600–2300 UTC 10 November) produced widespread precipitation 
(Fig. 12 and Fig. ES9) and MRR-indicated fall streaks (Fig. 13a). PSDs were relatively narrow 
(Fig. 13d)—relatively few large particles were measured despite reflectivities in the 20–30 dBZ 
range and snowfall rates between ~2 and 8 mm h−1 (Fig. 13e). LES commenced after ~2300 UTC 
11 November as temperatures continually decreased, surface pressure abruptly rose, winds 
shifted to the NNW–NW, and over-lake flux values exceeded ~200 W m−2 (Figs. 13f–h). The 

Fig. 13. As in Fig. 3, but for the 10–12 Nov 2014 lake-enhanced extreme snowfall event.
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PIP observed broad PSDs, larger particle diameters, and higher SLR values compared the 
synoptic period (Fig. 13e).

The most interesting period of this event, however, was the prolonged lake enhancement 
stage between ~2300 UTC 10 and 2300 UTC 11 November. This period was defined by in-
creasingly intense NE winds (~10 m s−1) during its early stages that produced 150–300 W m−2 
over-lake fluxes (Figs. 13g,h). Lake enhancements appeared as shallow, periodic, and upright 
MRR reflectivity maxima embedded within deeper, slanted fall streaks (Fig. 13a). While this 
period is labeled as lake enhanced due to embedded MRR features that commenced after the 
NE wind shift and consequent air–lake interchanges, concurrent lake-orographic processes 
also likely increased snowfall production at KMQT. Mean reflectivities increased toward the 
ground by over 5 dB km−1 in the lowest 1.5 km AGL, compared to mostly invariant changes 
beforehand. MRR VD and σD observations revealed a progressively agitated boundary layer 
throughout local nighttime hours (Figs. 13b,c). Localized σD maxima and MRR reflectivity 
minima were observed near ~1.5 km AGL, reflecting increased shear and turbulence at the 
boundary layer top. MRR observations were especially useful to delineate this period, as 
NEXRAD lake enhancement features were mostly obscured (Fig. ES9). NEXRAD observations, 
however, showed widespread synoptically forced snow before 0500 UTC 11 November and 
after 0900 UTC (Fig. 12 and Fig. ES9).

Notable PIP PSD changes also occurred as the storm evolved during and after the lake 
enhancement period (Figs. 13d,e). PSD’s broadened near 2300 UTC 10 November as lake 
enhancements appeared in MRR profiles, with larger particle diameters and greater particle 
concentrations in the ~2–6-mm Deq range. Extreme snowfall rates exceeded 10 mm h−1 early in 
the enhancement period, with sustained rates above ~5 mm h−1 between ~1000 and 1800 UTC 
11 November. The PIP estimated SLR values between ~5 and 10, while KMQT measured SLR 
values near 10 throughout the entire storm. The lake-enhanced period contributed ~67% of 
the PIP-estimated snowfall accumulation during this event. The PIP (KMQT) measured 94.3 
(82.3) mm LWE between 1800 UTC 10 and 1800 UTC 12 November.

Concluding remarks
This study introduces a ground-based instrumentation suite deployed in the northern Great 
Lakes region to investigate snowfall. Micro Rain Radar (MRR) and Precipitation Imaging 
Package (PIP) observations provide valuable profiling radar and snow microphysics obser-
vations in a previously understudied region that receives abundant snowfall from different 
regimes. The following scientific lessons learned are highlighted:

• Snowfall from clouds with shallow vertical development is prevalent in the northern Great 
Lakes. MRR profiles emphasize pervasive shallow snowfall (precipitation echo tops 
~1.0–1.5 km) from mostly broad coverage lake-effect snow (LES) at KMQT. This snowfall 
is frequently light and can persist for long durations, but can also produce heavy snow 
and adverse conditions.

• Lake-orographic processes influence snowfall production. Lake-orographic processes insti-
gate and enhance snowfall at KMQT. Unlike LES that exhibit discrete MRR reflectivity and 
banded NEXRAD features, lake-orographic snow at KMQT is typically shallow but more 
spatiotemporally contiguous. NEXRAD reflectivity enhancements are often anchored to 
shoreline topography. Coastal baroclinic processes also likely contribute to this snowfall 
mode.

• Snow microphysical property variability is driven by regime-dependent processes. Shallow 
snow events also contain preferentially larger particles than deep snow events, but also 
display notable microphysical and snow-to-liquid ratio (SLR) transformations under ex-
tremely cold conditions. PIP observations also reveal sudden snow microphysical changes 
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that are initiated by linked surface and atmospheric processes during lake enhancement 
events.

• Lake enhancements accompany extreme snowfall events. Lake enhancement processes are 
illustrated in multiple case studies and commonly occur during extreme snowfall events 
at this site. Lake enhancement signatures appear as near-surface reflectivity enhance-
ments embedded within deeper synoptic snow features. Seeder–feeder particle growth 
mechanisms likely combine with lake-orographic influences to amplify surface snowfall 
rates compared to nonenhanced synoptic snow events.

• Regime-dependent radar and microphysical variability complicates remote sensing QPE. 
Regime-dependent Z–S differences underscore radar QPE ramifications. MRR reflec-
tivities respond to microphysical changes, but some events exhibit similar near-surface 
reflectivity values despite markedly different microphysical composition. Shallow, 
light snow and near-surface enhancements embedded within deeper snow complicate 
spaceborne radar QPE. Near-surface reflectivity gradients of 7–10 dB km−1 within typi-
cal spaceborne radar blind zones are also observed in LES, lake-orographic, and lake 
enhanced events.

The strategically selected KMQT instrumentation package has capably produced a scientifi-
cally rich dataset. The MRR provides critical observations of near-surface snowfall processes, 
but are difficult to ascertain using NEXRAD or spaceborne observations. The PIP explicitly 
links remote sensing measurements with microphysical composition and provides indepen-
dent snowfall rate and SLR estimates at high temporal resolution. GLEN observations add 
important air–lake energy exchange context to readily discern Lake Superior’s influence on 
snowfall production. NEXRAD observations provide spatial context, while KMQT meteoro-
logical observations enable environmental factors to be investigated. KMQT snow accumula-
tion measurements by trained meteorological staff provide crucial independent evaluation 
datasets. Collectively, the KMQT observatory enables snowfall regimes and transitions to be 
readily identified.

The KMQT dataset will be utilized extensively in future snowfall-related research. The data-
set serves as a snow event occurrence and satellite quantitative precipitation estimation (QPE) 
evaluation site, especially to isolate regime-dependent biases (e.g., Henderson et al. 2017). 
Blind zone statistical studies applicable to current and future spaceborne radars will also be 
undertaken (e.g., Maahn et al. 2014). KMQT observations will also provide better microphysical 
constraints for QPE retrievals. Forward modeling chains that link frozen hydrometeor scat-
tering models and observed particle size distributions to radar/radiometer observations will 
also be tested (e.g., Kulie et al. 2010; Olson et al. 2016). Refined Z–S relationships based on 
snowfall regime will improve NEXRAD QPE, while next-generation NEXRAD dual polariza-
tion snowfall rate estimators will also be evaluated.

Future projects will also focus on relatively unexplored topics. First, the KMQT dataset 
is well equipped to initiate multivariate analyses that quantify microphysical variability 
based on snowfall regime and environmental factors. Second, lake enhancement processes 
and their contribution to major snowstorms will be quantified by explicitly linking lake 
evaporation, boundary layer moistening and instability, natural cloud seeding, and coastal 
baroclinic effects. Third, numerical weather prediction parameterizations (microphysical, 
planetary boundary layer, land/surface schemes, etc.) that affect simulated lake-influenced 
snow production will be evaluated and improved using KMQT observational constraints 
(e.g., Reeves and Dawson 2013; Conrick et al. 2015; McMillen and Steenburgh 2015). KMQT 
observations will ultimately enable deeper knowledge of the linked processes that operate 
within northern Great Lakes snowfall regimes to improve predictive weather models and 
short-term forecasting.
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