
1.  Introduction
Precipitation is changing as the climate warms. In northern mid and high latitudes, warming is resulting in a shift 
from snow to rain (Bintanja & Andry, 2017; Tamang et al., 2020). In the Upper Great Lakes region, the mean 
annual wet-bulb temperature is increasing, and snowfall and snowfall-precipitation ratio is decreasing (Tamang 
et al., 2020). Rainfall in the place of snowfall impacts water resources (Knowles et al., 2006), and glacier mass 
balance (Perry et  al.,  2017; Schauwecker et  al.,  2017), and potentially the global energy balance (Screen & 
Simmonds, 2012). Observed changes in precipitation including a reduction in heavy snow cover and the shift 
from snow to rain impacts soil moisture, watershed hydrology, and streamflow in the Midwest and Great Lakes 
region (Byun et al., 2019). From a societal standpoint, precipitation processes also impact transportation safety. 
Hazardous wintertime events such as freezing rain result in especially dangerous conditions that affect vehicle 
crash risks (Tobin et al., 2021). The height of the melting level in the atmosphere influences the precipitation 
phase at the surface (Cui et al., 2020; Harpold et al., 2017; White et al., 2002), and trends show increases in 

Abstract  This study uses observations from a ground-based instrument suite to investigate the rain-snow 
level (RSL) in stratiform rainfall from January 2014 to April 2020 in the Upper Great Lakes Region. The 
height above the surface where ice melts to rain, the rain-snow level, influences microphysical assumptions 
in remote sensing precipitation retrievals and the ability of space-based radar to discriminate surface 
precipitation phase because of ground clutter. The instrument suite is installed at the Marquette, MI (MQT) 
National Weather Service station adjacent to Lake Superior. Rain events and the RSLs are studied through a 
ground-based vertically profiling radar (Micro Rain Radar), a custom NASA-developed video disdrometer 
(Precipitation Imaging Package), and reanalysis products from ECMWF ERA5 and NASA MERRA-2. Distinct 
macro and microphysical characteristics are observed in precipitation events with shallow RSLs (<1.8 km 
above ground level [AGL]) and intermediate RSLs (>1.8 km AGL). Intermediate RSLs correspond to rain 
events with relatively higher rain rates and a higher concentration of small drops in the drop size distributions 
(DSDs). Shallow RSL DSDs contain relatively higher concentrations of large drops with lower fall speeds 
suggesting that partially melted snowflakes may be reaching the surface. Reflectivity-rain-rate relationships 
are also impacted by microphysical differences associated with RSL regimes. Radar-detected RSLs agree with 
reanalysis-derived melt levels-especially at wet-bulb isotherms of 0.5°C and 1°C. Seasonal differences such as 
shallow RSLs in winter, fall, and spring have subsequent implications for satellite detectability.

Plain Language Summary  The height above the surface where falling snow melts to rain, the rain-
snow level (RSL), can be detected by both ground-based and space-based radars. However, space-based radars 
are limited in their ability to capture precipitation near the surface due to interference. This work investigates 
RSLs between January 2014 and April 2020 from ground-based observations at the Marquette, MI National 
Weather Service office. This work includes observations from ground-based profiling radar and a custom 
NASA-developed instrument that records high resolution videos of precipitation at the surface. In addition, 
profile temperature and moisture data are used. These products are commonly used with satellite observations 
to determine the surface precipitation phase. The results show different characteristics for rain events with 
shallow and intermediate RSLs. The radar-detected RSLs illustrate good agreement with melt levels derived 
from reanalysis profile data, which is useful for satellite retrievals of precipitation. Seasonal differences such as 
shallow rain-snow levels in winter, fall, and spring have subsequent implications for satellite detectability.
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melt level heights are linked to increasing rainfall and rainfall intensity as a result of surface warming (Prein & 
Heymsfield, 2020).

Satellites provide near-global observations and provide essential quantitative precipitation estimates for hydro-
meteorological applications on instantaneous/nowcasting to climate time scales. Accurate portrayals of surface 
precipitation phase from satellite retrievals are incredibly important, yet sometimes difficult to determine. Meth-
ods for separating rain and snow include radar profiles, surface measurements, and vertical profiles of tempera-
ture and relative humidity. Studies show that snowfall can occur at temperatures warmer than 4°C (Auer, 1974; 
Heymsfield et al., 2021), and freezing rain and mixed precipitation can exist at temperatures well below 0°C 
(Harpold et al., 2017; Stewart et al., 2015). In addition, surface type influences the temperature thresholds for 
rain and snow (Dai, 2008), and rain-snow temperature thresholds vary spatially (Jennings et al., 2018). Snow-
flakes falling through temperatures above 0°C may not melt depending on the relative humidity (Heymsfield 
et al., 2021; Matsuo & Sasyo, 1981). Moisture and pressure influence precipitation phase, and using wet bulb 
temperature (also referred to as ice-bulb temperature below 0°C) improves rainfall/snowfall discrimination 
(Behrangi et al., 2018; Ding et al., 2014) because the variable depends on temperature, pressure, and relative 
humidity. Atmospheric data in reanalysis products including temperature, relative humidity, wet bulb tempera-
ture, and near surface lapse rates can be used with other observations including radar to determine precipitation 
phase at the surface.

In addition to measured or model-derived meteorological variables, radar profile observations provide valuable 
information about precipitation phase. As snowflakes melt, relatively large ice hydrometeors become coated by 
liquid water and thus can produce a higher return in the reflectivity enhanced by a larger dielectric factor for 
liquid water (Austin & Bemis, 1950). This enhanced reflectivity is referred to as the radar bright band. Williams 
et al. (1995) classified precipitation from stratiform, mixed stratiform/convective, deep convective, and shallow 
convective clouds using Doppler radar variables from wind profilers in the tropics. White et al. (2002) devel-
oped an operational method using Doppler spectra from a network of vertically profiling radars in California 
to identify the radar bright band. Studies have explored implications for local hydrology (Henn et  al.,  2020; 
Lundquist et al., 2008; White et al., 2002), glaciology (Perry et al., 2017; Schauwecker et al., 2017), and micro-
physical differences between rain with and without a bright band (Lin et al., 2020; Martner et al., 2008). Methods 
for identifying melting through vertically profiling radar observations use variables including reflectivity (Cha 
et al., 2009), Doppler velocity (Perry et al., 2017), Doppler spectra skewness (Garcia-Benadi et al., 2020), and 
neural networks (Brast & Markmann, 2020). Weather radars employ other methods using dual polarization capa-
bilities to identify melting (Giangrande et al., 2008; Matrosov et al., 2017; Ryzhkov & Zrnic, 2019).

Current satellite missions that provide valuable precipitation datasets include the Global Precipitation Meas-
urement (GPM) Observatory (Hou et  al.,  2014; Skofronick-Jackson et  al.,  2017) and CloudSat (Stephens 
et al., 2008). GPM observes precip from 68°S to 68°N, while CloudSat observes from 82°S to 82°N. Different 
satellite products employ unique radar retrieval phase discrimination methods combining cloud/precipitation 
profile characteristics and reanalysis products. For Cloudsat, an inflection in reflectivity and attenuation can indi-
cate the bright band in stratiform rainfall (Lebsock et al., 2020; Matrosov, 2010), while Liu (2008) employ a +2°C 
temperature threshold for snowfall/rainfall discrimination. For GPM Dual-Frequency Precipitation Radar (DPR), 
enhancements in the profile dual frequency ratios of reflectivity indicate bright bands (Chandrasekar & Le, 2020; 
Le et al., 2016). However, it remains challenging to get reliable precipitation measurements near the surface due 
to ground clutter. The satellite radar blind zone—radar observations directly above the surface that are affected 
by ground clutter—ranges from ∼700 m to over 2 km above the surface depending on surface type (e.g., ocean 
vs. land) and topography (Bennartz et al., 2019; Casella et al., 2017; Valdivia et al., 2022). In the case of shal-
low snowfall, satellite radars underestimate precipitation rate and occurrence (Maahn et al., 2014; McIlhattan 
et al., 2020). Satellite incidence angle has also been shown to affect observations resulting in underestimation 
of shallow precipitation (Hirose et al., 2021). In the case of rain falling at the surface, the satellite radar blind 
zone also poses an obstacle, masking vertical gradients in drop size and potentially obscuring liquid precipitation 
entirely when the melting level is shallow. Watters et al. (2018) showed that shallow bright bands were misiden-
tified as surface clutter in GPM DPR resulting in retrievals above the melt layer. For passive sensors, such as the 
GPM Microwave Imager, surface type and snow cover contribute further to challenges in phase discrimination 
at the surface (Skofronick-Jackson et al., 2015). Skofronick-Jackson et al. (2019) showed that using the Sims and 
Liu (2015) method with wet-bulb temperature and near surface lapse rates reduced differences between GPM 
DPR and Cloudsat surface precipitation retrievals. GPM DPR overestimates snowfall, but using 2 m wet bulb 
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temperature from reanalyses improves phase discrimination (You et al., 2021). Also, there are ongoing updates 
and improvements to the GPM DPR phase discrimination and retrievals of precipitation rate (Hirose et al., 2021; 
Meneghini et  al.,  2021). New and upcoming satellite observing systems will enhance observations of clouds 
and precipitation and capture precipitation closer to the surface. In addition, planned satellite missions such as 
the Earth Clouds, Aerosol and Radiation Explorer (EarthCARE Illingworth et al., 2015) and the Atmospheric 
Observing System (AOS; https://aos.gsfc.nasa.gov/) are being designed with Doppler radar capabilities.

Ground-based radars—especially vertically pointing profiling radars—provide insights to near surface precipi-
tation processes that may be obscured in the satellite radar blind zone. This work analyzes precipitation phase 
from the radar Doppler velocity by identifying and analyzing the height where ice melts to rain defined as the 
rain-snow level (RSL). The analysis provides insights to RSLs in the context of observing near surface precipita-
tion within the satellite radar blind zone using Doppler radar capabilities. The following questions are addressed 
with the ultimate goal of providing robust datasets that can be used to evaluate satellite-derived surface precipi-
tation phase and improve the accuracy of such retrievals: How do RSLs vary throughout the year? Do the macro 
and microphysical characteristics of rainfall events differ as a function of RSL? How can these observations be 
coupled with ancillary measurements such as reanalyses to better address uncertainties in remote sensing retriev-
als of surface precipitation type? A continuous, multi-year, multi-instrument site installed at the National Weather 
Service (NWS) Weather Forecast Office (WFO) in Marquette, Michigan provides a unique set of observations to 
examine precipitation phase and these questions in the Midwest region of the United States. Section 2 describes 
the instrumentation and data used in this work. Section 3 outlines the methodology used to identify RSLs from 
radar profile observations. Section 4 presents the radar RSL results and the macro and microphysical characteris-
tics of the rainfall events. Section 5 expands upon results to address applications related to satellite-based rain rate 
retrievals and surface phase discrimination. Section 6 concludes and summarizes key points from the analysis.

2.  Instrumentation and Data
This study uses observations from a continuous, multi-year suite of instruments at Marquette, MI (MQT; Kulie 
et al., 2021; Pettersen, Kulie, et al., 2020; Shates et al., 2022). The MQT instrument suite is located at the MQT 
NWS WFO, 13 km inland of Lake Superior and 426 m above sea level. The MQT NWS provides surface mete-
orological measurements including air and dew point temperature (2 m) and wind speed and direction (10 m) 
with 5-min resolution. In 2014, an enhanced snowfall instrument suite was installed, which includes a Micro Rain 
Radar and Precipitation Imaging Package (PIP). MQT observations have been used to explore cold season precip-
itation characteristics at MQT. Pettersen, Kulie, et al. (2020) examined snowfall regimes: shallow lake effect snow 
and deep synoptically forced snow. Kulie et al. (2021) further characterized MQT snowfall regimes, including 
enhancements of shallow and deep snowfall from the effects of orography and Lake Superior. The Great Lakes 
Region also experiences precipitation from atmospheric rivers (Mateling et al., 2021; Slinskey et al., 2020), and 
Mateling et al. (2021) illustrated that atmospheric river events impact the MQT site and often lead to enhanced 
precipitation rates and cold-season rain events.

2.1.  Micro Rain Radar

The METEK MicroRain Radar 2 (MRR) is a 24 GHz (K band) vertically profiling frequency-modulated, contin-
uous wave Doppler radar (Klugmann et al., 1996). The MRR is portable and relatively inexpensive, and uses 
relatively low power, which make it useful for observing precipitation across remote regions including mountain-
ous sites and Antarctica (Cooper et al., 2022; Gorodetskaya et al., 2014; Kneifel et al., 2011; Schirle et al., 2019; 
Shates et al., 2021). The MRR was originally deployed and evaluated for measuring rainfall in remote regions 
(Maahn & Kollias, 2012; Peters et al., 2002). In addition, MRR observations have been used in identifying melt-
ing in stratiform rain (Brast & Markmann, 2020; Cha et al., 2009; Garcia-Benadi et al., 2020). The MRR observa-
tions were processed using the Maahn and Kollias (2012) method providing 1-min resolution of equivalent radar 
reflectivity (Ze; dBZ), Doppler velocity (Vd; ms −1) and spectral width (ms −1). The processing also improves the 
sensitivity of the radar reflectivity to −10 dBZ. The operating range height of the radar is 3 km above ground 
level (AGL) and the range resolution is 100 m. Observations below 400 m AGL are removed due to ground clutter 
contamination, and 400 m AGL is defined as the near surface height bin. The stability of the MRR was assessed 
by comparing the 400 m AGL MRR reflectivities to NEXRAD radar reflectivities at approximately 400 m AGL 
(See Appendix A). The assessment supports that the MRR is stable in time.

https://aos.gsfc.nasa.gov/
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2.2.  Precipitation Imaging Package

The Precipitation Imaging Package (PIP) is a custom NASA video imager that uses a coupled bright light source 
and high speed camera to capture videos of shadows of falling hydrometeors (Newman et al., 2009; Pettersen, 
Bliven, et  al.,  2020; Pettersen et  al.,  2021). Image processing of these videos produce tables of hydrometeor 
microphysical characteristics at 1-min resolution, including drop size distributions (DSDs) and particle velocity 
distributions (VVDs). The PIP can resolve hydrometeors ranging from 0.4 to 26 mm with a 0.2 mm resolution. 
Additional processing provides an effective particle density and precipitation rates in liquid water equivalent 
(Pettersen, Bliven, et al., 2020). Additionally, the PIP can effectively discriminate precipitation phase (Pettersen 
et al., 2021).

2.3.  Reanalyses

This study incorporates reanalysis products from European Centre for Medium-Range Weather Forecasts 
(ECMWF) ERA 5 (C3S, 2021; Hersbach et al., 2020) and the NASA Modern-Era Retrospective analysis for 
Research and Applications MERRA-2 (Gelaro et al., 2017). ERA5 has hourly temporal resolution, a spatial reso-
lution of 0.25° × 0.25°, and a vertical resolution of 37 pressure levels. MERRA-2 has a 3-hourly temporal resolu-
tion, a spatial resolution of 0.5° × 0.625°, and 42 vertical pressure levels. We use vertical profiles of temperature 
and relative humidity at the nearest latitude and longitude coordinates to the MQT site: 46.5°N, 87.5°W.

Vertical profiles in reanalysis products are along pressure coordinates, but must be converted to height coor-
dinates for radar profile comparisons. For MERRA-2, the edge height variable (edgeH) in units of m is used. 
The site elevation (426 m) was subtracted from the edge heights under the assumption that layer thicknesses 
(Bosilovich et al., 2016) are originally calculated from sea level. The ERA5 height coordinates are calculated 
using hydrostatic balance and the hypsometric equation (Petty, 2008) using 975 hPa as the surface level.

Profiles of wet bulb temperature are calculated iteratively from the profiles of temperature and relative humid-
ity (Tamang et al., 2020) with the Brent (1973) optimization method. Vertical profiles of wet bulb temperature 
are linearly interpolated to increase temperature resolution to 0.01°C also improving the height resolution. The 
wet bulb temperature can be used to define the melt level in the profile (Cui et al., 2020; Harpold et al., 2017; 
Heymsfield et al., 2021; Prein & Heymsfield, 2020; Sankaré & Thériault, 2016; Stewart et al., 2015).

3.  Methods
As snowflakes melt to rain drops, they fall faster toward the surface (Atlas et al., 1973). This is apparent in the 
Doppler velocity (Vd) of a vertically profiling radar where the Vd is greater for rainfall than snowfall. In the 
column above the radar, the transition from snow to rain is associated with a distinct Vd increase and is evident 
in the gradient of the Vd with respect to height (Lin et al., 2020; Pfaff et al., 2014; White et al., 2002; Williams 
et al., 1995). In this work, we define the RSL based on a peak inflection in the Vd gradient, which is where the 
melting is the strongest (Lin et al., 2020). The RSL generally appears below the radar reflectivity indicated bright 
band. In addition, the bright band height determined by the dual-frequency reflectivity ratio from the GPM DPR 
has also been shown to agree well with melt level heights derived from Vd (Lebsock et al., 2020).

The rain and RSL identification starts with a threshold for precipitation occurrence of radar reflectivity greater 
than −10 dBZ at the 400 m AGL (Kulie et al., 2021; Mateling et al., 2021; Pettersen, Kulie, et al., 2020; Shates 
et al., 2021). Next, rain and snow are separated using a Vd threshold (White et al., 2002) where rain is conserva-
tively categorized as having Vd greater than 3 ms −1. This surface phase identification was tested and verified with 
multiple snow-rain transition events using the PIP particle effective density product, which accurately discrimi-
nates rain versus snow (Pettersen et al., 2021). Figure 1a shows observations from the MRR and PIP during a rain 
to snow transition event. Surface precipitation phase from the effective density shows a shift from rain to mixed 
precipitation to snow. The detection of the RSL corresponds to raining periods detected by the PIP. Additionally, 
Pettersen et al. (2021) show that the PIP effective density product compares well with methods described by Sims 
and Liu (2015) that use surface wet bulb temperature and near surface lapse rates to determine surface snowfall 
probability.

Figure 1b contains an example of a Vd profile and corresponding Vd gradients with respect to height (the derivative 
of Vd with respect to height is designated as dVd) from an April rain event. Using the peak change in the gradient 
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of the Vd profile to detect melting has been shown effective in stratiform precipitation (Lin et al., 2020; Pfaff 
et al., 2014; White et al., 2002; Williams et al., 1995). White et al. (2002) defined a threshold of −7.14 × 10 3 s −1 
(−1.5 ms −1/210 m) to flag melting in the Vd profile. For this study, the threshold value to identify the height of 
the RSL is −7.5 × 10 −3 s −1 (−0.75 ms −1/100 m). The threshold was determined empirically to effectively separate 
profiles with and without melting in the MRR range, and accounts for the MRR range resolution (100 m). Addi-
tionally, the RSL is calculated for downward moving velocities only (toward the radar); any upward motions are 
ignored. For flagged rain associated with melting in the range of the radar, more than 90% of the peak dVd magni-
tudes exceed the threshold. The RSLs were also evaluated against NEXRAD-identified RSLs for 550+ coinci-
dent minutes of rainfall during 19 different days. The cross correlation coefficient (ρHV) from scanning radars 
can be used to identify melting (Gatlin et al., 2018; Giangrande et al., 2008; Matrosov et al., 2017; Ryzhkov & 
Zrnic, 2019). We used scans between 6° and 10° in order to avoid ground clutter contamination. The NEXRAD 
ρHV and MRR RSLs are in good agreement with differences in values within the range resolution of the MRR 
(figure not shown).

Rain events without a melting signature within the operating range height of the radar (3 km AGL) were flagged 
as undetected when the following criteria were met: the minimum Vd was greater than 3 ms −1 throughout the 
profile and continuous radar reflectivity values were greater than −10 dBZ throughout the profile up to 3 km 
AGL. These rain events are likely associated with melting above 3 km AGL. The undetected category may also 
include instances of rainfall without a discernible RSL. Warm rain or shallow convective rainfall, which are rare 
at this site, would not be flagged at all, as the dVd threshold would not be met and precipitation echo tops would 
be too shallow for the continuous radar reflectivity criteria.

In Section 5, we use MRR RSLs to evaluate the reanalysis derived melt levels from ERA5 and MERRA-2. The 
temporal resolution for ERA5 is hourly and MERRA-2 is 3-hourly, while the MRR observations are 1-min reso-
lution. To compare the observations to reanalyses with different temporal resolutions, we use a 25-min threshold 
to flag hours. For flagged RSL hours, we compute the mean RSL to represent the full hour. We then match the 
hours of the flagged MRR-determined RSL with the corresponding 3-hourly MERRA-2 time resolution. The 
3-hourly resolution is used to compare the mean MRR RSL, ERA5, and MERRA-2 hr.

4.  Results
4.1.  Analysis of MRR Rain-Snow Levels

The RSLs at MQT vary throughout the year. Figure 2 shows the annual distribution of RSLs as a box and whisker 
plot and half violin plots (empirical distributions of the data) for all precipitation events when a RSL is observed 
below 3 km AGL. The summer months (JJA) have consistently higher RSLs (>2 km AGL), with the values in 

Figure 1.  Methods summary and example of rain-snow level (RSL) identification. (a) Radar reflectivity and Doppler velocity time series are shown for a rain to snow 
transition event at Marquette, MI on 10 April 2015. The RSLs are plotted on the radar reflectivity and Doppler velocity as white + symbols. The Precipitation Imaging 
Package phase observed at the surface is superimposed on to the radar time series. The black, dashed vertical line in the Doppler velocity time series indicates the time 
of the profile explored in the plot to the right. (b) The Vd and dVd are shown. The dVd threshold is plotted as a blue, dashed vertical line. The blue, solid horizontal line 
shows the height of the identified RSL for that minute.
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July and August primarily above 2.5 km AGL. RSLs during winter months (NDJF) occur closer to the surface 
(RSL < 2 km AGL). The mean RSL is the lowest in January at 0.9 km AGL, while the distribution for December 
is the highest out of the winter months. The transition season months (MAM and SON) exhibit substantial spread 
in the RSLs ranging from 0.5 to 3 km AGL. May and October are the two rainiest months in MQT (See Table B2) 
and both have the largest RSL range between the 25th and 75th percentile (0.7–2.4 km AGL). However, the half 
violin plots show that October distribution is concentrated below 1 km AGL, whereas the May distribution has a 
higher distribution above 2 km AGL.

Loosely guided by the vertical resolutions of spaceborne radars (250–500 m), the RSLs are separated into four 
height ranges to assess whether macro and microphysical characteristics depend on RSL: 0.6–1.2, 1.2–1.8, 
1.8–2.4, and 2.4–3 km AGL. Table 1 summarizes the frequency of occurrence during the full observation period 
(January 2014–April 2020) for the observed height categories. During the observational period, 72,290 surface 
rain minutes were detected by the MRR, with 53,139 flagged as containing a rain-snow transition. For the 26.5% 
of occurrences without a detected transition, RSLs above 3 km AGL are likely. In June–September, approxi-
mately 40%–65% of the rainfall events did not have a discernible transition in the range of the radar (Table A1). 
The high instance of non-detection in the summer supports that the melting occurred above the operating range 
height of the radar. The 2.4–3 km height category has the highest percentage of rainfall with a RSL (22.3%). 
The 0.6–1.2 km height category has the lowest frequency of occurrence at 9.44%. The event hours listed in the 
summary table (Table 1) show the number of hours that are represented in each category for reanalysis compari-

sons. The order of increasing number of hours with increasing RSL matches 
with the increasing percent occurrence for the entire observation period.

4.2.  Macro and Microphysical Characteristics of Rainfall

As snow falls and melts to rain, the radar reflectivity and Doppler velocity 
observed by the radar changes with height. Figure 3 contains two-dimensional 
histograms that composites all rain events observed with flagged RSLs in 
the MRR for the separate height categories. The presence of a bright band 

Figure 2.  Distribution of rain-snow levels. The boxes include the 25th to 75th percentile of the data and the whiskers span from the 5th to the 95th percentile. The solid 
lines show the mean values and the black dotted line/point shows the median. To the left of each box, there are half violin plot showing the empirical distribution of the 
data for that month.

Table 1 
Rain-Snow Level Summary

Height categoryAGL 
[km] 0.6–1.2 1.2–1.8 1.8–2.4 2.4–3 Undetected

Percent occurrence 9.44 15.6 17.59 22.3 26.5

Event hours 31 53 61 85 X
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is apparent with an increase followed by a decrease in reflectivity with decreasing height for height categories 
(Figures 3a–3d). For RSLs above 1.8 km AGL, the range of snowfall reflectivities are narrower (10–20 dBZ at 
heights above 1.8 km AGL) than for the near-surface rainfall reflectivities. Near the surface, reflectivities range 
from 15 dBZ to greater than 30 dBZ (Figures 3a and 3b). Reflectivity gradually increases toward the RSL (above 
bright band for the reflectivity) for height category 1.2–1.8 km AGL and 0.6–1.2. For height category 0.6–1.2 km 
AGL, the reflectivities of snowfall above the melting layer have a broader range from 5 to 18 dBz compared to 

Figure 3.  Two dimensional histograms of radar profiles of reflectivity and Doppler velocity from all rain events from 
observational period. Radar profiles are shown in subplots separated by Rain-snow levels height categories: 0.6–1.2 km (a), 
(e), 1.2–1.8 km (b), (f), 1.8–2.4 km (c), (g), 2.4–3 km (d), (h). The histograms are normalized by total number of observations 
for each height category.
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the other height categories. The reflectivities near the surface occur between 10 and 25 dBZ for the lowest height 
category (Figure 3d). Near the surface, the mean reflectivity values are 17.8, 18.55, 21.9, and 21.79 dBZ for the 
four height categories 0.6–1.2 km, 1.2–1.8 km, 1.8–2.4 km, 2.4–3 km AGL respectively.

The snowfall above the RSL has a relatively narrow range of Vd values ranging from 0 to ∼2.4 ms −1 for all height 
categories. Below the RSL, the Vds increase and the range in Vd broadens (Figures 3e–3h), which also corre-
sponds to a broadening and increase in spectral width right below the RSL (not shown). The Vd does not continue 
to broaden toward the surface after the initial broadening associated with the RSL. The near surface Vds for RSLs 
0.6–1.2 and 1.2–1.8 km AGL range from 3 to 6 ms −1 (Figures 3g and 3h). with mean values of 5.2 and 5.4 ms −1. 
The near surface Vd for transitions above 1.8 km AGL have the highest occurrence of values exceeding 5 ms −1. 
The mean Vds are 5.8 and 5.8 ms −1 for the height categories 1.8–2.4 and 2.4–3 km AGL. The highest RSL cate-
gory (2.4–3 km AGL) has Vds exceeding 7 ms −1.

Figure 4 contains observations of the PIP microphysical characteristics for each RSL height category. In the 
mean DSDs, there are differences in the concentrations of small drops and large drops for RSL height categories 
(Figure 4a). For the two RSL height categories above than 1.8 km AGL, there is a larger concentration of drops 
with diameters between 1 and 2 mm than for RSLs above 1.8 km AGL. The DSDs for RSLs below 1.8 km AGL 
have higher concentrations of drops greater than 2 mm. The shallowest RSL category (0.6–1.2 km AGL) has the 
highest concentration of drops larger than 2.5 mm compared to the other height categories.

The mean PIP-derived fall speeds for the RSL categories are similar for drop diameters smaller than 2  mm 
(Figure 4b), and they follow the expected curve for the terminal velocity of rain drops increasing drop size with 
increasing fall speed (Atlas & Ulbrich, 1977; Atlas et al., 1973; Uplinger, 1981). For drops larger than 2 mm, 
a separation in fall speeds emerges between the RSL height categories. Shallower RSL events have lower fall 
speeds for the same equivalent diameter drops. Hydrometeors in the lowest RSL height category (0.6–1.2 km 
AGL) do not exceed fall speeds of 7 ms −1, and fall speeds continue to decrease for particles larger than 3 mm. The 
PIP may be observing frozen or partially melted particles, or large deformed drops, and this is further discussed 
in Section 5.1.2. The highest RSL category (2.4–3 km AGL) contains drops with fall speeds greater than 8 ms −1.

Higher RSL height categories are observed to have higher rain rates (Figure 4c). All RSL categories contain a 
distribution with a high concentration of low rain rates. The one-dimensional histogram shows that for the lowest 
detected RSLs (0.6–1.2 km AGL), the PIP observes rain rates up to 5 mmh −1. The next height category has a 
higher number of observations of low rain rates, and the PIP measures rates up to 6 mmh −1. Rain rates reach up to 
8 mmh −1 for precipitation transitions between 1.8 and 2.4 km AGL, and RSL values between 2.4 and 3 km AGL 
have the highest rain rates, reaching 10 mmh −1.

The near-surface MRR reflectivity values and corresponding PIP rain rates are compared for the RSL height 
categories in the two-dimensional histograms shown in Figure 5. For RSLs above 1.8 km AGL, there are a larger 
number of rain rates exceeding 1 mmh −1 and near surface reflectivity is dominated by values greater than 20 dBZ 
(Figures 5c and 5d). Rain events with RSLs below 1.8 km AGL are dominated by rain rates less than 1 mmh −1 
(Figures 5a and 5b). The RSLs between 0.6 and 1.2 km AGL have the highest concentration of near-surface 
reflectivities between 10 and 25 dBZ (Figure 5a).

5.  Discussion
5.1.  Seasonality and the Satellite Radar Blind Zone

Rain-snow levels vary seasonally at MQT from January 2014 to April 2020. The results show that the winter 
months have lower RSLs, occurring below 2 km AGL. During shoulder-season months, we see the largest spread 
in RSLs (Figure 2). We found that for approximately 40% of the raining events with a detected RSL (27% for all 
rain events detected) the RSL was below 2 km AGL. RSLs respond to the seasonal change in temperature. During 
the cold season, most precipitation falls as snow at MQT, but Mateling et al. (2021) showed that atmospheric 
river events reaching the site increase the likelihood of rainfall. Surface air temperatures associated with many 
shallow RSL rainfall events were also near 0°C (not shown), which further underlines the challenge in using a 
temperature threshold to separate snow, rain-snow transitions, and freezing rain (Stewart et al., 2015) within the 
satellite radar blind zone.
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Figure 4.  Precipitation Imaging Package results for Rain-snow level height categories (1.2–1.8, 1.8–2.4, and 2.4–3 km above 
ground level) including (a): mean drop size distributions, (b) mean fall speeds, (c) one dimensional histogram of rain rates. In 
(b), the terminal velocity as a function of drop size are included as a black, dotted line for Atlas and Ulbrich (1977), and red, 
dashed line for Uplinger (1981) as described by Serio et al. (2019).
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Depending on surface type and the signal of the precipitation, the satellite radar blind zone ranges 720 m to 2 km 
(Bennartz et al., 2019; Casella et al., 2017), and over land in non-mountainous regions, measurements may be 
difficult to observe below 1.25 km. For CloudSat, attenuation from melting contributes to uncertainties with 
DSDs and precipitation retrievals (Matrosov, 2010). In GPM DPR, shallow melt layers result in poor phase clas-
sification in the winter (Pejcic et al., 2020), and the shallow bright band can be misidentified as ground clutter 
(Watters et al., 2018). In addition, scanning weather radars may also be affected by shallow melting layers, as 
radar beams intersecting the melting layer are affected by attenuation (von Lerber et al., 2014). Weather radars 
may also overshoot the melting layer due to range and beam curvature effects (Norin et al., 2015, 2017; Pettersen, 
Kulie, et al., 2020; Watters et al., 2018), Also, ground clutter obscures detection of shallow melting layers in 
weather radar (Giangrande et al., 2008).

Figure 6 contains a two-dimensional composite of monthly cumulative distri-
bution functions (CDFs) for the RSLs. The monthly CDFs show the percent-
ages of the RSLs observed below each 100 m bin resolution for each month 
of the year (resolution of the MRR). The 2D CDF summary provides insights 
into the fraction of scenes for which the RSL may be difficult to observe 
through a space-based radar as a function of blind zone depth. In January, 
effectively 100% of the melting layers occur below 1.5 km AGL. More than 
60% of the RSLs in February are observed below 1.5 km AGL. In December, 
approximately 40% of the RSLs are below 1.5 km AGL. As spring months 
progress toward summer months, the CDFs decrease with increasing height, 
indicating that there are higher RSLs in the distribution even though there are 
some shallow transitions (Figure 2). Beginning with September, the CDFs 
show that the melt levels are closer to the surface for a higher percentage of 
the observations, although the spread is still large (Figure 2).

The results of the RSL height categories show a separation in the macro and 
microphysical characteristics of rainfall with RSLs above and below 1.8 km 
AGL. The following discussion will describe the RSLs as shallow for height 
categories below 1.8 km AGL (RSL: 0.6–1.2 km and 1.2–1.8 km AGL) and 
intermediate for RSLs above 1.8 km AGL (RSL: 1.8–2.4 and 2.4–3.0 km 

Figure 5.  Two dimensional histograms of Precipitation Imaging Package rain rates in relation to Micro Rain Radar (MRR) near surface reflectivity for separate Rain-
snow level height categories above ground level (AGL): (a), 1.2–1.8 km (b), 1.8–2.4 km (c), 2.4–3 km (d). The MRR near surface reflectivity is defined at 400 m AGL 
because ground clutter can impact MRR observations below 400 m AGL.

Figure 6.  Monthly cumulative distribution functions for all detected Rain-
snow level from January 2014 to April 2020. The distributions are expressed 
as percents.
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AGL). The term intermediate reflects the fact these RSLs are not shallow, but are also within the range of the 
radar, which is limited to below 3 km AGL.

5.1.1.  Intermediate Rain-Snow Levels

Rain-snow levels above ∼2 km AGL are likely to be correctly identified by spaceborne radars, as they are gener-
ally occurring above the blind zone, depending on surface type and presence of orography (Bennartz et al., 2019; 
Casella et al., 2017). Watters et al. (2018) showed that phase detection in GPM DPR was better in summer months 
than winter months because of the relatively higher bright bands. The MRR reflectivity profiles show that there 
is a notable increase in reflectivity associated with the RSL (Figures 3a and 3b), and retrievals using reflectivity 
gradients would capture the RSL. The PIP rain rates corresponding to the near-surface MRR reflectivities are 
concentrated greater than 1 mmh −1 for the intermediate height categories (Figures 5c and 5d). PIP observations 
show that these rain events also tend to have higher rain rates that exceed 6 mmh −1 (Figure 4c). Correspond-
ingly, higher melting levels have been shown to be associated with higher rain rates (Henn et al., 2020; Prein & 
Heymsfield, 2020).

The microphysical characteristics of intermediate height categories suggest precipitation processes occurring 
below the RSL. The surface-based observations of DSDs for intermediate height categories contain a higher 
concentration of small drops (effective diameters between 1 and 2 mm). The high concentration of small drops 
suggests the occurrence of drop breakup as the rain drops fall below the melt level. As the rain drops fall, they 
collide and break up resulting in more and smaller drops (List & Gillespie, 1976). Prein and Heymsfield (2020) 
describe that increasing melt levels results in an increase in warm rain processes including collision and coales-
cence. The high number concentration of small drops is consistent with heavier rainfall associated with a higher 
melt level. Other in situ or remote sensing measurements would be needed to further explore the processes occur-
ring as the drops fall.

5.1.2.  Shallow Rain-Snow Levels

Rain-snow levels below 1.8 km AGL may pose a challenge for spaceborne remote sensing retrievals of rain rate, 
due the likelihood of occurring within the satellite radar blind zone (Bennartz et al., 2019; Casella et al., 2017; 
Pejcic et al., 2020; Watters et al., 2018). The occurrence of RSL is also valuable to assess in a warming climate 
with a shift from snow to rain in northern latitudes (Tamang et al., 2020) due to increasing melt level heights 
(Prein & Heymsfield, 2020). In addition, melting heights decrease with increasing latitude (Cannon et al., 2017; 
Lundquist et al., 2008), which suggests that changes from snowfall to rainfall in high latitudes may be challenging 
to observe within the satellite radar blind zone.

During the shallow RSL events, the MRR reflectivities near the surface range from 10 to greater than 20 dBZ. 
The reflectivity of the snowfall above the melt level remains below 20 dBZ (Figures 3c and 3d). Above the RSL, 
the MRR reflectivity two-dimensional histograms show that the reflectivities associated with snowfall steadily 
increase with decreasing height. While the radar reflectivity magnitude is likely affected by attenuation above 
the melting level, the steady increase with decreasing height may suggest aggregation processes (Field, 2000; 
Shates et al., 2021) prior to melting. Dolan et al. (2022) explored microphysical processes of precipitation cases 
through dual-polarized scanning radar observations; in regions where the snowflake habit above the bright band 
was identified as aggregates there was a steady increase in reflectivity above the bright band. Also, snowfall char-
acteristics such as snow density are useful for melting layer models in quantitative precipitation estimation with 
weather radars (von Lerber et al., 2014). The range of near-surface reflectivities for these RSL rain events have 
lower values compared to the intermediate RSL height categories, and the PIP observed rain rates are concen-
trated below 1 mmh −1 (Figures 5a and 5b).

Proximity of the RSL to the surface impacts the DSDs and fall speeds of hydrometeors. The DSDs for the shal-
low RSL height categories contain a larger concentration of drops with diameters greater than 3 mm compared 
to the intermediate RSL height categories, and even drops as large as 6  mm are observed (Figure  4a). The 
occurrence of these larger hydrometeors is consistent with there being less time and distance for the drops to 
break up into smaller drops, as the melt level is much closer to the ground (List & Gillespie, 1976; Stewart 
et al., 2015; Yuter et al., 2006). Gatlin et al.  (2018) showed that lower and thicker melting layers resulted in 
larger rain drops in observed DSDs. The PIP also observed that fall speeds start to decrease for drops larger than 
3 mm (decreasing from 6 ms −1 to less than 4 ms −1). One possibility is that the PIP is observing large deformed 
droplets where the droplet deformation is affecting fall speeds (Wang & Pruppacher, 1977). Yuter et al. (2006) 
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showed the occurrence of large rain drops (effective diameters > 6 mm) in mixed precipitation events using 
PARSIVEL disdrometer measurements. These large drops were formed from aggregates that had melted, but 
did not have time or distance to break up. Also, larger hydrometeors with the lower fall speeds may suggest that 
some of these shallow RSL events contain mixed precipitation that is reaching the surface. The habit of the ice 
crystals above the melting layer can also influence the distance required to fully melt ice particles (Sankaré & 
Thériault, 2016; Stewart et al., 2015), and the mass of the snowflakes impacts the DSDs of the rain drops (Dolan 
et al., 2022; Fujiyoshi & Muramoto, 1996). Lee et al. (2020) also found that the microphysical characteristics of 
snowfall above the bright band influenced the size and concentrations of rain drops at the surface. Above the melt 
level, the increasing reflectivity with decreasing height suggests that many of these rain events may have snow 
aggregation occurring aloft (Dolan et al., 2022; Field, 2000; Shates et al., 2021) particularly as the temperature 
increases toward melting (Lamb & Verlinde, 2011) leading to potentially large, partially melted aggregates/wet 
snow reaching the surface.

5.2.  Remote Sensing Applications

5.2.1.  Z-R Relationships

In order to obtain a precipitation rate from a radar reflectivity value, it is necessary to use a reflectivity (Z) to 
rain rate (R) relationship. A Z-R power law relationship and coefficients are influenced by the microphysical 
characteristics of rainfall including the number density, size and fall speeds of rain drops (Atlas et al., 1973; 
Steiner et al., 2004). Satellite radar precipitation retrievals used with GPM DPR depend on precipitation phase 
discrimination to assume a DSD for rain or particle size distribution for snowfall including stratiform versus 
convective assumptions (Skofronick-Jackson et  al.,  2019). There are differences in stratiform and convective 
rainfall microphysical characteristics that affect precipitation retrievals (Bringi et al., 2003; Steiner et al., 2004). 
In addition, Martner et al. (2008) and Lin et al. (2020) report differences in the Z-R relationships between bright 
band and non bright band stratiform rainfall due to microphysical processes (collision and coalescence only vs. 
melting snowflakes grown through ice processes).

From the near-surface MRR reflectivity values and PIP rain rates, we are able to obtain empirically derived 
Z-R relationships. Figure  7 shows operational Z-R relationships, empirical RSL Z-R relationships, and mean 
PIP rain rates for MRR reflectivity bins. The operational Z-R include: Z = 130R 2 Cool Season (east) Stratiform, 
Z = 200R 1.6 Marshall Palmer Stratiform, Z = 300R 1.4 Summer Deep Convective (NWS, 2015). These specific 
Z-R relations are applied to NEXRAD observations, which are S-band (∼10  cm wavelength). The empirical 
MRR-PIP Z-R are Z = 133R 2.1, Z = 83R 2.5, Z = 50R 2.7, Z = 101R 2.2 for RSL height categories 0.6–1.2, 1.2–1.8, 
1.8–2.4, and 2.4–3 km AGL respectively. While the MRR and NEXRAD do not operate at the same frequency, 
both mostly observe liquid precipitation in the Rayleigh scattering regime. Possible non-Rayleigh effects for 
the K-band radar observations are likely limited to very intense precipitation events that are rarely observed at 
MQT, especially for stratiform rainfall with relatively low melting levels. The mean rain rates from the PIP and 
the corresponding Z-R curves for the shallow RSL height categories (RSL < 1.8 km AGL) are distinct from the 
Marshall Palmer Z-R relationship for stratiform rain, but match well with the Z-R relationship used by the NWS 
at MQT, the cool season (east) stratiform Z-R (Figures 7a and 7b). The fall speeds and the DSDs suggest the 
presence of some wet snow (Figures 4a and 4b), but the Z-R is still effective for these shallow RSLs (e.g., Licznar 
and Krajewski (2016)  showed that rain and rain with wet snow Z-R resemble each other).

Figures 7c and 7d shows that the PIP mean rain rates and the Z-R relationships for the intermediate RSL height 
categories (RSL > 1.8 km AGL) do not match the existing Z-R relationships used for cool season stratiform rain, 
nor the Marshall Palmer stratiform rain, nor deep convective rain used at the Chicago, Illinois NWS NEXRAD 
radar (KLOT). The two intermediate RSL height categories (1.8–2.4 and 2.4–3 km) also have different Z-R rela-
tionships. The rain rates for RSLs 2.4–3.0 km AGL have higher rain rates than those between 1.8 and 2.4 km for 
a reflectivity range of 15 and 25 dBZ. However, rain rates for reflectivities greater than 25 dBZ are higher RSLs 
between 1.8 and 2.4 km. The unique Z-R relationships are likely a result of the distinct microphysical characteris-
tics (e.g., DSDs; Figure 4a). The DSDs and Z-R relationships suggest that accounting for the height of the melting 
level may be important for radar retrievals of precipitation.
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5.2.2.  Evaluation of Profile Wet Bulb Temperature

Reanalysis products are commonly used with satellite radar observations to determine surface precipitation 
phase and retrieve snow or rain rates (e.g., Lebsock et al., 2020; Liu, 2008; Skofronick-Jackson et al., 2019; You 
et al., 2021). The CloudSat precipitation products use reflectivity attenuation to separate convective and stratiform 
precipitation, and the melting (freezing) level to separate solid and liquid precipitation (Lebsock et al., 2020). The 
ECMWF temperature and humidity profiles are used for the melt layer model in CloudSat products (Haynes 
et al., 2009). Vertical profiles of temperature and relative humidity from reanalysis products provide these ancil-
lary data. Here, we define reanalysis melt levels (ML) at the 0°C, 0.5°C and 1°C isotherms using profiles of 
wet-bulb temperature (Tw) calculated from ERA5 and MERRA-2 temperature and relative humidity profiles. The 
number of hours included from each RSL height category in this analysis are outlined in Table 1. The MRR RSLs 
and ERA5 MLs are matched up with the 3-hourly resolution of MERRA-2 MLs.

Figure 7.  Z-R curves calculated from near surface Micro Rain Radar reflectivity and Precipitation Imaging Package rain rates for each height category 0.6–1.2 km (a), 
1.2–1.8 km (b), 1.8–2.4 km (c), 2.4–3 km (d). The mean rain rates are calculated for 21 reflectivity bins ranging from 10 to 30 dBZ. The Z-R curves were obtained from 
the mean rain rates between 10 and 30 dBZ. In this reflectivity range, there were a minimum of 100 rain rates (minutes) per reflectivity bin. The mean rain rates and 
corresponding Z-R relations are compared to Z-R relations used with NWS Doppler weather radars (WSR-88D): Marshall Palmer Stratiform, Cool Season Stratiform at 
Marquette, MI (KMQT), and Summer Deep Convective at Chicago, IL (KLOT).
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The vertical structure of temperature during a precipitation event largely controls the surface phase (Harpold 
et al., 2017; Sims & Liu, 2015; Stewart et al., 2015). The Tw profile (i.e., ML) provides additional information for 
phase discrimination by identifying the onset of melting (Figure 8). Figures 8a–8c contains scatter plots compar-
ing the MRR RSLs and the MLs at Tw of 0°C, 0.5°C and 1°C. There is high correlation between the MRR RSLs 
and MLs for all three of the Tw. Generally, the RSL occurs below the ML, which is consistent with the fact that 
the snow particles gradually melt through the melt layer, and the distance to fully melt depends on the microphys-
ical characteristics of the snowfall (Stewart et al., 2015; White et al., 2002). The mode differences between the 
reanalysis ML and MRR RSL (reanalysis ML—MRR RSL) at the 1°C ML are 0 m for MERRA2 and 100 m for 
ERA5, respectively. For the 0.5°C and 1°C ML, there are an increasing number of points above the one-to-one 
line indicating that some of the reanalysis MLs are flagged below the RSL (Figures 8b and 8c). At the 0.5°C ML, 
both ERA5 and MERRA-2 have mode differences of 200 m. Compared to the 0°C ML, the points for the 0.5°C 
and 1°C ML are closer to the one-to-one line for both reanalysis MLs. The mode differences for MERRA-2 0°C 
range between 200 and 400 m, while the mode for the ERA5 0°C difference is 300 m. ERA5 has a higher Pearson 
correlation coefficient than MERRA-2 between the MRR RSL and the ML (≥0.88), but the correlation is still 
high for MERRA-2 for all of the ML (≥0.85). In general, the RSLs and MLs appear to agree the most at Tw of 
1°C for ERA5 and MERRA-2.

Knowing how the RSL (or reflectivity bright band height) compare to the melting level is valuable for forecasting 
models (Henn et al., 2020) and for satellite precipitation retrievals (Lebsock et al., 2020; Sims & Liu, 2015). 
For 19 vertically profiling radars on the west coast of the US, there was a ±250 m bias between the modeled 
melt level (temperature of 0°C) and the radar detected bright band (Henn et al., 2020). Cui et al. (2020) showed 
that surface Tw = 0.5°C was the best threshold for separating rain and snow along mountain-sides. Lundquist 
et al. (2008) showed that there was a difference of −400 to 200 m between the radar snow level and the surface 
rain-snow transition, but the difference varied between locations. At a mountainous site and coastal site in South 
Korea, Cha et al. (2009) found the error between the bright band height and radiosonde freezing level height was 
329 and 367 m, respectively. On average, White et al. (2002) showed the rawinsonde melting level was 192 m 
above the radar bright band. Cannon et al. (2017) investigated space-based bright band heights from GPM DPR 
with MERRA-2 freezing levels over the west coast of the US and over the eastern Pacific for atmospheric river 
events, and found that there was good agreement with a mean difference of 356 m. In the same study, Cannon 
et al. (2017) found that the mean absolute error between GPM-DPR bright band heights and the ground-radar 
network was 284 m. Schauwecker et al. (2017) compared reanalysis freezing levels to MRR snow level heights in 
the tropical Andes, and that MRR-derived levels were 240 m (220 m) below MERRA-2 (ERA-Interim) reanalysis 

Figure 8.  Scatter plots of melt levels from ERA5 and MERRA-2 reanalyses against Micro Rain Radar (MRR) rain-snow levels. The one-to-one line is shown in blue. 
The subplots compare MRR rain-snow level (RSL) and the height in the profile where the wet bulb temperature is 0°C (a), 0.5°C (b) and 1°C (c). When there is a 
temperature inversion in the profile resulting in multiple instances of 0°C, 0.5°C, and 1°C, then the highest occurrence represents the melt level. Pearson correlation 
coefficients between the Rain-snow level and melt levels from ERA5 and MERRA-2 are shown in each plot.
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levels. While these numerous studies use different methods in identifying melting in the radar and defining melt-
ing levels (dry bulb vs. wet bulb temperature), our results are consistent with the difference between the RSL and 
ML from previous studies.

6.  Conclusions
This study illustrates the annual distribution of RSLs over Marquette, Michigan from January 2014 to April 2020, 
and the associated micro and macro physical characteristics of rainfall at the surface. Additionally, applications 
of RSL height categories are assessed against Z-R relationships and retrieval assumptions using reanalysis data 
products. The work combines ground-based vertically profiling radar, surface video disdrometer measurements, 
and reanalysis products for analyses of the rainfall characteristics as a function of RSL.

Vertically profiling Doppler radar observations were used to identify RSLs throughout the year. The results 
illustrate a seasonal cycle in the height of the RSLs with shallow RSLs (below 1.8 km AGL) occurring in winter 
months and intermediate RSLs (above 1.8 km AGL) in summer months. Seasonal transition months, for example, 
May and October, showed substantial spread in RSL, ranging from below 1 km AGL and up to 3 km AGL. The 
shallow RSLs in winter, spring and fall (particularly below 1 and 1.5 km AGL) may be challenging to detect using 
current space-based radar observations, while future missions should consider optimizing radar capabilities to 
more effectively identify shallow melt layers. These results highlight a need to investigate satellite bright band 
height and thickness in winter and seasonal transition months over mid-latitude ground-based sites. In addi-
tion, the shallow RSLs could potentially be missed or impact observations by ground-based scanning weather 
radars. Understanding the signature of melting in Doppler radar profiles is relevant for future satellite observing 
systems including EarthCARE and AOS, which will be able to detect vertical motions in clouds and precipitation 
with Doppler capabilities. Future studies could continue to explore RSLs in the Great Lakes Region with the 
MRR, NEXRAD weather radar at MQT, GPM DPR bright band heights, CloudSat rain products, and upcoming 
missions.

Near-surface radar observations and microphysical characteristics show differences for rain with shallow versus 
intermediate RSLs. Intermediate RSL rainfall have higher near-surface reflectivity and Doppler velocity values. 
Microphysical characteristics show that DSDs have larger concentrations of small drops (effective diame-
ter <2 mm) and higher rain rates for intermediate RSLs. For the shallow RSLs, there are relatively more large 
hydrometeors (effective diameter >3 mm) in the DSDs, but slower fall speeds indicating that these rain events 
may also include partially melted snowflakes (mixed-phase precipitation) or large deformed drops.

From the PIP and MRR observations, we empirically derived and compared the reflectivity to rain rate (Z-R) 
relations for rainfall from different RSL height categories. For both shallow RSL categories (<1.8 km AGL), 
the Z-R curves are similar to the Z-R relation used for the NWS S-Band weather radar (KMQT) in cool season 
stratiform rain. The empirically derived Z-R curves for the intermediate height categories (RSL >1.8 km AGL) 
were distinct from cool season stratiform rain, the Marshall Palmer stratiform rain, and also deep convective Z-R 
relations used for multiple NWS radars. The operational Z-R curves indicate that the relations are underestimating 
rainfall from the intermediate RSLs.

This study explored reanalysis-derived melt levels associated with rainfall at MQT. Profiles of wet-bulb tempera-
ture were derived from MERRA-2 and ERA5 profiles of temperature and relative humidity to obtain melt levels 
at 0°C, 0.5°C and 1°C isotherms. We compare RSLs to reanalysis melt levels, and show especially high agree-
ment heights at 0.5°C and 1°C.

RSLs were investigated at a site in the Upper Great Lakes Region with implications for satellite detectability of 
rainfall near the surface. Shallow RSLs are likely to be particularly challenging for satellite radars to detect and 
may be an increasing area of interest with the warming climate and a shift from snow to rain in the mid and high 
latitudes. In addition, impactful precipitation events such as atmospheric rivers are responsible for warm, intense 
precipitation in the Midwest and may be further linked to rain in the cold seasons. The insights presented in this 
work are valuable for the planning and designing any future satellite radars in consideration of the satellite radar 
blind zone.
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Appendix A:  Micro Rain Radar and NEXRAD
The radar reflectivity values from the MRR and NEXRAD are compared for 7 rain events (1 per year) from 
January 2014 to April 2020. The MRR is frequently used in remote locations for studying precipitation without 
ways to assess how the radar performs over time, and this comparison allows us to assess the stability of the 
MRR over time. Reflectivities from the 400 m AGL height bin are used from the MRR. To obtain NEXRAD 
observations at a similar height bin, we use reflectivities in the 2.4° elevation scan at a range of 10 km from the 
radar. The horizontal scans from the NEXRAD do not include observations directly above the MRR because the 
MRR is adjacent (50 m) to the weather radar and is in the radar cone of silence. It is also important to note that 
the NEXRAD observations are from a horizontal volume scan and will include spatial differences in precipita-
tion (which is why the distributions are not a one-to-one match). To work with the NEXRAD observations, we 
used the Python Atmospheric Radiation Measurement (ARM) Radar Toolkit Py-ART (Helmus & Collis, 2016). 
Importantly, the distributions from the respective radars indicate that the MRR calibration is stable over the 7 year 
period and the reflectivity values do not drift (Figure A1) In addition, the reflectivities from the two radars are 
comparable suggesting that the MRR reflectivities are largely unbiased. Table A1 shows that the median reflec-
tivities for the events are similar for the MRR and NEXRAD. For most events, the difference between the radar 
medians are within 2 dB of each other.
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Figure A1.  Normalized distributions of radar reflectivities from the NEXRAD and Micro Rain Radar (MRR) at MQT. MRR reflectivites are at 400 m above ground 
level, and the NEXRAD reflectivities are from the 2.4° elevation scan at 10 km range from the radar. Each distribution is from a different example event per year during 
within the observation period: (a) 7 June 2014, 22–24 UTC; (b) 30 May 2015, 1–6 UTC; (c) 4 June 2016, 13–18 UTC; (d) 29 June 2017, 0–2 UTC; (e) 8 October 2018, 
0–5 UTC; (f) 10 June 2019, 7–10 UTC; (g) 4 April 2020, 4–9 UTC.
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Event MRR NEXRAD

7 June 2014 18.75 16.5

22–24 UTC

30 May 2015 19.36 17.5

1–6 UTC

4 June 2016 26.37 24.5

13–18 UTC

29 June 2017 19.82 19.0

0–2 UTC

8 October 2018 18.73 18.5

14–22 UTC

10 June 2019 17.98 17.0

7–10 UTC

4 April 2020 20.37 19.0

4–9 UTC

Table A1 
Median Reflectivity Values for Each Event for MRR and NEXRAD

Appendix B:  Rain Summary
This section contains tables for occurrence and minutes for each month during the study period. Table B1 shows 
percent of rain per month where melting was not detected and melting likely occurred above 3 km AGL. Table B2 
summarizes the total number of minutes for rain per month observed January 2014–April 2022 for RSLs and rain 
with undetected RSLs. These total minutes do not include shallow convective rainfall.

Jan 0.00%

Feb 0.00%

Mar 2.26%

Apr 1.99%

May 12.18%

Jun 47.23%

Jul 66.89%

Aug 55.72%

Sep 43.61%

Oct 17.26%

Nov 7.75%

Dec 0.09%

Table B1 
Rain Occurrence With Undetected Rain-Snow Level January 2014–April 2020
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Jan 887

Feb 1,238

Mar 2,789

Apr 6,898

May 11,099

Jun 9,298

Jul 5,008

Aug 6,989

Sep 8,476

Oct 11,617

Nov 3,343

Dec 4,648

Table B2 
Total Rain Minutes Per Month Including Rain With and Without a Detected RSL

Data Availability Statement
Ground-based remote-sensing observations from the Micro Rain Radar and Precipitation Imaging Package 
hosted at the Marquette, MI National Weather Service Office have been uploaded to an online data repository 
(https://doi.org/10.5281/zenodo.7325232). NEXRAD data for Marquette were accessed August 2022 and were 
downloaded from the NOAA National Centers for Environmental Information. The Python Atmospheric Radi-
ation Measurement (ARM) Radar Toolkit Py-ART was used to work with NEXRAD observations (https://doi.
org/10.5334/jors.119). ERA5 data were downloaded from the Copernicus Climate Data Store (CDS) and were 
accessed in February 2022. MERRA-2 data were downloaded from the NASA Goddard Earth Sciences Data and 
Information Services Center and were accessed in February 2022.
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