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Abstract

The objective of this work is to better understand light snow (LSN) precipitation
measurements (precipitation rate (PR) < 0.5 mm/h) collected by optical present weather
sensors (OPWS), weighing gauges, and spectral probes that are important for meteoro-
logical and hydrometeorological applications. Observations collected during the Satellite
Applications for Arctic Weather and Search and rescue (SAR) Operations (SAAWSO) project
that took place over Goose Bay, Newfoundland (NFL), Canada were studied to assess LSN
characteristics and instrument sensitivities. Two case studies representing extreme
environmental conditions temperature between 0 and �35�C, and snow occurrence
for the SAAWSO project are presented. The ice crystal size and shape of LSN using a
new platform called Ground Cloud Imaging Probe (GCIP) were obtained between 7.5
and 930 mm over 60 channels at 15 mm intervals. The measurements from the GCIP, Laser
Precipitation Monitor (LPM), weighing gauges, and OPWS were used in the analysis. The
results suggested the following: (1) LSN occurs at about 80% of time over the Arctic
regions; (2) LSN can play a significant role in cooling at the surface and dehydration of
the upper levels; and (3) OPWS can respond to LSN conditions better than weighing
gauges. It is concluded that OPWS and spectral probes can improve measurement of
LSN, including snow particle shape and size distribution with sizes <0.5 mm. Further
research on LSN impact on weather and climate simulations is needed.

1. INTRODUCTION

Cloud particles have to be measured for size ranges less than a few 10s
of mm in diameter to better verify the precipitation processes in operational
applications and numerical models. An optimal approach to measure spectral
characteristics of the cloud/fog particles and precipitation hydrometeors is to
use optical sensors such as a GCIP (Ground Cloud Imaging Probe)1sensor,
available from the Droplet Measurement Technologies, Inc. (DMT)
(Gultepe et al., 2014b, 2014a, 2009), Optical Present Weather Sensors
(OPWS) such as PWD52 from Vaisala Inc., Present Weather Sensor

1 The nomenclature for acronyms is given in Appendix as Table A1.
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(SWS) from Metek Inc., and a Laser Precipitation Monitor disdrometer
(LPM), from Thies-Clima Inc. The latter two sensors have been used exten-
sively in meteorological research (Brawn & Upton, 2008; Gultepe et al.,
2014a, 2014b). The GCIP concept has been developed in Environment
Canada (Gultepe et al., 2014a, 2014b, 2015) and designed by DMT Inc.
Combination of these sensors covers the hydrometeor size range from
7.5 mm to a few cm, including light snow (LSN) precipitation particles
(e.g., less than 500 mm). The LSN precipitation rate (PRL) is defined as
PR < 0.5 mm/h as these intensities are not measured accurately by weigh-
ing gauges because of a high-lower threshold value of PR as 0.1e0.5 mm/h
and blowing wind conditions. Traditional optical sensors (e.g., disdrometers)
are not capable of measuring LSN PR because of their weak optical response
for sizes <200 mm (Brandes, Ikeda, Zhang, Sch€onhuber, & Rasmussen,
2007; Tapiador et al., 2012; Yang, Goodison, et al., 1999; Yang, Ishida,
& Gunther, 1999).

The global distribution of snowfall is important for numerical weather
prediction (NWP) and climate studies because of its effect on the hydro-
logical cycle (L€ohnert et al., 2011; Tapiador et al., 2012) and climate
change. Low precipitation rates, low temperatures, and strong wind effects
can make accurate snowfall measurements a challenge. Previous studies
(Gultepe et al., 2015; Rasmussen, Vivekanandan, Cole, Myers, & Masters,
1999) suggested that the main challenges in adequately measuring snowfall
are the high spatial and temporal variability as well as the enormous
complexity of snow crystal habit, density, and particle size distribution
(PSD). Accurate surface-based snowfall measurements are only sporadically
available in the northern regions. Therefore, satellite remote sensing
methods are needed to estimate LSN amount and rate but these methods
lack sensitivity to low LSN PR. The operational stations usually provide
total snowfall amount over the range of hours and they are subject to
wind-induced errors (Sevruk & Klemm, 1989; Yang, Goodison, et al.,
1999; Yang, Ishida, et al., 1999).

Over the Arctic regions, LSN precipitation cannot be adequately
measured with traditional instruments, such as tipping buckets and weighing
gauges, because the effects of wind, turbulence, and sensor sensitivity to SN
measurements can be significant (Boudala, Rasmussen, Isaac, & Scott, 2014).
Observational studies showed that the mean Arctic annual precipitation rate
is about 1 mm/day (Randall et al., 2003; Roads, 2002), which is close to the
uncertainty in weighing gauge point measurements (Goodison, Louie, &
Yang, 1998; Gultepe, 2008). Although averaging scales are different, their
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results indicate the importance of daily LSN measurements. On average,
trace recordings of snow can make up 45e50% of the annual total of pre-
cipitation days in the Arctic, with the monthly number of days reporting
trace precipitation accounting for 15e80% of the monthly total number
of precipitation days (Yang, Benson, & Ishida, 1998). Light precipitation
amount (PA) can be very important for weather applications when heavy
precipitation does not exist, and its characteristics can be calculated from
the combination of the fog measuring device (FMD, with sizes up to
50 mm) and GCIP spectral measurements (Gultepe et al., 2015). In addition
to instrument technical issues related to small particle size and mass detec-
tion, often extreme weather conditions such as low temperature, wind,
and turbulence can also affect weighing gauges’ measurement capabilities
(WMO/CIMO, 1991).

Bogdanova, Ilyin, and Dragomilova (2002) analyzed Arctic missing
precipitation based on Tretyakov shield measurements. They found that
annual mean false precipitation comprises 30% more of the total measured
precipitation. In their work they stated that blowing snow and blizzards
significantly affect the in situ precipitation measurements (e.g., coastal
high-latitudinal regions, ice sheets, tundra, mountain desert, and steppe
climatic zones), accounting for the false precipitation and that is a much
more difficult task to be accomplished. LSN PR is usually calculated by
the measurements of OPWS [such as Vaisala present weather sensor
(PWD) or Metek SWS] because of their lower threshold values for snow
detection (0.01 mm/h) compared to the hotplate total precipitation sensor
(TPS) and Geonor lower threshold of 0.5 mm/h without wind corrections
(Rasmussen et al., 2012). Due to high winds and strong turbulence, LSN
measurements over the Arctic regions TPS PR can also include large
uncertainties (Boudala et al., 2014). For winds greater than 8 m/s,
1 mm/h threshold value is needed to obtain accurate PR for both the hot-
plate and Geonor 5-min averaged measurements (Rasmussen et al., 2012).
The aforementioned studies suggest that LSN measurements need to be
improved for better evaluation of precipitation forecast, and its understand-
ing of the role of this precipitation on climate change.

Using K€oppen’s climate classification (Rohli & Vega, 2011) for the Polar
Tundra (ET) and Polar Marine (EM) climates, Ballinger, Schmidlin, and
Steinhoff (2013) showed that the EM has more precipitation than ET. Ac-
cording to these studies, the winter precipitation maximum over the EM is
90e100 mm/month for the Northern Hemisphere compared to the ET
precipitation of <20 mm/month. This value is less than monthly average
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of 0.70 mm/day and it is comparable to LSN precipitation rate suggested by
Gultepe et al. (2014b, 2014a).

Global re-analyses methods are often used for precipitation analysis. These
methods use several fixed numerical weather predictionmodels and data assim-
ilation schemes to produce gridded fields for PR over time periods suitable for
climate research. Ballinger et al., (2013) conclude that caution must be
exercised when using re-analysis data to study climate trends. Based on the
re-analysis methods, climate change analysis is sensitive to the changes of the
observing systems and processing methods (Bengtsson, Hagemann, & Hodges,
2004; Bengtsson, Hodges, & Hagemann, 2004; Sterl, 2004). Their work
suggested that missing LSN amount can be important for annual mean precip-
itation assessments over cold climates when reanalysis techniques are used.

Gultepe et al. (2014b, 2014a) and Girard and Blanchet (2001a, 2001b)
found that LSN usually occurs over the Arctic regions at temperatures less
than �10�C. This is also emphasized by Intrieri and Shupe (2004). If
LSN amount is not measured, underestimation of accumulated precipitation
amount can occur. The LSN can be a high impact weather event as it can
lower visibility down to a few hundreds of meters (Gultepe et al., 2015).
In addition, the effect of LSN on the radiation budget needs to be accurately
accounted for in climate models. A summary of global precipitation mea-
surements including methods, uncertainty, datasets, and applications related
to snow measurements, were studied by Gruber and Levizzani (2008) and
Tapiador et al. (2012). These studies concluded that LSN measurements
and its prediction may include large uncertainties, which can affect valida-
tion of model simulations with observations.

The falling ice fog particles which have size ranges from a few mm up to
300 mm (Gultepe et al., 2007, 2015) can also be considered as LSN. Their
work suggest that visibility for aviation applications needs to be calculated
for light snow and ice fog conditions because visibility versus LSN PR re-
lationships can include large uncertainties when only snow ice water content
(SIWC) is used (Stoelinga & Warner, 1999). Rasmussen et al. (1999) also
suggested that snow type should be considered in the visibility versus
snow PR calculations. For LSN conditions, visibility can go down to a
few hundreds of meters for high ice crystal number concentration (Ni)
with low SIWC (Gultepe et al., 2015). Their work suggested that visibil-
ity-PR relationships for SN conditions cannot be used accurately for avia-
tion applications when ice crystal number concentration (Ni) is large. The
above studies suggest that LSN properties should be measured accurately
to improve visibility parameterizations.
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In this work, observations collected during the Satellite Applications for
Arctic Weather and SAR (Search And Rescue) Operations (SAAWSO) project
that took place over the cold climatic regions of Canada, Goose Bay,
Newfoundland, are used for accomplishing the following goals related to
LSN precipitation and its effect on weather and climate issues:
• Evaluate LSN precipitation rate (PR) and amount (PA) for various opti-

cal and weighing sensors, and discuss an integrated particle spectra
approach for LSN calculations;

• Compare PR and PA from optical probes with those of weighing gauges
for two cases, and summarize the LSN occurrence results for a winter
time period;

• Evaluate visibility versus PR relationships for LSN and SN conditions,
and discuss their applicability in NWPs;

• Describe how newly derived light snow precipitation properties can be
evaluated for LSN impact on the atmospheric heat budget.

2. INSTRUMENTS

The LSN relevant observations were collected by the ground-based
in-situ instruments during the SAAWSO project. The project took place
during the winter of 2012/2013 and 2013/2014 over one of the cold
climatic regions of Canada, St. John’s and Goose Bay, NFL, respectively,
but only Goose Bay observations are analyzed due to usually wet snow
conditions at the St. John’s site. The instruments used in this work with
their sensitivity for PR measurements are listed in Table 1 and they are
summarized below.

2.1 Weighing Gauges
Weighing gauges (WGs) are designed based on weighing of falling precip-
itation received into a reservoir. When the gauge is operating below 0�C, an
antifreeze blend was added to the bucket to melt frozen precipitation and to
prevent freezing. Two types of antifreeze were usually used: Ethylene glycol
and Propylene glycol. Two of them are used during the project for Geonor
and Pluvio instruments, and these are described below.

2.1.1 Geonor Weighing Gauge
The precipitation collected in the Container (1500 mm capacity, collecting
area of 200 cm2) is weighed with three vibrating wire load sensors, which
gives a frequency output (Tech. Manual, Geonor Inc. 2012). The frequency
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will be a function of the applied tension on the wire, i.e., from this, the
amount of precipitation can be computed. Using a three-sensor system
ensures the continuation of data recording if one of the sensors should
fail. This is made possible with a level-retaining device. It also ensures that
the total amount of the precipitation will be measured even if there is a slight

Table 1 Shows precipitation and visibility measuring sensors used during satellite
application for Arctic weather and SAR operations project took place in Goose
Bay, NFL, Canada, during the winter of 2013e2014
Precipitation
and Vis sensors

Manufacturing
company Measurements Threshold PR&PA&Vis

GCIP DMT PS and shape 0.01 mm/h&e&>
�50�C

PWD22 Vaisala PT, PR 1.1 mm/min(0.05
mm/h)&

PA 0.01 mm&10%
&>�40�C&

Vis 10 m (10%)
FD12p Vaisala PT, PR 1.2 mm/min(0.05

mm/h)&
PA 0.01 mm&10%

&>�40�C&
Vis 10 m (10%)

SWS200 Biral PT, PR, PA 0.0015 mm/
h&0.001 mm

Vis 10 m, 5%&>�40�C
OSI-430 Optical

Scientific
PT, PR, PA 0.01 mm/h&0.001 mm
Vis 0.001 km&>�40�C

Sentry Envirotech Vis 10%, 30 m&>�40�C
LPM Thiessen PT, PS, PR, PA 0.005 mm/

h&0.005 mm
>�40�C

Vf D[0.16->8 mm]; Vf[0.2
e20 m/s]

Vis Up to 30%
Geonor-200 Geonor PR 0.05 mm/h&

PA 0.05e0.1 mm&>
�40�C

Pluvio OTT PR 12 mm/h or 0.20
mm/min&

PA 0.10 mm; >�40�C

D, diameter; PA, amount; PR, precipitation rate; PS, particle spectra; PT, precipitation type; Vis,
visibility; Vf, fall velocity.
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deviation from the horizontal plane. The frequency is recorded and the
signal can easily be transmitted and interfaced to most data acquisition sys-
tems. Manufacturing accuracy is given as 0.1 mm/h but it can be as high
as 0.5 mm/h. There are no moving mechanical parts, which eliminates other
possible sources of error. Calculation of precipitation is described in the
Analysis section.

2.1.2 Pluvio Weighing Gauge
The Pluvio precipitation gauge (OTT Co, Tech. Manual 01e0108) deter-
mines the weight of the collecting bucket including content every 6 s with a
resolution of 0.01 mm (raw data). The difference between this measurement
and the base weight of the empty collecting bucket gives the current bucket
content. Every 6 s the OTT Pluvio2 calculates the bucket content using
multiple raw values. A special filter algorithm prevents incorrect measure-
ment resulting from effects such as wind. The difference between the cur-
rent bucket content and the previous one gives the precipitation intensity
in mm/min or mm/h. These 6-s values for the precipitation intensity are
added to the accumulated precipitation amount. In contrast to conventional
precipitation gauges, the OTT Pluvio2 works using the balance principle.
The OTT Pluvio2 reliably recognizes precipitation, whether liquid or solid,
by determining the weight of the collecting bucket. The OTT precipitation
gauge is characterized in particular by its low maintenance needs. This is
achieved by the OTT Pluvio2 with a high-capacity collecting bucket, the
lack of a collection funnel or tilt mechanism and the extremely robust design
of the balance mechanism. A high-precision, stainless steel load cell (hermet-
ically sealed against environmental influences) that remains stable over a long
period, is used as the sensor element. An integrated temperature sensor com-
pensates for the temperature changes in the balance mechanism. The
discrimination threshold for Pluvio2 with orifice opening of 200 cm2 is
0.2 mm within an hour.

2.2 Optical Present Weather Sensors
Overall information on these sensors can be found in Table 1. The Optical
Present Weather Sensors (OPWSs) work on the physical concept that
extinction of the transmitted visible light by the hydrometeors is the func-
tion of hydrometeor optical properties and the decrease due to extinction
is related to precipitation or fog spectral properties. These sensors usually
are based on forward/backward scattering of transmitted visible light. Using
a capacitor sensor called Vaisala DRD11A (FD12p Users Guide #M210296,
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2002), snow precipitation rate and amount is calculated using an internal al-
gorithm that is a function of temperature and the ratio of optical intensity to
DRD11A intensity. In snow DRD11A intensity is proportional to water
content of snow. The precipitation intensity calculated is based on both op-
tical and capacitive measurements. However, due to undercatch, precipita-
tion values because of wind induced errors might be lower than the real
water content. The optical intensity is multiplied with a factor calculated
from both DRD11A intensity and optical intensity to obtain snow water
equivalent (SWE) amount.

The DRD11A operates via droplet detection rather than by a signal-level
threshold. This sensor also features an analog rain signal for estimating rain
intensity. As this signal is proportional to the percentage of moist or wet
area on the sensor plate, rain intensity has a direct impact on the amplitude
and variation of this analog signal. The DRD11A sensor is positioned at a
30 degrees angle. This design, together with the internal heating element,
ensures that the surface dries quickly, an essential factor in calculating inten-
sity. The same heating element also protects the surface from fog and
condensed moisture, and is activated at low temperatures in order to melt
snow, thus allowing snow detection.

The PWD22 (new version of FD12p), SWS200, and OSI-430 are built
by companies such as Vaisala, Biral, and Optical Scientific, respectively. The
Sentry built by Envirotech provides only visibility measurements and may
not be used for precipitation measurements (Table 1). Note that SWS has
the capability of measuring both forward and backward scattering of the
transmitted light. The OSI-430 WIVIS visibility (Weather Identifier and
visibility Sensor) optically measures precipitation induced scintillation and
extinction coefficient and applies algorithms based on artificial intelligence
and fuzzy logic techniques to automatically determine the precipitation
type, precipitation rate, and visibility. The OSI visibility sensor measures
precipitation by detecting the optical irregularities induced by particles
falling through a beam of partially coherent infrared light (in the sample
volume). These irregularities are known as scintillation. The twinkling of
stars is a familiar example of scintillation. By detecting the intensity of the
scintillations which are characteristic of precipitation, the precipitation rate
is then determined. By analyzing the frequency spectrum of the induced
scintillation, the precipitation type (i.e., rain, snow, etc.) is determined.
All these sensors provide the NWS precipitation and hydrometeor codes
that utilize the internal algorithms that may not be the same but they are
all heated for icing and frost conditions.
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2.3 Optical Spectral Precipitation Probes
The Optical Spectral Precipitation Probes (OSPPs) are designed based on
the measurements of hydrometer physical characteristics. The Ground
Cloud Imaging Probes (GCIPs) and Laser Precipitation Monitors (LPMs)
used in this category are described below.

2.3.1 Ground Cloud Imaging Optical Probes
The Ground Cloud Imaging Probe (GCIP) concept for ground-based pre-
cipitations and ice fog measurements was developed in the Environment
Canada and was based on the Droplet Measurement Technologies, Inc.,
Cloud Imaging Probe (CIP) designed for aircraft applications (Gultepe,
2008, pp. 59e82). The goal of GCIP use was to detect and measure light
snow as well as ice and liquid fog microphysical parameters that can be
used to support the measurements of disdrometers and fog devices.
Fig. 1A and B shows GCIP and Fog Measuring Device (FMD), also called
FS100 sensor, respectively, that have been used during the Fog and Remote
Sensing Modeling (FRAM) and SAAWSO projects to study ice and freezing
fog conditions (Gultepe et al., 2007, 2014a, 2015). The power distribution
box part of aspirated GCIP is designed to be connected to a four wire 230 V
AC with a 30 A circuit. The cloud probe instrument adapted from aircraft
CIP probe operates from 28 V DC, 12 A, the blower from 115 V AC,
10 A, ¾ HP motor, and the inlet system contains three heaters 800 W
each at 230 V AC. Each of the heated zones is temperature controlled via
a temperature monitor and relay, with individual 15 breakers for protection.
Two conductors are used for the power to the heater zones, and one
conductor is allocated as a neutral/ground, which will bond to the inlet
power distribution box. The blower operates from 115 V AC and has a
20 A breaker for control and protection. The blower has a standard line
cord plug.

The GCIP uses an incident laser beam on hydrometeors ranging in size
from 15 up to 930 mm which are optically magnified by a factor of 13.3,
onto a 200 mm pitch, 64-element photo diode array (DMT Inc., 2004). A
diode laser produces an oval 50 mW beam illuminating the diode array.
Whenever a particle passes through the laser beam, a shadow is generated
and imaged onto the diode array. On-board digital electronics begins storing
photo-diode information at a clock rate associated with true air speed (TAS)
frequency. Each sample of the 64 elements, taken at the TAS frequency, is
called a slice up to 62 slices compose a particle image. Each particle detected
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Figure 1 Box (A) shows details regarding the mounting of the ground cloud imaging
probe. The airborne probe was fitted with an inverted bell shaped inlet which funneled
the particles at 25 m/s through the measurement area of the imaging probe. The inlet
was heated to prevent build-up of precipitation and icing. This picture is taken during
satellite application for Arctic weather and SAR operations project took place in St.
John’s, NFL. Box (B) shows the Pluvio instrument with a single alter shield at 3 m
surrounded with low-height trees and bushes. This site was 15 m away from the
main site and it was used as reference snowmeasurements. Box (C) shows the laser pre-
cipitation monitor used for measuring snow particles with size range over 22 diameter
class from 0.125 mm up to >8.0 mm and in 20 fall speed class from 0 up to >10 m/s.
Box (D) shows the fog measuring device to measure fog particle spectra between 1 and
50 mmover 16 channels. Box (E) shows approximate locations of reference site (red filled
circles), optical probes (brown filled circles), and unshielded Geonor (yellow filled circle).
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has three shadowing densities at 25%, 50%, and 75% and shown as different
colors. Particles shadowing an end diode (number 1 or 64) are rejected. The
TAS is determined using an on-board pitot tube, providing air speed infor-
mation at the instrument itself. The sampling area is 10 cm � 1.55 mm.

2.3.2 Laser Precipitation Monitor Disdrometer
The most common disdrometers used for snow precipitation measurements
are Thies LPM and OTT Disdrometers (Gultepe et al., 2014a; Jaffrain &
Berne, 2011). The LPM sensor used during this project is shown in
Fig. 1C. The LPM (LPM Technical Manual, 2007) uses a laser-optical
beaming source (laser diode and optics) that produces a parallel infrared
(IR) light-beam (0.780 mm with 0.5 mW optical power, 40e47 cm2

measuring area with x ¼ 228 mm, y ¼ 20 mm, and z ¼ 75 mm. Its weight
is 4.8 kg). A photo diode with a lens is situated on the receiver side in order
to measure the optical intensity by transforming it into an electrical signal.
When a precipitation particle falls through the light beam (measuring
45.6 cm2 area), the receiving signal is reduced. The diameter of the particle
is calculated from the amplitude. Moreover, the fall speed of the particle is
determined from the duration of the reduced signal. The measured values
are processed by a digital signal processor (DSP), and checked for plausibility
(e.g., edge hits). Calculation comprises the intensity, quantity, type of pre-
cipitation (drizzle, rain, snow, hail as well as mixed precipitation), and the
particle spectrum. Data is provided in 22 diameter class from 0.125 up to
>8.0 mm and in 20 fall speed class from 0 up to >10 m/s.

2.4 Profiling Microwave Radiometer
A Profiling Microwave Radiometer (PMWR) provided continuous tem-
perature and humidity profiles, and unique liquid water content profiles
and these were used in assessing the clouds generating LSN conditions.
The Radiometrics Corporation PMWR radiometer includes 5 K-band
(22e30 GHz) and 7 V-band (51e59 GHz) microwave channels, a down-
ward-looking external mount infrared mm(9.6e10.4 mm) radiometer and
front-surface gold mirror assembly for cloud base temperature estimation,
and surface temperature, relative humidity and pressure sensors. The Radio-
metrics 12-channel (model MP-3000) PMWR and its performance are
described by Solheim, Godwin, and Ware (1998), G€uldner and Sp€ankuch
(2001), and in the WMO Guide (2010). The Radiometrics model MP-
3000A, introduced in 2006, includes 35 microwave channels and an internal
mount infrared sensor, providing improved accuracy and reliability (Cimini
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et al., 2011; Cimini, Nelson, G€uldner, & Ware, 2015; Sanchez, Posada,
Garcia-Ortega, Lopez, & Marcos, 2013; Ware et al., 2013).

Background error covariance analysis shows that Radiometrics
PMWR models provide better temperature and humidity profile accu-
racy than numerical weather models to approximately 1 km and 3 km
height, respectively (Cimini et al., 2011, 2015; Cimini, Westwater, &
Gasiewski, 2010), with models showing higher accuracy at higher levels.
When properly calibrated with appropriately trained neural networks,
PMWR’s obtain radiosonde-equivalent observation accuracy to 10 km
height (Cimini et al., 2011; G€uldner and Sp€ankuch, 2001; Knupp et al.,
2009; Sanchez et al., 2013; Ware et al., 2013). The PMWR also provides
15% (Serke et al., 2014) to 50% (Ware et al., 2013) agreement with limited
independent liquid profile and integrated liquid measurements and
estimates (Politovich, Stankov, & Martner, 1995; Turner, 2007;
Westwater, 1978).

3. MEASUREMENTS AND ANALYSIS

In this work, two cases representing light snow conditions that
occurred during January 23 and May 3, 2014 are studied and the results
are summarized for the entire data set to show the LSN occurrence
compared to all snow cases. The LSN event on January 23 occurred with
temperature (T) less than about �18�C. The LSN case on May 3 occurred
with T close to 0�C. These cases were selected randomly to represent
extreme weather conditions based on T with relatively low mean wind
conditions (<2 m/s with gusts up to 4 m/s). If we had selected the higher
wind conditions, our results would likely show severe effects on LSN
measurements. Considering that blowing snow conditions usually happen
when Uh > 7 m/s (Trouvilliez, Naaim-Bouvet, Bellot, Genthon, & Gallée,
2015), it is suggested that the impact of blowing snow effects on LSN mea-
surements during project can be considered minimal.

A reference measurement sensor, Pluvio, for LSN measurements was set
up using an Alter Shield (1937) within a bush-low tree environment. The
Alter shield is a fence located around the inlet of the weighing gauge that
reduces wind impact on precipitation measurements. Instrument measure-
ment issues can be related to strong wind effects and low collection
efficiencies, blowing snow and re-circulated precipitation, and optical
responses. The snow precipitation measurement and its wind correction
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can easily be performed for SN rate >1 mm/h, but the same correction al-
gorithm cannot work for LSN. In fact, calibration of optical and mechanical
responses of the sensors for LSN particles were likely not performed over the
very cold and dry environmental conditions, and, therefore, uncertainties in
the cold environments can be more severe compared to these of mid-
latitude environments. Zhang et al. (2015) compared the measurements of
Geonor weighing gauge to those of the present weather sensors, and sug-
gested that Geonor did not measure any snow when PA was less than
1 mm and Uh > 3.5 m/s. Even for Uh < 3.5 m/s, Zhang et al. suggested
that Geonor recorded only about 44% of the total precipitation. During
SAAWSO project, when PR < 0.5 mm/h, Geonor measurements did
not detect the majority of the total snow precipitation. Similar to this
finding, Rasmussen et al. (2012) had earlier suggested that the response of
Geonor to LSN conditions was weak because its measurement sensitivity
is not less than 0.5 mm/h under the stronger wind conditions.

3.1 Light Snow Calculation Using Hydrometeor Spectral
Measurements

In the present work, hydrometeor spectral measurements were obtained us-
ing GCIP and LPM disdrometer. Total LSN PR (PRT) based on GCIP and
LPM measurements with sizes up to about 900 mm and cm size ranges,
respectively, is obtained as

PRT ¼ Ac

 X900 mm

15 mm

NðDÞD3rsVf ðDÞDDþ
Xcm

900 mm

NðDÞD3rsVf ðDÞDD
!
;

(1)

where Ac is a constant (of value 3.6 � 10þ4) and Vf is the particle fall velocity
which depends on particle density and shape (Heymsfield & Platt, 1984;
Heymsfield et al., 2007; Kajikawa & Heymsfield, 1989). The rs is the ice
crystal density, Vf particle fall velocity, D the particle diameter, and N(D) the
number density. The fall velocity and particle density are obtained from the
GCIP measurements using empirical relationships. Light precipitation
amount can be very important for weather applications where heavy pre-
cipitation is uncommon, and its characteristics can be calculated from the
combination of the fog measuring device (FMD with sizes up to 50 mm) and
GCIP spectral measurements (Gultepe et al., 2015). In addition to instru-
ment technical issues related to small particle size and mass detection,
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extreme weather conditions such as low temperature, wind, and turbulence
can also affect instrument measurement capabilities (WMO/CIMO, 1991).

The type of precipitation from LPM is determined from the statistics of
all the particles as a function of both diameter and fall velocity. Based on
manufacturer set up, a temperature sensor was included for discrimination
of liquid particles when the temperature is >9�C and ice crystals when it
is <�4�C. Between these temperatures, all forms of precipitation are
possible.

3.2 Weighing Gauge Measurements and Uncertainties
Under the relatively calm wind conditions such as Uh < 5 m/s Geonor and
Pluvio LSN measurements may not need wind corrections, but their
sensitivity for LSN (<0.5 mm/h) can be an important issue. As described
above, Pluvio with an Alter Shield in a bush-low tree environment
(Fig. 1D) is used as reference but its PA measurements were usually either
larger (or lower) than these of all optical probes for January 23 and May
3, 2014 cases. Both instruments are explained below. Geonor observations
were not used with a shield, and its PR measurement uncertainity based
on factory specification is given as 0.1 mm/h. This value can be up to
0.5 mm/h under turbulent and stronger wind conditions, or when ice crys-
tals are small. The Geonor weighing gauge utilizes a three-vibrating wire
technology (as described above) to distribute the snow mass equally. The
following formula is used to obtain precipitation amount

PA ¼ Aðf � f 0Þ þ Bðf � f 0Þ2 (2)

where PA is the accumulated precipitation (in cm), f is the frequency reading
(in Hz), A and B calibration constants, and f0 is the frequency with empty
bucket (in Hz). Then, a 5-min average for the past data is applied to get PA
at the current point. Noise from the data is removed by 10-min running
averages. The sensitivity given by the manufacturer is 0.05 (0.1) mm for 600
(1000) mm.

Bias corrections of snowmeasurements for weighing gauges can be related
to wind-induced undercatch, wetting loss, and evaporation loss (Goodison,
1981; Goodison et al., 1998; Sevruk & Klemm, 1989). Light snow conditions
can be affected by all these biases but undercatch bias can be much stronger
among these because of wind effects (Zhang, Ohata, Yang, & Davaa,
2004). They found that during the cold seasons, bias with either wetting or
evaporation can be about 15% and with undercatch, it can be up to 20%.
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In winter, evaporation and wetting losses together can be 0.10e0.20 mm/
day (Aaltonen, Elomaa, Tuominen, & Valkovuori, 1993) and 0.15 mm/
day (Sevruk, 1982), respectively, but these are not considered in the present
work because mineral oil and antifreeze were used during entire project. Add-
ing all of these biases may work out to about 0.5 mm/day.

The Pluvio-based PA measurements were used in obtaining LSN PR
during which 60-min running averages were used to remove low response
noises. Comparisons of PA from all sensors, including optical ones, are sum-
marized in Section 5.

4. RESULTS

In this section, the results of GCIP, LPM, OPWS, and weighing in-
struments for LSN conditions are given and their importance with respect to
the project goals are emphasized for two cases (Section 2), and then for the
entire data set. The list of sensors and their sensitivity for LSN measurements
are summarized in Table 1.

4.1 January 23, 2014 Light Snow Event
On this day, LSN occurred almost for the entire day and the total PA was
about 1 mm and maximum PR based on LPM was less than 0.5 mm/h.
To understand LSN formation, the profiling MWR (PMWR) thermody-
namic and cloud observations are first summarized. During this LSN event,
mean Uh was usually less than about 2 m/s

4.1.1 Profiling Microwave Radiometer Observations
A time-height cross section of Profiling Microwave Radiometer (PMWR)
measurements can be used to analyze the LSN formation dynamics. Fig. 2
shows the PMWR time-height cross section to 1.2 km height of temper-
ature (box A), relative humidity with respect to ice (RHi, box B), and
liquid water content (box C). Also shown are integrated water vapor
(IWV) and integrated liquid water (ILW) retrievals (box D), radiometer
surface temperature (Tamb), and infrared cloud base temperature (Tir)
measurements (box E).

Lower boundary layer diurnal variability as large as 6�C is seen in the
temperature cross-section, peaking at 18:00 UTC (coordinated universal
time) (15:00 local time). An inversion dominates the RHi cross-section,
peaking near 500 m height. Liquid water content (LWC) near 700 m
height gradually increases starting at 06:00 UTC, exceeds 0.25 g/m3 just
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Figure 2 Radiometrics profiling microwave radiometer (PMWR) temperature (A),
relative humidity over ice (B), and liquid water content (�10) profile retrievals to
1.2 km height (C), integrated water vapor (IWV) and integrated liquid water (ILW)
retrievals (D), surface temperature (Tamb) and cloud base infrared temperature (Tir)
(E), and Goose Bay radiosondes and PMWR profiles at 00Z, 12Z, 24Z are shown in
(FeH), respectively, for January 23, 2014.
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after 10:00 UTC, rapidly decreases to <1.5 g/m3 by 12:00 UTC. It re-
mains relatively constant until 19:00 UTC when it drops to near zero,
and then, it grows to >0.25 g/m3 near 21:00 UTC and drops to zero by
23:00 UTC. Indication of LWC existence by PMWR suggests that
some liquid droplets were present during LSN formation.

IWV increases from 0.3 to 0.4 g/m3 from 07:00 to 10:00 UTC (box D),
correlated with ILW increase from 0.1 to nearly 0.4 g/m3. Gradual ILW
increase from 12:00 to 20:00 UTC and the lack of an increase near 21:00
UTC is inconsistent with the liquid density retrieval. We are unable to
explain this inconsistency. Tamb and Tir became closer in box E
(Tamb w Tir) from 06:00 to 17:00 UTC, suggesting of possible LSN condi-
tions, but broken cloud cover is seen at other times.

Radiosonde and PMWR T and Td soundings up to 1 and 3 km height,
respectively, show good agreement (boxes E, F, and G in Fig. 2), in partic-
ular when the high variability of radiosonde humidity point measurements is
considered. Note that radiosonde data at higher levels, because of drifting
with horizontal winds, do not represent soundings at the project site
compared to MWR profiles. Upper level PMWR retrievals show a system-
atic bias consistent with Neural Network (NN) files trained with distant
radiosondes (reiterating, Yarmouth is >1000 km SSW of Goose Bay). In
addition, upper level retrieval accuracy is sensitive to PMWR calibration
accuracy. Overall, LSN conditions were in good agreement with thermody-
namic profiles.

4.1.2 In Situ Observations
Time series of precipitation rate for light snow obtained from the various
precipitation sensors described in Table 1 are shown in Fig. 3. Although
most of them are described as sensitive to PR down to 0.1 mm/h, this
was not the case for many days having cold light snow measurements.
The worst response to light snow conditions was from both Geonor and
Pluvio (Fig. 3A) that were based on precipitation weighing methods. This
was likely due to measurement limitations; sensitivity due to higher
lower-threshold values and relatively stronger winds. The optical sensors
were responding to LSN amount better than weighing gauges because of
their lower threshold values (<0.01 mm/h) for particle detection and better
response to small ice crystals. The Geonor, Pluvio, and FD12p PR usually
were larger compared to the other measurements. The Geonor PR was
randomly fluctuating; therefore, its measurements are neglected before
10 a.m. for PA calculations to be shown later. Both LPM and SWS
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measurements were usually in agreement with PWD; these instruments
were measuring blowing snow crystals after 15:00 UTC (Fig. 3A) where
Uh was up to 7e8 m/s (Fig. 3C). T values were between �15 and
�20�C during the snow event (Fig. 3B). Clearly the optical sensors were
responsive to small particles better than others. This was also shown by Gul-
tepe et al. (2014b, 2014a, 2009) in which a fog device and FD12p sensor
were used for ice fog detection. The Geonor was likely responding to
wind conditions and reported the highest PR during LSN event. The Pluvio
PR values were usually larger than measurements of the optical sensors,
excluding FD12p.

Precipitation rate obtained from the subset of sensors given in Table 1 is
compared to the PWD22 sensor (Fig. 4). This figure suggests that maximum

Figure 3 The comparison of light snow precipitation rate from various instruments (see
legend, also in Table 1) for January 23, 2014 at T w �18�C occurred over Goose Bay.
Blowing snow effects seen after 16:00 UTC (coordinated universal time) are consistent
with Uh w 6 m/s are shown in box (A). T and Uh observations from WXT sensor over
1-min intervals (averaged and maximum) are shown in box (B and C), respectively.
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PR, if Geonor is excluded, was about 0.6 mm/h. The scattering of PR
values indicate that these sensors were highly sensitive to varying degree
of shape, size, and number concentration of ice crystals. Increasing LSN
PR values result in large PR scattering for all sensors. Both LPM and OSI
PR against PWD PR show less scattering compared to other PR measure-
ments. The Pluvio-based PR values were in better agreement with optical
sensor PR values compared to the Geonor unshielded PR measurements.

The LPM sensor described above is also used for obtaining snow particle
spectral characteristics (Fig. 5). The LPM can accurately measure sizes greater
than 500 mm. In this figure, the y-axis represents particle fall velocity (Vf),
the x-axis represents particle diameter (L), and the color bar indicates the
number of ice crystals (Fig. 5A). This plot shows that at 12:30 UTC, the
maximum PR was 0.45 mm/h (Fig. 5B) representing light snow conditions
(<0.5 mm/h). It is seen from Fig. 5A that most of the particles during light
snow events have size ranges less than 600 mm. Under windy conditions,
these small particles can move with wind speed, therefore Vf can be more
than a typical ice crystal fall speed occurring in the calm weather conditions.

Figure 4 The scatter plot of precipitation rate (PR) obtained from four sensors (Table 1)
against PR obtained from PWD22 during a light snow event occurred at T ¼ �18�C
over Goose Bay on January 23, 2014.
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The most important impact of light snow, including ice fog deposition,
on weather is due to its reduced visibility through increasing extinction of
radiation. In order to show this effect, time series of visibility obtained by
five sensors given in Table 1 are plotted in Fig. 6. Both FD12p visibility
and PWD visibility were consistent with each other. The OSI visibility is
much noisier compared to other sensors. Its measurements changed abruptly
sometimes (e.g., at 13:00 UTC). The PWD, Sentry, and SWS visibility were
usually consistent with each other but Sentry visibility had relatively lower
values than the others instruments.

The visibility scatter plot suggests that uncertainty in visibility from any
sensor, relative to FD12p visibility, can be as high as 2 km for visibility
<5 km (Fig. 7). This uncertainty can be more than 5 km when FD12p vis-
ibility is larger than 10 km. The lowest uncertainty is obtained with the
Sentry sensor and the highest uncertainty results from the use of the OSI
sensor. The red lines on this plot show confident intervals for 10% and

Figure 5 The laser precipitation monitor (LPM) measured particle spectra (A) during a
light snow event on January 23, 2014 occurred over Goose Bay, NFL. y axis is terminal
velocity, x axis for the diameter, color bar for the particle counts, and solid line for the
theoretical droplet fall velocities. Precipitation rate time series is shown on (B). After
16:00 UTC (coordinated universal time) (4 p.m.), LPM reacted for blowing snow particles.
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90% percentiles around the mean values (large red circles) when visibility
from Sentry is plotted against FD12p visibility. The FD12p visibility is
usually 25% larger than Sentry visibility. Large scattering on this plot likely
indicates the optical sensitivity of the sensors to ice crystals and algorithms
used for visibility calculations.

Measurements of particles from both the LPM and GCIP instruments
can be integrated into a single size spectrum (from 10 mm up to 1 cm size
range). This spectrum can be used in validation of numerical weather
prediction (NWP)-based PR and PA simulations, and remote sensing
retrievals (not presented here). The GCIP and LPM sensors have a better
sensitivity for size distributions for sizes lower and higher than about
500 mm, respectively. This can allow researchers to calculate deterministic
parameters for microphysical parameterizations that include visibility, Ni,
and Ice Water Content (IWC). These results can also be used for postpro-
cessing of model-based simulations (Gultepe et al., 2015; Milbrandt & Yau,
2005; Morrison, Curry, & Khvorostyanov, 2005). Fig. 8 shows some exam-
ples of LSN particles obtained using the GCIP instrument that were mostly
single particles e.g., plates, dendrites, and columns. Some large particles from
the GCIP instrument were observed, but they were not common during

Figure 6 The visibility time series in UTC (coordinated universal time) obtained from
various sensors shown in Table 1 for January 23, 2014 light snow case (10:00e16:00
UTC) occurred at about �18�C. After 16:00 UTC, blowing snow effects on sensors are
seen.
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LSN conditions. Ice crystal sizes shown on Fig. 8 were usually less than
800 mm. The purpose of this figure is to emphasize importance of ice crystal
shape and density [indicated with colors of yellow (25% of shadowing), red
(50%), and black (75%)] that can be used for estimation of LSN PR from the
GCIP as shown in Fig. 9.

The GCIP, LPM PR, Pluvio, and PWD measurements are shown in
Fig. 9. The solid green colored line is for 1 min averages of GCIP PR
that is based on 1 Hz observations (black dots). The PR from GCIP is ob-
tained as

PRGCIPðmm=hÞ ¼ Ac

X930 mm

7:5 mm

ViðDÞrsðDÞNiðDÞVf ðDÞ ; (3)

where Vi(D) (cm�3) is the snow crystal volume for particle diameter (D).
PRGCIP, using empirical relationships between mass and size, is obtained

Figure 7 The visibility scatter plot of the measurements obtained from four sensors
versus FD12p for January 23, 2014 case. The solid black line is for 1:1 line. The solid
red lines (10% and 90% confident intervals) are for Sentry visibility versus FD12p visibil-
ity obtained over 2 km visibility intervals over x axis. The filled red circles are for binned
averaged visibility values.
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from the known particle spectra with bins of DD ¼ 15 mm. In Eq. (3), ice
crystal mass, mðDÞ ¼ ViðDÞrsðDÞ, is the function of particle shape. Overall,
results showing the location of the maximum and minimum PR values are
comparable to these of LPM but large differences exist in the absolute values.
The GCIP maximum values are usually less than LPM maximum values.
This is likely due to upper threshold (930 mm) of the GCIP compared to that
of LPM (e.g., 1 cm). Some sections of GCIP PR measurements show
PR < 0.1 mm/h (e.g., between 05:00 and 06:00 UTC) during which both
LPM and PWD PRwere absent. This result is explained by the sensitivity of
GCIP probe for small single ice crystals and undercatch issues related to
optical probes. The Pluvio-based PR was usually significantly larger (30%)
compared to PRs from other sensors.

4.2 May 3, 2014 Light Snow Event
This section is organized similar to the January 23 case. On this day, LSN PR
and PA were usually less than 1 mm/h and 1.5 mm, respectively, and T was
about 0�C. Wind speed was usually less than about 4 m/s during the snow

Figure 8 Some examples of light snow (LSN) particles (e.g., ice crystals) obtained using
ground cloud imaging probe instrument on January 23, 2014 that were mostly single
particles e.g., plates (P), dendrites (D), and columns (C), and some aggregates(A).
Maximum ice crystal size for this sensor is less than 930 mm. LSN crystals have various
shapes and densities [indicated with colors of yellow (25% of shadowing), red (50%),
and black (75%)]. Time scale on the right side of the box is given by hh:mm:ss and total
time required to fill the buffer with ice crystals in microseconds.

170 I. Gultepe et al.

Advances in Geophysics, First Edition, 2016, 147e210

Author's personal copy



event, indicating likely negligible blowing snow conditions when snow
crystals are wet. This case was significantly different from the January 23
case which had much higher T conditions. However, both events had rela-
tively similar wind conditions.

4.2.1 Profiling Microwave Radiometer Observations
Fig. 10 shows PMWR time-height temperature (box A) and relative hu-
midity with respect to ice (box B) cross-sections to 1.2 km height, and liquid
water content (box C). Also shown are IWV and ILW retrievals (box D),
and Tamb and Tir (box E).

Lower diurnal variability as large as 8�C is seen in the temperature cross-
section. The peak value occurs near 20:00 UTC (17:00 local time). Inver-
sions dominate the RHi cross-section, peaking near 600 m height from
07:00 to 13:00 UTC. These are intermittent at other times. Liquid water
content near 600 m height peaks near 6 g/m3 at 08:00 UTC, and again at
slightly higher density near 18:00 UTC. Clear air is evident from 00:00 to
02:00 UTC, with moderate clearing near 06:00, 14:00 and 23:00 UTC.

IWV gradually increases from 0.6 to 1.4 g/m3 from 00:00 to 18:00 UTC
and then decreases to 0.9 g/m3 by the end of the day. ILW shows a

Figure 9 Time series in UTC (coordinated universal time) of ground cloud imaging
probe (GCIP), laser precipitation monitor (LPM), Pluvio, and present weather sensor
(PWD) based light snow precipitation rate (PR) on January 23, 2014, Goose Bay. The
black dots are for 1 Hz PR obtained from GCIP. The green solid line is for 60 s averages
of GCIP PR to match with LPM and PWD based PR scales. The Pluvio-based PR is ob-
tained using 60 min running averages.
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Figure 10 Radiometrics profiling microwave radiometer (PMWR) temperature (A),
relative humidity over ice (B), and liquid water content (�10) profile retrievals to
1.2 km height (C), integrated water vapor (IWV) and integrated liquid water (ILW) re-
trievals (D), surface temperature (Tamb) and cloud base infrared temperature (Tir) (E),
and Goose Bay radiosondes and PMWR profiles at 00Z, 12Z, 24Z are shown in (FeH),
respectively, for May 3, 2014.
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minimum w0.15 mm from 00:00 to 02:00 UTC, corresponding to a flat,
minimum Tir value of 223K (no cloud). This indicates a 0.15 mm ILW
bias probably resulting from calibration accuracy degradation and NN
training with distant radiosondes (>1000 km). Tamb and Tir in box E
show LSN (Tamb w Tir) or low cloud after 02:00 UTC for most of the day.

Radiosonde and PMWRT soundings up to 1 km height and Td sound-
ings up to 3 km height, representing at 00:00, 12:00, 24:00 UTC (boxes F,
G, and H, respectively). These profiles show good agreement within the
cloudy layers, in particular when considering the highly variable radiosonde
Td measurements seen at 00:00 and 24:00 UTC. Again, upper level PMWR
retrievals show systematic bias consistent with NN’s trained with distant ra-
diosondes and possible calibration accuracy degradation. In this case, LWC
values were relatively larger than those of January 23, 2014 case. However,
LWC values decreased significantly during the LSN event.

4.2.2 In Situ Observations
Time series of PR from various sensors are shown in Fig. 11A. Sensors
showed significantly different responses for LSN PR. The worst response
to light snow conditions was from both the Geonor and FD12p instruments
(box A). FD12p values were occasionally higher than those of others. This
may be due to condensation/deicing issues. The Geonor observations
resulted in overestimation of PR which was likely due to wind effects on
transducers. Its measurements were occurring randomly even in the absence
of precipitation. The Pluvio measurements, as a reference platform, were
consistent with most of the optical sensors. The FD12p PR was relatively
larger compared to PR from the other optical sensor. LPM measurements
were usually consistent with PR obtained from PWD, OSI, and SWS.
However, both OSI and SWS occasionally measured larger PR values. T
was about �2�C during the event but reached 7�C during the end of the
period shown (box B). Uh was up to 4 m/s during event (box C). The
unexpected spikes in the sensors after snow event, especially for Geonor,
were most likely a result of blowing snow and gust conditions.

A scatter plot on PR for this case is shown in Fig. 12. This figure suggests
that the maximum PR was about 1 mm/h. The scattering of PR values is
consistent with the January 23 case. It seems that LPM PR is better related
to PWD PR compared to other measurements. Both the OSI and Geonor
PR were much larger than the PR values of other sensors. The Pluvio PR
was also found to be comparable with PWD PR.
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The snow particle spectral characteristics and PR obtained from the LPM
measurements are shown in Fig. 13. This plot shows that at 11:15 UTC, the
maximum PR was w0.5 mm/h (Fig. 13B). Snow crystals during the event
had size ranges usually less than 1000 mm with Vf < 1.2 m/s. Therefore,
influence of blowing snow on PR was likely negligible. These results are
consistent with nonblowing snow conditions when Uh < 7 m/s (Trouvilliez
et al., 2015).

The time series of visibility, similar to Fig. 6, are shown in Fig. 14. All
visibility values were reasonably similar, but the variability was large and
reached up to 2 km when visibility ¼ 2 km. This was similar to January
23 case. The Sentry visibility was usually small compared to other measured
visibility values. However, the PWD visibility was usually larger than visibil-
ity measured from the other sensors.

Figure 11 The comparison of light snow precipitation rate from various instruments
(see legend, also in Table 1) at T ¼ �2�C occurred over Goose Bay on May 3, 2014
are shown in box (A). T and Uh observations from WXT sensor over 1-min intervals
(averaged and maximum) are shown in box (B and C), respectively.
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Figure 12 The scatter plot of precipitation rate (PR) obtained from four sensors (Table 1)
against PR obtained from present weather sensor 22 (PWD22) during a light snow
event on May 3, 2014 at T ¼ �2�C occurred over Goose Bay on May 3, 2014.

Figure 13 The laser precipitation monitor measured particle spectra (A) during a light
snow event on May 3, 2014 occurred over Goose Bay. y axis is the terminal velocity, x
axis for the diameter, color bar for the particle counts, and solid line for the theoretical
droplet fall velocities. Precipitation rate time series in UTC (coordinated universal time)
is shown on x axis (B).
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The scatter plot of the various visibility measurements (Fig. 15) suggests
that uncertainty in visibility from any sensor compared to a reference
platform can be up to 100%. Icing or wet LSN accumulated on some sensors
likely played a role on this discrepancy. The OSI sensor was usually iced up
and its measurements were not reliable during wet snow conditions. This
was a common issue for the entire project. The lowest values of visibility
are usually obtained with the Sentry sensor, while the highest values were
obtained with the PWD and SWS sensors. The red lines on this plot
show confidence intervals. The red filled circles are for bin-averaged visibil-
ity values.

Examples of LSN particles and freezing drizzle droplets are shown in
Figs. 16 and 17, respectively. Snow particles were mostly single particles
(e.g., plates, dendrites, and columns, Fig. 16) while moderate riming was
observed. Some large particles (>900 mm) were also observed. The freezing
drizzle occurred at about 18:45 UTC (Fig. 17) during which surface T was
less than 0�C (icing occurred on sensors) and droplet sizes were generally less
than 500 mm at this time. This was one of the reasons for the discrepancy in
visibility among the sensors when freezing precipitation occurred. The T at
18:00 UTC was about 5�C when freezing drizzle occurred.

Figure 14 The visibility time series in coordinated universal time obtained from five
sensors shown in Table 1 for May 3, 2014 light snow case occurred at about �2�C
over Goose Bay on May 3, 2014.
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Time series of GCIP, LPR, PWD, and Pluvio PR are shown in Fig. 17.
The Geonor observations are not shown here because of their relatively
unexpected large values likely because of wind conditions. The large PR
differences here in GCIP and others optical sensors were likely due to par-
ticle mass-size relationships used. The Pluvio PR was usually found to be
comparable with LPM PR.

4.3 Variability Issues
The variability of light snow precipitation measurements can be large
compared to heavy snow. In order to quantify this uncertainty, both LSN
events are separately analyzed for all precipitation conditions assuming
that the PWD sensor indicates occurrence of precipitation for
PR > 0.01 mm/h. The Pluvio measurements are used in the analysis as
reference platform. Table 2 (3) and Table 4 (5) show PR (visibility) mean,

Figure 15 The visibility scatter plot of the measurements obtained from four sensors
versus FD12p for the May 3, 2014 case. The solid black line is for 1:1 line. The solid
red lines (10% and 90% confident intervals) are for Sentry visibility versus FD12p visibil-
ity obtained over 2 km visibility intervals over x axis. The filled red circles are for binned
averaged visibility values.
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Figure 16 Some examples of light snow (LSN) particles (e.g., ice crystals) obtained us-
ing the ground cloud imaging probe instrument on May 3, 2014 that were mostly single
particles e.g., plates (P), dendrites (D), and columns (C), and some aggregates(A).
Maximum ice crystal size for this sensor is less than 930 mm. LSN crystals have various
shapes and densities [indicated with colors of yellow (25% of shadowing), red (50%),
and black (75%)]. Time scale on the right side of the box is given by hh:mm:ss and total
time required to fill the buffer with ice crystals in microseconds.

Figure 17 Time series in UTC (coordinated universal time) of ground cloud imaging
probe (GCIP), laser precipitation monitor (LPM), Pluvio, and present weather sensor
(PWD) based light snow precipitation rate (PR) on May 3, 2014, Goose Bay, Newfound-
land. The black dots are for 1 Hz PR obtained from GCIP. The green solid line is for 60 s
averages of GCIP PR to match with LPM and PWD based PR scales. The Pluvio-based PR
is obtained using 60 min running averages. Freezing drizzle droplets occurred at 18:30
UTC is seen in the inset box. Note that comparisons did not include segments with
droplets.
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standard deviation (sd), variability (sd/mean), and absolute difference
between Pluvio and others sensors for January 23 and May 3, 2014,
respectively.

Variability in PR time series for the January 23 case was up to 100%
(Table 2). visibility variability was also close to 100%. Less variability in

Table 2 Shows mean precipitation rate (PR), sd, and variability (sd/mean) between
PWD22 PR (PRpwd) and other sensor visibility for January 23, 2014
Instrument Mean PR (mm/h) Sd PR (mm/h) Variability DPR (mm/h)

PWD22 0.07 0.07 1.00 Reference
Geonor 0.89 0.88 0.98 þ0.82
LPM 0.08 0.08 1.00 þ0.01
OSI 0.06 0.11 1.83 �0.01
SWS 0.10 0.10 1.00 þ0.03
GCIP 0.06 0.05 0.95 �0.01
Pluvio 0.17 0.13 0.77 þ0.10

It is assumed that PRpwd > 0.01 mm/h. Because of its sensitivity to LSN, PWD is chosen as a reference
platform.

Table 3 Shows mean visibility (Vis), sd, and variability (sd/mean) between PWD22
visibility and other sensor visibility for January 23, 2014
Instrument Mean Vis (km) Sd Vis (km) Variability DVis (km)

PWD22 4.42 4.01 0.90 Reference
FD12p 3.45 2.36 0.68 �0.97
SWS 2.43 1.37 0.56 �1.99
Sentry 2.32 1.72 0.74 �2.10
OSI 3.77 2.09 0.55 �0.65

It is assumed that PRpwd > 0.01 mm/h.

Table 4 Shows mean precipitation rate (PR), sd, and variability (sd/mean) between
PWD22 PR (PRpwd) and other sensor visibility for May 3, 2014
Instrument Mean PR (mm/h) Sd PR (mm/h) Variability DPR (mm/h)

PWD22 0.17 0.11 0.65 Reference
Geonor 0.35 0.77 2.20 þ0.28
LPM 0.12 0.11 0.92 �0.05
OSI 0.24 0.27 1.13 þ0.07
SWS 0.19 0.17 0.90 þ0.02
GCIP 0.11 0.09 0.88 �0.06
Pluvio 0.10 0.09 0.99 �0.07

It is assumed that PRpwd > 0.01 mm/h. Because of its sensitivity to LSN, PWD is chosen as a reference
platform.
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visibility is seen in the SWS and OSI measurements (Table 3). Both Tables 4
and 5 for the May 3 case also suggested similar variability results for PR and
visibility. Icing on the May 3 case caused severe problems in the OSI mea-
surements compared to other sensors despite that they have all heating units.
Therefore, OSI should be used cautiously under icing conditions.

Comparisons of PR derived from the GCIP and LPM versus PWD
(Fig. 9 for January 23 and Fig. 17 for May 3) suggest that the averaged
DPR is usually less than 0.06 mm/h (up to 50%, defined as DPR/mean)
(Table 2). Geonor DPR values were much larger than other PR
measurements. The Pluvio PR values were relatively larger than those of
optical sensors for January 23 case but they were smaller for May 3 case.
GCIP measurements were usually comparable to PR from other sensors.
During the project, observations indicated that GCIP responded very well
for light snow and ice crystals, unless there were very gusty wind conditions.
Because of the intake of air at 25 m/s into the sampling area, GCIP was not
affected by the large range of wind speeds. Note that differences between
PRs from optical probes can be related to sensor algorithm and calibration,
and lower threshold values used for detecting precipitation.

The visibility measurements from the present weather sensors (Figs 6 and
14) are shown in Tables 3 and 5 for January 23 and May 3, respectively. The
PWD visibility is used as reference because of its response to LSN condi-
tions. For the January 23 case, visibility differences between PWD and
others sensors are estimated to be about at least 50% but this value decreased
significantly for May 3 case, excluding for OSI visibility (Table 5). These
suggest that optical sensors for visibility measurements need to be improved
and calibrated for cold weather conditions. Note that OSI was performing
worst among all sensors on May 3 because icing usually formed over the
sensor lenses (see green filled circles upper end of Fig. 15).

Table 5 Shows mean visibility, sd, and variability (sd/mean) between PWD22
visibility and other sensor visibility for May 3, 2014
Instrument Mean Vis (km) Sd Vis (km) Variability DVis (km)

PWD22 8.77 5.63 0.64 Reference
FD12p 9.85 13.64 1.39 þ1.08
SWS 6.40 5.02 0.78 �2.37
Sentry 5.33 4.35 0.82 �3.44
OSI 16.54 0.5 Iced up þ7.77

It is assumed that PRpwd > 0.01 mm/h.
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Based on PAs from all optical and weighing sensors, Table 6 suggests that
PA uncertainty can be more than 50%. The PA from Pluvio as a reference
platform was usually larger than these of optical sensors for January 23 case,
and lower than these of May 3 LSN case. Geonor based PA values using two
or three vibrating wires were usually either overestimating or underestimat-
ing PA compared to other sensors. Optical probes with lower sensitivity for
PR measurements by detecting small particles were usually consistent each
other (Table 6). Overall, variability in PA and visibility from various sensors
was up to 50e100% for LSN conditions.

5. DISCUSSIONS

Discussions are divided into the five subsections. In these subsections,
issues related to LSN measurements, instruments, forecasting/nowcasting
and aviation, and climate change assessment and averaging scales are discussed.

5.1 Snow Measurements
Snow precipitation can be measured by in situ sensors including weighing
gauges, present weather observing systems (PWOS), optical spectra
precipitation probes (OSPPs), and by remote sensing methods such as
satellite and radar based retrievals, indirectly. Details on snow
measurements and its relation to the energy concepts can be found in
Rudolf and Rubel (2005a, 2005b). Traditional in situ snow measurements

Table 6 Precipitation amounts (PAs) are shown for various sensors
for each light snow case
Cases January 23, 2014 May 3, 2014

Sensor PA(DP) mm PA(DP) mm
Pluvio (Reference) 1.50(0.00) 0.55(0.00)
FD12p 1.35(�0.15) 1.35(þ0.80)
OSI 0.35(�1.11) 1.25(þ0.70)
SWS 0.65(�0.85) 1.15(þ0.60)
LPM 0.55(�0.95) 0.65(þ0.10)
PWD 0.50(�1.00) 0.85(þ0.30)
GCIP 1.00(�0.50) 0.85(þ0.30)
Geonor 4.00(þ2.50) 4.00(þ3.45)

DP is difference between sensor PA and PA from Pluvio at the end of each pre-
cipitation event. To check sensor sensitivity, Pluvio was used as reference platform
here. Note that difference among all sensors was less than 1 mm of accumulated
snow amount, suggesting large variability and uncertainty.
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on the ground can be made by measuring snow depth and weight, and then
estimating snow water equivalent (SWE). Water equivalent rate of snow
precipitation can be obtained using weighing gauges if the amount of
snow falls into their measuring volume pass a certain threshold which is
usually in the range of >0.1e0.5 mm/h (Rasmussen et al., 2012). The
sensitivity of the PWOS for snow measurement is <0.01 mm/h (Table
1). In situ measurements of snow precipitation using weighing gauges
cannot be accurate until wind corrections are performed and that is based
on DFIR (Double Fenced Intercomparison Reference, Goodison and
Yang, 1995) and/or bush gauge snow observations (Yang, 2014). Howev-
er, these corrections cannot work for LSN conditions because of LSN par-
ticle density, shape, and crystal smaller sizes.

The LSN observations made from satellite and radar-based techniques
may also have large uncertainties because of the nature of their retrieval
methods (Tian, Peters-Lidard, & Eylander, 2010) and higher thresholds
(0.5e1 mm/h) for detecting accurate signal for snow precipitation. Clearly,
the snow precipitation amount and rates obtained from remote sensing
techniques are based on assumptions such as particle spectra that likely
vary with meteorological conditions. Therefore, the assumption regarding
fixed particle spectra for satellite retrievals needs to be improved for cloud
and snow studies.

Complex shields designed for snow weighing instruments (Smith, 2009)
are not always effective because winds often have a vertical component and
can be very chaotic in frontal systems (Gultepe et al., 2014b, 2014a). There-
fore, wind corrections applied for snow measurements cannot work for all
snow types and locations in the same way. The remote sensing techniques
for snow retrievals using satellite observations can provide a better areal
coverage compared to in situ sensors (Huffman, Adler, Rudolf, Schneider,
& Keehn, 1995; Rudolf, Hauschild, R€uth, & Schneider, 1994, 1996).
Unfortunately, these techniques cannot work for LSN accurately because
of low PR for LSN (between 0.01 and 0.5 mm/h). Rudolf and Rubel
(2005a, 2005b) suggested that 0.2 mm/d (5 W/m2) is a measure of the accu-
mulated uncertainties in the independently estimated parts of the global
annual water budget. This is two times more than the precipitation trend
calculated for last 100 years. Certainly, averaging scales are important for
PR calculations but the uncertainty of LSN measurements complicates
the estimates. If LSN occurs at 0.5 mm/day, its occurrence then becomes
a significant fraction of the total precipitation for the regions with PR less
than 50 mm/year.
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Rudolf and Rubel (2005a, 2005b) stated that annual PR over land is
2.09 mm/d. The daily missing LSN PR estimated at about 0.2e1 mm/d
in the present work can be very important for Arctic and continental cold
climate budget studies. This amount can reduce the climate warming signif-
icantly. This is refereed here as direct effect of light snow (DE-LSN) on the
radiation budget (up to �30 W/m2). The LSN results in decreasing atmo-
spheric vapor by cleaning of the atmosphere at higher levels and this leads to
increasing IR cooling at the surface (up to 30 W/m2). Here, this effect is
called the indirect effect of light snow (IE-LSN) on the radiation budget.
Both effects lead to cooling at the surface because of loss of energy to the
space (Girard & Blanchet, 2001a, 2001b; Gultepe et al., 2009). These effects
should not be mixed with snow-albedo feedbacks in the heat budget
calculations.

5.2 In Situ Instrumental Issues
Instruments used for measuring LSN PR are not usually sensitive to low PR
less than 0.5 mm/h (Gultepe et al., 2014a, 2014b; Rasmussen et al., 2012).
In this category, weighing gauges (e.g., Geonor and Pluvio), and some
OSPPs such as OTT and LPM disdrometers can be listed. These instruments
can’t measure snow precipitation rates accurately at very cold temperatures
for LSN conditions. They are likely not calibrated and tested for. On the
other hand, OPWSs sensitive to smaller particles (e.g., sizes less than
500 mm down to a few mm) can be used to obtain LSN PR. Clearly,
OPWS and OSPPs are in need of further improvement for accurately
measuring light snow in cold climates, especially when the particles are
less than 500 mm. Zhang et al. (2015) stated that for Uh > 3.5 m/s,
Geonor-based LSN measurements had very large errors with detecting
LSN segments and its magnitude.

To show measurement issues related to LSN, Figs. 18 and 19 are pro-
vided for the time series of PA from various sensors and for Uh for January
23 andMay 3, 2014, respectively. Geonor PA values are obtained using with
two and three vibrating wires to test its sensitivity because it was providing
very high readings. The Uh was about 2 � 2 m/s for both days. Fig. 18A
shows that using two wires, Geonor PA was much larger than others after
about 2 h of snow start time at 10:00 UTC. When vibrating wire 2 is taken
out, PA became more consistent with optical sensors after 14:00 UTC but
the total PA (4 mm) was still much larger than the PA for all other sensors.
Overall, notes taken during the data collection during project suggested that
Geonor measurements were not reliable due to its response to the LSN
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conditions (<0.5 mm/h). Pluvio PA as reference with single alter shield
within a protected environment resulted in measuring comparable PA for
January 23 but less for May 3. The GCIP PA was relatively larger as
compared to other optical sensors in the later stages of the snow event.
Fig. 18B shows that Uh was usually below 4 m/s, and its effect can be
important for collection efficiency for weighing gauges. Pluvio PA was
not affected significantly with this condition. Overall, LSN PA from various
sensors ranged from 0.6 mm/h up to 1.6 mm/h.

Fig. 19A suggests that using three wires, Geonor PA was consistent with
PAs from other sensors for the first 2 h after snow had started. Later it
increased quickly to large values of PA up to 4 mm. PA estimated with
two wires was found to be less than all others. The PA from Pluvio was

Figure 18 The accumulated precipitation amounts (PA) from eight sensors are shown
in (A) and horizontal wind (Uh) from the WXT50 is shown in (B) for January 23, 2014. The
F1, F2, and F3 indicate PA calculated using a specific vibrating wire frequency. Light
snow segment is roughly indicated by a cloud sketch. These plots show that Geonor
PA is very sensitive for response of vibrating wires to weight of accumulated snow
and wind.
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very close to it. The PA from LPM and GCIP usually agreed to each other.
However, GCIP detected more snow segments for both cases. Overall, large
variability was seen from optical sensors. The FD12p PA was usually larger
than PA from other optical sensors. Note that 10% of SWE used in the PR
algorithm determined by the manufacturers may not be valid for LSN cal-
culations. During the LSN event for May 3, Uh was also similar to January
23 case with its magnitude less than about 4 m/s (Fig. 19B).

Overall, PA time series from the optical probes such as PWD and SWS
are more consistent with each other compared to other sensors for both
cases. Meanwhile, measurements from the weighing gauges are usually
different than from those of PWD and SWS. Based on light wind conditions
it is expected that weighing gauges and optical probes should have similar
PA values. However, this is not the case. In the January 23 case, Pluvio

Figure 19 The accumulated precipitation amounts (PA) from eight sensors are shown
in (A) and horizontal wind (Uh) from the WXT50 is shown in (B) for May 3, 2014. The F1,
F2, and F3 indicate PA calculated using a specific vibrating wire frequency. Light snow
segment is roughly indicated by a cloud sketch. These plots show that Geonor PA is very
sensitive for response of vibrating wires to weight of accumulated snow and wind.
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measurements and those of optical probes are found to be comparable dur-
ing early snow events but significant differences occurred at later times. In
the May 3 case, PWD and SWS measurements were more consistent. How-
ever, weighing gauges were measuring either too low (likely due to wind
induced errors) or too high PA values. For this case, OSI measurements
were being affected by some icing. FD12p measured high PA values; how-
ever, PWD should measure PA better than FD12p because of new technol-
ogy used in the PWD manufacturing. These results are consistent with
Zhang et al. (2015) who stated that optical probes were more responsive
for LSN conditions. Based on the above limited data set, use of optical sen-
sors for LSN detection can only be used cautiously.

Based on the LSN cases studies presented here, weighing gauges may
have significant issues for detection of LSN conditions that are related to
the sensitivity of sensors and wind induced errors.

5.3 Snow Amount From Visibility Measurements
Snow amount and intensity can be obtained using visibility measurements,
and it is commonly used for aviation applications. Visibility is usually
obtained as a function of PR; visibility increases with decreasing PR.
The visibility-PR relationship for LSN conditions defined here
(PR < 0.5 mm/h) may not follow this inverse relationship. The United
States National Weather Service (NWS) defines light snow when visibility
>1 km. Rasmussen et al. (1999) used PR< 1 mm/h for LSN calculations.
Under the LSN conditions, the NWS definition can be flawed because PR
is not always indirectly related to visibility for PR< 0.5 mm/h. In fact there
was a “very light snow” criteria in the past for the surface stations, but it was
taken out to be reported. A direct relationship between light snow PR and
visibility completely contradicts the concept used by aviation applications.
Under the LSN conditions, both visibility and PR can be very small because
of suspended ice crystals, resulting in a direct relationship (as seen in Fig. 20A,
shown by a line with arrow).

The visibility-PR relationship representing the LSN conditions for
SAAWSO (Uh < 5 m/s) and for heavy snow (HSN) conditions represent-
ing SAAWSO and FRAM projects (Fig. 20B) are given in Eqs. (4)e(6),
respectively, as

Vis ¼ 0:9447PR�0:5136
LSN ;R ¼ �0:40; (4)

Vis ¼ 0:7055PR�0:6957
HSN ;R ¼ �0:73 (5)
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Figure 20 The 1-min observations of visibility versus precipitation rate (PR) obtained
from present weather sensor (PWD) instrument during January 23, 2014 case (A). The
red solid line with arrow indicates the region where visibility decreases with decreasing
PR. PWD visibility versus laser precipitation monitor (LPM) PR for entire SAAWSO project
is shown in (B). The purple line indicates the trend of mean values given in (A). The yel-
low solid line is a fit to measurements for entire satellite application for Arctic weather
and SAR operations (SAAWSO) project data. For comparisons, visibility-PR relationship
line obtained using FD12p sensor for entire FRAM project is shown with a green line.
The dashed blue lines represent visibility and PR obtained from Eqs. (7)and(8), respec-
tively. The Case 1 is for ice crystals with branches for low terminal velocities and the
Case 2 is for small single solid ice crystals for higher terminal velocities.
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Vis ¼ 2:4319PR�0:3684
HSN � 1:16: R ¼ �0:65 (6)

Comparisons suggest that for a given visibility (Vis) value, PR for FRAM
is significantly larger than this of the SAAWSO project. This likely happens
because of heavy and wet snow particles occurring at warmer and high mois-
ture environments occurred during the FRAM project. For the LSN case,
visibility-PR relationship (Eq. 4) with low correlation coefficient (R) sug-
gests that visibility can be much smaller for a given PR value compared to
intermediate snow conditions.

Assuming a gamma size distribution (Milbrandt & Yau, 2005; Rasmussen
et al., 1999) visibility and PR equations can be obtained as

VisðcmÞ ¼ A
Gðmþ 1Þð3:67þ mÞ2

Gðmþ 3ÞD2
oNti

; (7)

and
PRðmm=hÞ ¼ BriDoVt=Vis; (8)

respectively, where A and B are 2.49 and 4.68 � 104, Nti the total ice crystal
number concentration, m is the shape parameter, Do median diameter, ri ice
crystal density, and Vt ice crystal terminal velocity. Using Nti ¼ 0.001:0.01:
10.0 cm�3, Do ¼ 1000 mm (called as Case 1), with ri ¼ 0.5 g/cm3 and
Vt ¼ 50 cm/s for dry ice crystals with branches at cold temperatures. A
visibility versus PR plot based on above equations is shown in Fig. 20B. Case
2 represents the same distribution with Do ¼ 100 mm, ri ¼ 0.1 g/cm3, and
Vt ¼ 100 cm/s for dry solid ice crystals. The area between blue-dashed lines
in Fig. 20B indicates that, during LSN conditions, small ice crystals with low
densities can exist in large numbers. This condition may correlate directly
with LSN PR. This suggests that visibility versus PR relationships should be
evaluated cautiously for LSN conditions (Gultepe et al., 2015).

5.4 Statistics on Light Snow Measurements
Observations collected by the LPM sensor during the entire SAAWSO proj-
ect are used to assess LSN impact on snow occurrence. Fig. 21 shows a prob-
ability density function (pdf) plot for PR over entire SAAWSO project that
includes HSN conditions. The fit equation for the pdf of PR based on the
Weibull distribution is obtained as:

pdf ¼ 0:2
a
b

�x
a

�b
e�

x
a
b

(9)
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where x is the PR, a ¼ 0.3407, b ¼ 0.67, and 0.2 is the normalization
factor for the fit. Fig. 21 suggests that PR (<0.5 (or 1.0 mm/h)) occurred at
75% (87%) of time, while the corresponding PA occurred at 11% (20%) of
time. Based on observations, the LSN occurrence period was very large
compared to heavy snow occurrence periods. Assuming that the Goose
Bay area is receiving a total annual snow precipitation water equivalent
amount of about 430 mm (http://www.currentresults.com/Weather/
Canada/Newfoundland-Labrador/snowfall-annual-average.php), LSN
PA/HSN PA is estimated to be 43 mm (11% of total snow precipitation
occurrence). This ratio can be much larger over the cold and dry climates.
For example, this ratio can be smaller over the marine and wet environ-
ments but it would be much larger over the Arctic continental regions. The
LSN impact on climate change compared to HSN is likely much more
important because of extinction of radiation over longer time periods.
Note that the value of 43 mm is also almost equal to the entire Arctic
continental tundra precipitation amount.

Figure 21 Shows histogram of precipitation rate (PR) for entire satellite application for
Arctic weather and SAR operations project over Goose Bay from November 1, 2013 to
May 1, 2014). The pdf of PR is obtained based on the Weibull distribution function given
by Eq. (9) which is shown on the figure.

Light Snow Precipitation and Effects on Weather and Climate 189

Advances in Geophysics, First Edition, 2016, 147e210

Author's personal copy

http://www.currentresults.com/Weather/Canada/Newfoundland-Labrador/snowfall-annual-average.php
http://www.currentresults.com/Weather/Canada/Newfoundland-Labrador/snowfall-annual-average.php


5.5 Missing Snow Effect in Climate Change Assessments
The LSN PA depends on how measurements are analyzed and averaged.
The total amount of precipitation can change from a few 10s of mm per
year to more than 1000 mm, depending on the location on the Earth. In
the northern climates, the total snow precipitation amount is usually less
than a few 100s of mm per year, and it is as low as 100 mm/year in the Arctic
continental areas (Liston & Hiemstra, 2011). As shown in Ballinger et al.
(2013), PA in Arctic tundra regions is almost 50% less than the one of other
Arctic regions when the K€oppen climate classification is used. The K€oppen
climate classification is based only on monthly averaged precipitations and
temperatures, and it is provided with a code of 2- or 3-letters.

To assess the LSN impact on climate, PR should be related to its contri-
bution to the energy budget by the process of sublimation. According to the
energy conservation budget, a relationship between PRsn (mm/day) and its
equivalent energy amount Qe (W/m2) due to sublimation is found as

Qe ¼ KcPRsnLice; (10)

where Kc is a conversion constant as 1/86,400 day, and Lice (J/kg), is the
latent heat of sublimation. When the surface is covered by snow, energy
taken from surrounding air for evaporation of ice crystals (sublimation) is
more than this required for surface covered by water (Barry, 1981). Using
Lice at 0�C as 2.83 MJ/kg and assuming PR ¼ 1 mm/day occurring over the
Arctic regions, Qe becomes 32.8 W/m2. This suggests that latent heat is
released at cloud levels by condensation, and consumed by sublimation of
snow crystals at the surface. Both effects modify the outgoing infrared
radiative fluxes that results in net cooling at the surface. However, detailed
analysis of LSN feedbacks using global climate models (GCMs) may be
required to better assess its relationship on climate budget terms.

If 1 mm snow occurs daily with SWE amount as 30%; based on Eq. (10),
this results inw10 W/m2 energy lost from the Earth surface to atmosphere.
If we assume that LSN at about 1 mm/day occurs 20% of the time in Arctic
regions over 6 month time period, this can result in up to a 2 W/m2 uncer-
tainty daily over a 6 month time period. This value is comparable to the
direct and indirect aerosol effects given in the International Panel on
Climate Change (IPCC) report (2007). Clearly, a daily LSN effect on local
climate can be much larger than the seasonally averaged missing LSN effect.
This missing LSN effect can further contribute to the cooling of the Earth’s
BL surface and enhance IR cooling process (up to 30 W/m2) because of
dehydration at the higher levels by LSN (Girard & Blanchet, 2001a, 2001b).
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The issues with light snow measurements (here called missing
precipitation), and its effects on Earth’s heat and energy budgets can be
significant. The global mean precipitation results based on spatial and
temporal distribution analysis, using satellite observations and gauge
measurements over the 25 year time period 1979 to 2004, is found to be
about 2.61 mm/day (from Global Precipitation Climatology Project
(GPCP) data, Gruber & Levizzani, 2008). This PR suggests that missing
LSN rate, dependent on density and shape of ice crystals, can affects PR un-
certainty more than 50%, if the mean PR is<1 mm/day over Arctic regions
(Walsh, Kattsov, Chapman, Govorkova, & Pavlova, 2002). The results sug-
gest that snow measurements need to be improved down to 0.01 mm/h.

5.6 Overview of Snow Observations and Numerical Models
This section will emphasize issues related to light snow/snow predictions
from forecast models and climate models, and also to solid precipitation
measurements.

5.6.1 Numerical Weather Prediction Models
Precipitation prediction from Numerical Weather Prediction (NWP)
models is strongly influenced by choice of cloud microphysical (CMP)
schemes that usually predict ice mixing ratio and ice crystal number concen-
trations based on an assumed size distribution and a mass-length relationship.
These CMP schemes are related to prescribed-values of physical parameters
for various particle shapes (Gultepe, Axisa, Heymsfield, & McFarquhar,
2017). Precipitation formation is usually defined by autoconversion
algorithms (Liu, Daum, & McGraw, 2006) using a prescribed ice
crystal size of 200 mm (Gultepe et al., 2017). Microphysical schemes
representing bulk and detailed microphysical parameterizations are based
on one-moment, two-moment, and three-moment approaches applied to
assumed size distributions and prognostic equations for one or more cloud
microphysical parameters. Lately, new parameterizations (Harrington, Sulia,
& Morrison, 2013a, 2013b; Milbrandt and Yau 2015; Morrison and
Milbrandt, 2015; Morrison et al., 2015; Sulia, Morrison, & Harrington,
2015) based on single particle microphysics (called predicted particle prop-
erties (P3) scheme), specifically habit dependent, are being developed for
various particle shapes in a bulk microphysical scheme. The microphysical
and dynamical evolution of the cloud, simulated using the adaptive habit
scheme, is compared with results based on spherical particle assumption
with a bulk ice density or a reduced density, and massedimensional
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parameterization (Sulia et al., 2015). Their work showed that the adaptive
habit method returns an increased (decreased) ice (liquid) mass as compared
to traditional schemes. All these new parameterizations are not available for
weather forecast operations but promising to improve ice cloud micro-
physics and eventually light snow precipitation.

Here, using prescribed microphysical relationships for ice crystal shapes
and generalized gamma size distributions, the issues related to snow amount
measurements and simulations are discussed. To emphasize how sensitive are
the forecast models for solid precipitation prediction, the work of McMillen
and Steenburgh (2015) based on National Center for Atmospheric Research
(NCAR) Weather Research and Forecasting (WRF) simulations is used.
Simulation of the Great Salt Lake snow storm that occurred on October
27, 2010 and an ice fog event with very light snow conditions studied by
Gultepe et al. (2015) are summarized to indicate how difficult it is to predict
the LSN amount. The later showed that cloud IWC and Ni, qv, and related
visibility parameters based on various CMP schemes (e.g., Milbrandt & Yau,
2005; Thompson, Field, Rasmussen, & Hall, 2008; Thompson, Rasmussen,
& Manning, 2004, and Morrison et al., 2005; Morrison, Thompson, &
Tatarskii, 2009) were at least 50% different each other. The work of
McMillen and Steenburgh (2015) utilizing the NCAR WRF model based
on Thompson et al. (2008) scheme (THOM), WRF with Double-Moment
6-class MP scheme (WDM6; Lim & Hong, 2010) produced larger snow
amount compared to gauge observations. Overall, areal average precipita-
tion coverage for PA >10 mm/day was overpredicted by the schemes of
MORR (Morrison et al., 2009), GODD (Tao & Simpson, 1989; Goddard
Scheme), and WDM6 compared to the THOM scheme (Figs. 23 and 24)
based on various threshold values of PA.

Based on study of McMillen and Steenburgh (2015), radar-estimated
precipitation (REP) from the lowest elevation angle reflectivity from the
Promontary Point Radar and gauge based snow amounts are shown in
Fig. 22 for the period of 02:30e17:00 UTC on October 27, 2010. In this
figure, gauge measurements shown with unfilled circles (white ones)
show no snow, indicated by <2 mm SWE. Most of the unfilled circles
were covered by REP values >2 mm SWE amount. Large differences indi-
cate undercatch of snow amount because of wind effects but estimation of
SWE by the radar technique was also influenced by the fixed relationship
between PR and Z, and other errors related to beam blockage, evaporation,
ground-clutter contamination etc. The McMillen and Steenburgh (2015)
study clearly showed that total condensate of hydrometeors and snow
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only profiles from all CMP schemes resulted in significant variability
(Fig. 23). Both total condensate and snow amounts averaged over the
time period had at least a factor of two differences among various CMP
schemes. Fig. 24 compares the gauge SWE amounts overlaid on WRF-
based CMP simulation results. In this figure, gauge based SWE with PA
<0.2 mm does not match with well WRF simulations (unfilled circles
seen left bottom). When WRF simulations indicate light precipitation,
gauges SWE amount indicates almost 2 times more SWE amount (right
top in all boxes in Fig. 24) compared to gauges SWE amount.

Overall, the present work suggests that based on biases related to gauge
measurements and issues related to microphysical algorithms used in the
NWPs, LSN prediction using NWPs needs more research and improvement
of both observations and CMP schemes.

Figure 22 The radar estimated precipitation (mm) during snow storm period of 0230e
17:00 UTC (coordinated universal time) on October 27, 2010 with gauge-measured pre-
cipitation indicated by color-filled circles. Red line overlaid as reference. It is adapted from
McMillen, J. D., & Steenburgh, W. J. (2015). Impact of microphysics parameterizations on
simulations of the 27 October 2010 Great Salt Lakeeeffect snowstorm. Weather Fore-
casting, 30, 136e152 by permission of AMS, Boston, MA.
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5.6.2 Climate Models
The light snow observations cannot be obtained accurately because of lim-
itations in measuring snow amounts less than 0.5 mm/hand predicted using
climate models because of uncertainties in precipitation parameterization. In
fact, many observations provided in Arctic regions represent 12 h or daily
accumulated snow amounts (Bogdanova et al., 2002). Serreze and Hurst
(2000) studied issues related to Arctic precipitation and its prediction.
They stated clearly that a major problem in understanding variability in

Figure 23 Vertical profiles of subdomain and storm periodeaveraged mixing ratio of (A)
snow and (B) total condensate (cloud ice þ cloud liquid water þ rain þ snowþ graupel).
It is adapted from McMillen, J. D., & Steenburgh, W. J. (2015). Impact of microphysics
parameterizations on simulations of the 27 October 2010 Great Salt Lakeeeffect snowstorm.
Weather Forecasting, 30, 136e152 by permission of AMS, Boston, MA.
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the Arctic hydrologic budget is related to the uncertainty in precipitation
estimation, and especially in winter precipitation. Weighing gauges or
tipping buckets have limitations related to obtaining snow measurements,
including undercatch of solid precipitation because of wind. Although it is
possible to correct solid precipitation measurements for the effects of winds,
gauge types, and wetting losses (Groisman, Koknaeva, Belokrylova, & Karl,
1991) based on empirical relationships, the density of observing sites over the
Arctic regions is the source of one of the major problems. Because of the low
station density, Arctic areas are usually inadequate for accurate mean snow

Figure 24 Simulated precipitation (mm) during the snow storm period from (A) THOM,
(B) GODD, (C) MORR, and (D) WDM6 microphysical schemes. Gauge-measured precip-
itation indicated by color-filled circles. Red line and subdomain outline overlaid for refer-
ence. It is adapted from McMillen, J. D., & Steenburgh, W. J. (2015). Impact of microphysics
parameterizations on simulations of the 27 October 2010 Great Salt Lakeeeffect snow-
storm. Weather Forecasting, 30, 136e152 by permission of AMS, Boston, MA.

Light Snow Precipitation and Effects on Weather and Climate 195

Advances in Geophysics, First Edition, 2016, 147e210

Author's personal copy



amount calculations (Serreze & Hurst, 2000) and for model simulation
validations.

Snow measurements from instruments, as provided above, can include
large uncertainty that includes wind-induced undercatch, wetting loss,
and missing precipitation amount based on lower threshold values from
sensors (Bogdanova et al., 2002; Gultepe et al., 2015). Usually when trace
amount precipitation occurs, it is assumed to be zero because sensors cannot
detect them or a fixed value of precipitation is added to the total snow
amount. Wind corrections are restricted to horizontal wind speeds of less
than 6.5 m/s (Bogdanova et al., 2002). Blowing snow and blizzard are
main sources of increased precipitation that result in overestimation of pre-
cipitation by the gauges (Bogdanova et al., 2002; Gultepe et al., 2015; Yang
et al., 1998; Yang, Goodison, et al., 1999; Yang, Ishida, et al., 1999).
Bogdanova et al. (2002) and Golubev and Bogdanova (1996) provided a
set of equations for bias correction for solid precipitation, but these equations
are mainly empirical relationships that are derived for certain types of sensors
nd assumptions. The Bogdanova et al. (2002) study provides the corrections
for wetting, evaporation, condensation, and trace precipitation as a function
of RH but these cannot be hold because RH can be much lower when light
snow occurs. Their results are also given over 12-h time periods but accu-
mulation amount of light snow can be much larger if shorter time scales
are considered. The corrections based on their work can be up to 12% of
measured precipitation when the above issues are considered. False precip-
itation can be about 30% of annual precipitation when blowing snow and
blizzards are considered. The Bogdanova et al. (2002) results did not show
result of missing precipitation because of light snow conditions
(<0.5 mm/h) that could not be measured accurately with weighing gauges.

The Atmospheric Model Intercomparison Project (AMIP) models
showed overestimation of annual mean Arctic precipitation as compared to
observations (Fig. 25). Walsh, Kattsov, Portis, and Meleshko (1998) and
Walsh, Vavrus, and Chapman (2005), who used AMIP model simulations,
suggested that monthly precipitation simulated for the Arctic Ocean differs
by a factor of two among the models. For subregions, these differences among
the models were much higher. The observations of precipitation data used in
AMIP validations were corrected for wind, evaporation, wetting, and trace
amounts of precipitation over 0.5ox0.5� grid areas (Legates & Willmott,
1990). Khrol (1996) also provided observational data with cold season correc-
tions applied, and the values of their work were found to be larger than that of
Legates and Willmott (1990). The monthly mean observed values and
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averages over the areas were also provided by Jaeger (1983, pp. 129e140) and
Vowinckel and Orvig (1970), respectively.Walsh et al. (1998) using their data
from 1979 to 1988 time period suggested that AMIP model results are 50e
100% greater than observed estimates of Jaeger (1983, pp. 129e140) and
Vowinckel and Orvig (1970) in the 50e70�N latitudes. Although observa-
tions are mainly corrected for biases associated with wind and other errors
(Yang & Ohata, 2001), models usually generate very large values of snow
amounts compared to observations. These comparisons did not address trace
amounts of solid precipitation but total snow amounts.

Based on measurement issues related to solid precipitation when
PR < 0.5 mm/h, it is very difficult to validate model-based predictions.
In fact, biases in observations of snow measurements can be much larger
than the LSN values. Walsh et al. (2002) used 13 global atmosphere-only
climate models (AMIP-II) and eight coupled atmosphere-ocean-ice models
from the data distribution center of the Intergovernmental Panel on Climate

Figure 25 Mean seasonal cycles of area-averaged precipitation for the Arctic Ocean
area poleward of 70�N: Atmospheric Model Intercomparison Project-I (AMIP-I) model
results relative to range of observational estimates (shaded area). It is adapted from
Walsh, J. E., Kattsov, V., Portis, D., & Meleshko, V. (1998). Arctic precipitation and evapo-
ration: model results and observational estimates. Journal of Climate, 11, 72e87 by
permission of AMS, Boston, MA.
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Change (IPCC). Their results suggested that T variances in coupled models
were larger than T of the uncoupled models. Precipitation amount is still
overestimated compared to AMIP-I results and the bias was larger in the
coupled models. Walsh et al. (2002) stated that major issues for assessment
of simulated precipitation in high latitudes are related to uncertainty in
snow measurement, and these are related to solid precipitation under the
windy conditions and blowing snow effects. Their work citing Bogdanova
et al. (2002) stated that precipitation measurements can be in error by up to
50% uncertainty. Based on ice fog studies, Gultepe et al. (2015) suggested
that light snow particles may have fall speeds of 10 cm/s and this suggests
that LSN amount may not be measured accurately even under wind speeds
of less than 1e2 m/s. Fig. 26 shows that the AMIP-II models estimate the
precipitation amount to be much larger as compared to measured snow
amounts, even if corrections are applied to Arctic snow measurements
(Bryazgin, 1976; Khrol, 1996) above 65�N.

Large-scale climate models have severe issues regarding predicting T and
cloud fraction (cf) over the Arctic regions. Tao, Walsh, and Chapman (1996)
and Tao et al. (2003) using Arctic seasonal T and cf observations based on 10-
year (1979e88) data set and simulation results from the 19 AMIP models for
winter, i.e., during the time period of December, January, and February
(DJF) found that differences in T and cf were about more than 20�C and
50%, respectively. Fig. 27 shows T (A) and cf (B) plotted versus latitude
and months, respectively, for 10 climate models. The heavy solid line is
for observed values. Cold bias during winter at about 1e3�C exists (Tao
et al., 1996) over the Arctic Ocean and a maximum at 3.3�C (sd ¼ 3.4�C)
over northern Eurasia. Clearly, large-scale precipitation parameterization
(Sundqvist, Berge, & Kristj�ansson, 1989) is strongly related to both cf (also
RH) and T and these parameters have very large biases.

The precipitation prediction from climate models uses a precipitation
parameterization based on Sundqvist et al. (1989) that is a function of cf,
LWC, RH, and T. Any bias related to these parameters affects winter pre-
cipitation. It is shown in the work of Vavrus and Waliser (2008) that climate
models (including National Center for Atmospheric Research (NCAR)
Community Atmosphere Model Version-3 (CAM3)) generate excessive cf
in the BL low cloud amount. They modified the traditional use of the
cf ¼ f(RH,RHmin) relationship where RHmin is an assumed threshold value
of RH of 0.8 over land and 0.9 in other places. Based on Thompson and
Pollard (1995) method, a threshold value of specific humidity (qct) of
0.003 kg/kg (3 g/kg) is used to improve cf for low clouds. Performing this
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new calculation, bias in cf is reduced up to 85%. Based on control runs of the
Community Climate SystemModel Version-3 (CCSM3; Vavrus &Waliser,
2008), low cloud amount bias is predicted more than 30% in northern
latitudes, and that amount resulted in T bias at about 2e10�C. These results
clearly showed that because of high biases in both T and cloud cover, LSN
amount cannot be accurately predicted by using climate models. The new
parameterization based on an assumed qc reduced the bias by up to 50% dur-
ing DJF (December, January, and February) time period. This uncertainty in
fact exists in many climate models as described by Vavrus and Waliser

Figure 26 Composite annual mean precipitation rate (mm/day) from the uncoupled
Atmospheric Model Intercomparison Project-II (AMIP-II) models (A) and the coupled
IPCC/DDC models. (B). Corresponding departures from observational climatology of
Bryazgin (1976) are shown in (C) and (D). It is adapted from Walsh, J. E., Kattsov, V. M.,
Chapman, W. L., Govorkova, V., & Pavlova, T. (2002). Comparison of Arctic climate simu-
lations by uncoupled and coupled global models. Journal of Climate, 15, 1429e1446 by
permission of AMS, Boston, MA.
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(2008). A latest work on cloud cover predicted by the climate models and
observations also showed that cloud cover ranges from 40% to 90% for a
given month (Christensen et al., 2016), suggesting that winter precipitation
from models still needs to be improved before it can be used for LSN
predictions.

The bias in precipitation amount was decreased with the new parameter-
ization using a threshold for qc but snow precipitation simulations and
measurements are still a major issue for cold climatic regions, because the
precipitation amount from a model grid area is related to cloud cover

Figure 27 Zonal average of the 10-year seasonal mean temperatures of the
Atmospheric Model Intercomparison Project (AMIP) models for winter (Dec, Jan, and
Feb) (top box). The legends shown on the right are for models used in the work. Bottom
box is for annual cycle of monthly mean cloud total cloudiness (%) over the Arctic
Ocean versus months. Heavy solid line is for observed values of cloud cover for 75�N-
85�N of Vowinckel and Orvig (1970). It is adapted from Tao, X., Walsh, J. E., &
Chapman, W. L. (1996). An assessment of global climate model simulations of Arctic air
temperatures. Journal of Climate, 9, 1060e1076 by permission of AMS, Boston, MA.
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amount and thermodynamic parameters. Prediction of LSN amount from a
climate model is still an important issue because of very large biases related to
T, qc, and cf ; therefore, climate simulations were not performed in this study.
Note that cloud cover parameterizations do not provide information on
optical depth, water amount or cloud thickness, and, therefore, large uncer-
tainties can exist when LSN conditions are considered.

6. CONCLUSIONS

Precipitation processes are important for climate change assessment,
hydrological cycle representing water cycle in the atmosphere and over
the Earth surface, NWP model validations, and aviation applications. The
LSN (defined as PR < 0.5 mm/h) precipitation in cold climates usually
cannot be measured accurately because of instrumental limitations. These
limitations include lack of sensor calibrations for cold weather conditions,
and unreliable response of the optical sensors to the cold and harsh
environments.

The missing part of the total snow precipitation amount, including ice
crystals from clouds, ice fog crystals, and diamond dust particles, is impor-
tant for hydrological assessment and weather applications. The LSN pre-
cipitation can also be responsible for discrepancies in precipitation
retrievals between remote sensing platforms and in situ observations, as
well as between model-based predictions and in situ-based observational
analysis results.

Other issues such as time and space scale variability of cloud parameters,
the chaotic nature of snow formation processes, measurement errors, as well
as processing the data with interpolation and areal sampling errors (Rasmus-
sen et al., 1982; Rudolf et al., 1994) can affect the snow precipitation trends
and its energy equivalent values for studying global precipitation anomalies
accurately. It is possible that future precipitation studies using Arctic
observing satellite measurements (Trishchenko, Garand, & Trichtchenko,
2011) can improve the light snow observations but limitations in retrieval
techniques related to particle spectral physics and ice cloud processes can still
affect the quality of the LSN quantification.

Here, the LSN events that occurred during the field project for two cases
are provided. Then, a summary of entire snow events for the winter of
2013e14 (Fig. 21) is given. Overall it is found that LSN events can be better
represented by optical spectral precipitation probes (OSPP) and PWOS. The
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following conclusions based on the results can be obtained from the current
work:
1. Light snow precipitation measurements over cold climates cannot be ob-

tained accurately using weighing gauges because of collection efficiency,
sensor sensitivity, environmental factors such wind-induced errors, and
calibration issues.

2. Present weather optical sensors such as PWD and SWS can be used to
detect and measure LSN precipitation amounts <0.5 mm/h. Further
validations and research can improve the outcome of this work although
results are consistent those from Zhang et al. (2015).

3. The impact of light snow measurements (Fig. 21) on the assessment of
climate change needs to be accurately addressed. This impact can be
responsible for Arctic cooling processes and modifying frontogenesis
events.

4. LSN can significantly affect visibility conditions over the Arctic regions
because of large amount of small ice crystals.

5. Integration of precipitation observations over various size ranges
obtained from various instruments is recommended to better predict
and characterize light precipitation conditions, visibility, and model
performance assessments.

6. Measurements from the instruments such as GCIP can improve detecting
and measuring ice crystals and ice fog, as well as light snow precipitation
spectral characteristics. Therefore, these observations can serve to
improve assessment of LSN effect on weather and climate issues.

7. The 3D wind conditions in the analysis of light precipitation should be
considered because of the way small particles move with wind flow. This
effect is minimized when optical sensors e.g., OPWS sensors are used for
light precipitation measurements. For the GCIP case, this condition can
be ignored because of air flow into inlet at 25 m/s.

8. Missing precipitation due to measurement limitations of ice crystals and
drizzle can significantly affect the mean precipitation values and precip-
itation duration over the colder and continental climatic regions. These
limitations cannot be simulated by numerical models (Gultepe et al.,
2015) using current model physical algorithms.

9. Aviation applications related to visibility may be impacted by large
uncertainty in snow measurements during which LSN can affect the
visibility significantly. Visibility-PR relationships for heavy snow condi-
tions cannot be valid for LSN conditions.
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In the future, observations from various projects will be used for more
detailed quantitative assessments of the LSN effects on weather and climate
issues over the Arctic regions.

APPENDIX

Table A1 Nomenclature
Acronyms Definition

A Constant as 2.49
a Constant as 0.3407 in Weibull distribution
Ac 3.6 � 10þ4 constant in precipitation rate calculation
B Constant as 4.68 � 104

b 0.67 in Weibull distribution
CAPE Convectively available potential energy
cf Cloud fraction
D Diameter of spherical ice crystals
Do Median diameter
DAS Data acquisition system
DELSN Direct effect of light snow
DMT Droplet measurements technologies
DSP Digital signal processor
E Polar regions based on K€oppen classification
EC Environment Canada
ET Polar tundra based on K€oppen classification
EF Polar ice cap based on K€oppen classification
EM Polar marine based on K€oppen classification
FD12p Vaisala present weather sensor
FMD Fog measuring device
FRAM Fog remote sensing and modeling project
GCIP Ground cloud imaging probe
GPCP Global precipitation climatology project
HSN Heavy snow
ELSN Indirect effect of light snow
ILW Integrated liquid water
IN Ice nuclei
IPCC International panel climate change
IR Infrared radiation
IWC Ice water content
IWV Integrated water vapor

(Continued)
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Table A1 Nomenclaturedcont'd
Acronyms Definition

Kc Conversion constant as 1/86,400 day
Lice Latent heat of sublimation of ice crystals
LPM Laser precipitation monitor
LSN Light snow
LWP Liquid water path
LWC Liquid water content
m(D) Ice crystal mass at diameter D
m Ice crystal or snow mass
MWR Microwave radiometer
N(D) Particle spectra
NFL NewFoundLand
Ni Ice crystal number concentration
Nti Total ice crystal number concentration
NN Neural network method
NWP Numerical weather prediction
NWS National weather service
PA Accumulated precipitation
PADS Particle analyzing and display software
PMWR Profiling microwave radiometer
PR Precipitation rate
PRH PR for heavy snow
PRL PR for light snow
PRsn PR for snow
PRT PR for total snow PR
PSD Particle size distribution
PWD Present weather sensor from Vaisala Inc.
qc Specific humidity
qct Specific humidity threshold
REP Radar-estimated precipitation
RHw Relative humidity with respect to water
RHi Relative humidity with respect to ice
RHmin Assumed value for RH used in cloud fraction estimation
SAAWSO Satellite application for Arctic weather and SAR operations
SAR Search and rescue
OPWS Optical present weather sensor
OSPP Optical spectral precipitation probes
SWE Snow water equivalent
SWS Metek present weather sensor
T Temperature
Td Dewpoint temperature
Tir Infrared cloud base temperature
Tamb Ambient air temperature
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