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Abstract: Accurate measurement of solid precipitation (S) has a critical importance for proper un-
derstanding of the Earth’s hydrological cycle, validation of emerging technologies and weather pre-
diction models, and developing parameterizations of severe weather elements such as visibility
(Vis). However, measuring S is still a challenging problem mainly because of wind effects. The
wind effects are normally mitigated by using a Double-Fence Automated Reference (DFAR) system
to reduce the wind speed (Ug). To contribute towards addressing some of these issues we have an-
alyzed data sets collected at a site located in Southern Ontario, Canada using several instruments.
The instruments include two Geonor gauges, one placed inside a DFAR (Spgar) and the other inside
a double Alter shield (DASg), a Pluvio2 gauge inside a single Alter shield (SASp), a HotPlate, a PAR-
SIVEL2 Disdrometer that measures S and fall velocity (V), and a FD12P senor that measures S and
type and Vis. The results show that for the U, observed in this study (U; <6 ms?), both DAS; and
SASp have similar collection efficiency (CE) of near 70%. The transfer functions (TF) for DAS; and
SASp as a function of U, and also Uy, and V have been derived. The TF for the DAS that includes
both U, and V showed better agreement with observation than just U, alone. The S measured us-
ing all the other instruments were correlated well with Spgag, but the PARSIVEL2 and FD12P over-
estimated and underestimated the snow amount respectively as compared the Sppar. However, the
HotPlate captured similar amount of S as the Sppag. According to this study, the Sppar showed
good correlation with Vis.

Keywords: solid precipitation and type measurements; solid precipitation catch efficiency; snow
gauges; non-traditional solid precipitation censors; visibility in snow; aviation

1. Introduction

Accurate measurement of solid precipitation (S) is critical for understanding of the hydrological
cycle and validation of numerical weather prediction (NWP) models, particularly for severe weather
forecasting and nowcasting applications that are relevant for aviation and ground transportation.
Reduction of visibility due to snow is one of the major causes of aviation related delays (Ballesteros
and Hitchens, 2018) and ground transportation accidents (Das et al. 2018; Eisenberg and Warner, 2005).
In fact, solid precipitation intensity is estimated based on visibility, particularly for aviation applica-
tion (Rasmussen et al., 1999; Boudala and Isaac, 2009). Many of the current NWP models parameterize
visibility in terms of S (Rasmussen et al., 1999, Boudala and Isaac, 2009; Gultepe et al., 2010). These pa-
rameterizations were mainly developed based on low resolution (e.g., hourly, daily) manually deter-
mined S or non-standard snow gauge data. Developing a better parametrization is challenging due
to the difficulty associated with characterization of scattering properties of snow particles (Rasmussen
et al. 1999, Boudala and Isaac, 2009, Falconi et al., 2018).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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One of the ways to mitigate the effects of wind speed that normally diminishes the catch effi-
ciency of many traditional snow gauges use a standard wind shied referred to as Double Fence Inter-
comparison Reference (DFIR) as recommended by the World Meteorological Organization (WMO)
(Goodison et al, 1998) (see Figure 1). Using this as a reference, correction or adjustment factors normally
referred to as transfer functions of various precipitation gauges without or with shields (single or
double Alter) can be developed. Previously these transfer functions were derived based on coarse
time resolution data (e.g. daily accumulated precipitation data) (Goodison et al, 1998; Goodison and
Yang, 1995). Currently there are a number of studies of solid precipitation catch efficiency of auto-
mated Geonor or Pluvio2 gauge with a single Alter shield configuration set to collect data at high
temporal resolution (e.g., Kochendorfer et al., 2017; 2022 Smith and Yang, 2010). These studies are also
mainly related to the effects of wind speed normally captured using some type of adjustment or
transfer functions as summarized in recent papers (e.g., Kochendorfer et al. 2022, Zhang et al., 2022;
Pierre et al., 2019). There are, however, relatively limited studies of catch efficiency of the automated
Geonor with double Alter shield configuration (e.g., Rasmussen et al, 2012). Furthermore, although
Some studies also include the effect of temperature (Kochendorfer et al., 2017; Koltzow et al., 2021), the
catch efficiency or transfer functions that explicitly consider other parameters such as fall velocity are
also limited in literature, particularly based on in-situ measurements (Colli et al., 2020, Leroux et al.,
2021, Hoover et al., 2021).

Figure 1. The configuration of the DFAR (a), a single Alter shielded Geonor inside an orthogonal
shield (b) and double Alter shielded Geonor (c).

In this paper, high-resolution solid precipitation data collected using an automated Geonor
gauge placed inside an orthogonal double fence normally referred to as Double Fence Automated
Reference (DFAR ) is used to develop and test new transfer functions for Geonor gauge with a double
Alter shield and OTT Pluvio2 gauge with a single Alter shield. The transfer functions are developed
based on both wind speed and fall velocity and wind speed alone. A number of non-traditional pre-
cipitation sensors were also evaluated using the DFAR data. By taking advantage of the DFAR solid
precipitation intensity data, new visibility parameterizations are also developed and compared
against the one found in literature. The paper is organized as follows: The material and methods are
discussed in Section 2, the results are presented in Section 3 and the conclusions are given in Section
4.

2. Materials and Methods

2.1. The Geonor T-200B3 and OTT Pluvio2 Gauge Data Analysis

The Plivio2 and Geonor gauge data used in this study is mainly based on data collected during
2012-2013 period at the Centre for Atmospheric Research Experiment (CARE) site located at the
Southern Ontario, Canada as part of the Solid Precipitation Intercomparison Experiment (SPICE)
project (Nitu et al., 2018). The solid precipitation rate or accumulation being discussed in this paper is
defined as liquid water equivalent (LWE) (Boudala et al., 2017; Rasmussen et al., 2012). The Geonor T-
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200B3 precipitation gauge used in this study is described in many publications including (Nitu et al.,
2012; Smith et al., 2020; Leroux et al., 2021; Kochendorfer et al., 2017, Rasmussen et al., 2012). The instru-
ment employs three transducers/wires combinations for precipitation accumulation measurements.
The transducers cause the wires to vibrate and their vibrational frequency measurements are used to
determine the depth through a frequency-dependent quadratic equation and this is converted to lig-
uid equivalent solid precipitation. The Geonor gauge with a single Alter shield was installed at 3 m
height inside an orthogonal double fence, the DFAR as shown in Figure 1 to minimize the effect of
wind. The raw data contains precipitation accumulation corresponding to each wire calculated at 6
seconds time intervals. At such a high temporal resolution, the Geonor raw data can be quite noisy
even with reduced wind effects, particularly under clear and light precipitation conditions, and hence
requires careful assessment of each data set. For this study we have selected 23 mostly snow days
based on measurements of present weather sensors. The algorithm used for data analysis is described
in Boudala et al., (2016). The first step is removing any suspicious artifacts in the data using some
reasonable thresholds. After removing the artifact, the data is de-noised using coefficients of Gauss-
ian low-pass filter and Matlab zero-phase forward and reverse digital filtering method. The digitally
filtered data is assessed for possible false precipitation events using the FD12P probe and if found
they are removed from the data. The average of the three wires was used unless one of the wires is
deviated from the mean by twice the minimum standard deviation of one of the wires (see Boudala et
al., 2016). For precipitation type, wind speed and temperature studies, 10 min averaged data was
used and for the catch efficiency study, 30 min averaged data was used and the precipitation data
less than 0.2 mmh" have been ignored.

The physical description and operating principles of the OTT Pluvio2 200 gauge used in this
study is also described in SPICE reports (Nitu et al., 2012 ; Nitu et al., 2018). The gauge has a sampling
area of 200 cm? and collection capacity of 1500 mm. The operating principle is based on collecting the
precipitation particle in bucket and weighing the content using a high-precision stainless steel load
cell. The load cell is hermetically sealed in order to be protected from unwanted environmental ef-
fects. The sampling resolution was 6 seconds similar to the Geonor data. The accumulated total non-
real time liquid equivalent solid precipitation was used and processed the same as the Geonor data
described earlier. The functional form of the collection efficiency (CE) Geonor or Pluvio2 gauges gen-
eral follow Boudala et al., (2017) in a form

CE(u,)=1—aexp <;—b) , 1)
or
CE(ug,v) = exp(—aUf +cvV —d) , )

where U, is the wind speed at the gauge height level given in ms?, and V is the measured fall ve-
locity is also in ms™, and a, b, ¢, and d are some constants determined using regression model based
a Matlab code. These results will be presented in Section 3.

2.2. Precipitation Intensity, Type, and Fall Velocity

Precipitation intensity and type were also measured using the Vaisala FD12P present weather
sensor and he OTT PARSIVEL2 Disdrometer. The precipitation intensity and fall velocity are also
measured using the Yankees HotPlate sensor, and the PARSIVEL2 respectively. These specialized
instruments were deployed by the High Impact Weather Research (HIWR) group of the Environment
and Climate Change Canada. The detailed descriptions of the FD12P are given in Haavasoja et al., 1994
and Boudala and Isaac (2009) and the PARSIVEL Disdrometer probe is originally developed by
Lofflermang and Joss, (2000) and also described in a number of papers in literature (e.g. Battaglia et al.,
2010; Bouadala et al.,2014 and references there in). The Yankees HotPlate is described in Boudala et al,
(2014) as well as in Rasmussen et al., (2011). In this paper only brief descriptions of the instruments
will be presented in Appendix A.
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3. Results

3.1. Precipitation Type, Temperature and Wind Speed Distributions.

Figure 2 shows the distributions of most probable precipitation type within 10 min interval
based on the FD12P probe (Figure 2a), 10 min averaged temperature (Figure 2b) and wind speed
(Figure 2c), and maximum wind within 10 min time interval of 1 min averaged data (Figure 2d).
Based on these results the dominant precipitation type in this dataset is snow followed by snow
grains and ice crystals. There have been a few rain and drizzle events, but no mixed phase conditions
were observed although the probe reported a few unknown precipitation types. The dominance of
solid phase precipitation type is consistent with the distribution of temperature (Figure 2b) that
shows mainly cold temperature conditions (-20 °C < T < 0 °C). It should be noted here that in these
temperature range it is possible to have mixed phase supercooled icing condition, but for these stud-
ies all solid precipitation case datasets were chosen. The 10 min averaged wind speed measured using
the Vaisala NWS425 ultrasonic wind sensor reached 8 ms, but majority of wind speed ranged be-
tween 2 and 4 ms™ (Figure 2c), and the maximum wind events that exceeded 8 ms™ occurred at rela-
tively lower frequency (Figure 2d). Nonetheless, as will be discussed later these wind speeds are still
quite significant for degrading the collection efficiency of the Geonor gauge, but no significant blow-
ing snow conditions are expected. Since the precipitation is measured at 6s time intervals, the wind
gust at such a high temporal resolution (not discussed here) could be quite significantly higher than
the 1 min averaged wind speed (Figure 2d) that can be potentially enhance the wind effect.
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Figure 2. Precipitation type represented by symbols (C = clear, snow, S = snow, SP = snow pellets , IP
=ice pellets, snow grain = SG, IC=ice crystal, R=rain , L = Drizzle, P= unknown, M = mixed phase, ZL
= freezing drizzle, and ZR= freezing rain, (a), temperature (b), and 10 min averaged wind speed (U;)
and 1 min averaged maximum wind measured at 3 m height.

Figure 3 shows the distribution of 10 min averaged fall velocity (V) of different kind of solid
precipitation types based on the PARSIVEL measurements (Figure 3a—c) including some drizzle
events (Figure 3d). The dominant fall speeds of solid phase precipitation particles range 1- 2 ms* and
for the drizzle drops, the fall speeds were larger ranging between 3 and 4 ms. Particle fall velocity
increase with increasing snow density and size (Mifchell, 1996), and studies show that snow catch
efficiency improves with increasing fall velocity (e.g., Leroux et al., 2021; Thériault et al., 2015, Colli et
al, 2020). Note also that there are some overlaps of fall velocity between solid and drizzle particles.
This is most likely related to size, particle habit and snow density variations as mentioned earlier that
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normally complicates the fall velocity and size relationships. In this study the 30 min-averaged fall
velocity will be used for characterization of catch velocity of a Geonor gauge and this will be dis-
cussed in Section 3.2.
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Figure 3. The frequency distribution of fall velocity (V) of snow (a), snow grain (b), ice crystals (c) and
drizzle (d) based on the PARSIVEL?2 data. .

3.2. Solid Precipitation and Collection Efficiency of Geonor Gauge with a Double Alter Shield as a Function
of Wind Speed and Fall Velocity.

Figure 4 shows collection efficiency of the Geonor gauge with a double Alter shield segregated
based on fall velocity values and two fitted curves as a function of U, alone based on this study
(CE(Ug)-fit) and Rasmussen et al., (2012) (CE(Ug)Rassu) (see Table 1) (Figure 4a) and the associated

comparisons against observation (Figure 4b,c). Based on these results, there is some evidence that
particles having relatively higher fall velocities are captured better, particularly at higher wind
speeds (Figure 4a) confirming the theoretical modeling studies (Thériault et al., 2012; Thériault et al.,
2015) as well as measurement. The comparisons of the two curves agree reasonably well with obser-
vation with correlation coefficient (R = 0.8), but the one based on Rasmussen et al., (2012) slightly un-
derestimated the efficiency with Root Mean Square Error (RMSE) value of 0.09 as compared to 0.074
(Figure 4b), particularly at lower wind speeds (Figure 4a,c). A transfer function that includes both Ug
and V is also derived using a multiple linear regression model based on built in Matlab code and
given in Table 1 and the comparison of this function against observation is shown in Figure 4d. Based
on results showed in Figure 4d, the addition of fall velocity slightly improves both the correlation
coefficient and RMSE values as compared to those use wind speed alone (Figure 4b,c). As indicted in
Figure 4b—d, it is evident that all the transfer functions systematically underestimate CE between 0.8
and 0.9, which would be under calm conditions (1< U, <2 ms™) (Figure 4a), this is particularly more
evident in the Rass12 transfer function that tends to underestimate CE at wind speeds (U; <3 ms™ ).
These could be associated with many factors including uncertainty in the functional form of the trans-
fer function under relatively calm conditions when the effect of wind is relatively low and other fac-
tors such as temperature and particle type can play some roles, but not properly captured in the
transfer function.

doi:10.20944/preprints202306.2245.v1
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Figure 4. Collection efficiency (CE) of Geonor with double Alter shield as a function of gauge height
wind speed (Uy) and fall velocity (V) (a), comparisons of the parameterization of CE as a function of
Ug (b), Rasmussen et al., 2012 (Rass12) and as a function of Uy and V (d) against observation.
Table 1. Transfer functions for collection efficiency (of) double Alter Geonor gauge.
Sources Catch efficiency parameterization RMSE
) 3
In this work-Geonor double Alter CE(ug) =1-09exp(— U—) 0.074
g
shield
In this work CE(ug,v) = exp(—0.0233U,**" + 0.3553V 0.07
—0.4483)
Rasmussen et al., 2012 CERaSSu(ug) =094 - 0.09U, 0.09

Figure 5 shows the collection efficiency of none tradition optical probes the HotPlate (Figure 5a),
Vaisala FD12P (Figure 5b), and PARIVEL2 (Figure 5c). As indicated in the figure, there is no well
defined wind speed dependent of the collection efficiency of HotPlate or FD12P, particularly the
FD12P as would be expected (Figure 5a,b). However, for HotPlate there is a tendency of decreasing
collection efficiency with wind speed for wind speeds (U, <3 ms™), but for higher wind speeds no
significant wind speed dependence (Figure 5a), thus in this study no additional wind peed correction
was applied as has been for example in Rasmussen et al., (2011). In case of the PARSIVEL, the collec-
tion efficiency decreases with wind speeds (U, < 3 ms™), but increases with wind speed for wind
speeds (Ug >3 ms), and generally, the PARSIVEL Disdrometer overestimates the solid precipitation
rate (Figure 5c) similar to studies reported earlier (Boudala et al., 2014). These discrepancies could be
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also related to uncertainty related to derivation of precipitation intensity implemented in the internal
algorithm used in the probe. As discussed in Boudala et al, (2014), the use of different snow density —
size relationships result in different solid precipitation intensities. In this study, no modifications or
assumptions were made for calculating the solid precipitation intensity.
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Figure 5. Collection efficiency of HotPlate (a), FD12P (b), and PARSIVEL2 (c) as a function of wind
speed (Ug) measured at gauge height level (c).

Figure 6 show scattered plots and the best fit lines of the solid precipitation rates measured using
the PARSIVEL?2 (Figure 6a), HotPlate (Figure 6b), and FD12P (Figure 6c) against the Sppagr. All the
intensities measured by all the instruments correlated quite well with correlation coefficients (R )
better than 0.9, but the PARSIVEL probe overestimates S from both light to high S as compared to the
Sprar (Figure 6a). The HotPlate, however, overestimates light S (S < 0.5 mmh-!), but underestimates
S for S> 0.5 mmh (Figure 6b). In contrary the FD12P mainly underestimates S for all solid precipita-
tion range.
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Figure 7 shows the accumulation (Figure 7a) and intensity of S (Figure 7b) based on all instru-
ments and those adjusted (adj) based on unadjusted DAS Geonor (DAS), adjusted witha CE(ug) and
CE(ug,v) represented by DAS, and DAS, _, respectively. The PARSIVEL2 overestimates the accu-
mulation relative to the Sppar by close to 28%. On the other hand the accumulation based on the
HotPlate is relatively quite close to the Sppar. The FD12P performed as well as the unadjusted DAS,
but unadjusted DAS underestimates the snow accumulation as compared to the Sprar by close to
32% which is similar to the estimated errors reported in the users manual.
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Figure 7. Comparisons of snow accumulation of Sprar, and several instruments given in Figure 6,
unadjusted (DAS), adjusted (adj) based on the transfer functions in Table 1 (DAS, ), (DAS, _y), and

DASug _rass12) (@) and the associated solid precipitation intensities (b).
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3.3. Solid Precipitation and Collection Efficiency of Pluvio2 Gauge with a Single Alter Shield

In order to compare collection efficiency of Pluvio2 with a single Alter shield reported in Boudala
et al., (2017) and Kochendorfer et al., (2017), similar data analysis to Geonor gauge was performed and
the results are given in Figure 8. The collection efficiency calculated here is relative to Sprar and
single Alter shield Pluvio2 gauge (SAS). According to Kochendorfer et al., (2017), Sprar measured us-
ing Geonor and Pluvio2 were identical and hence the uncertainty associated with using the Sprsr as
a reference is expected to be negligible. The collection efficiency of SAS Pluvio2 gauge derived based
on data at Cold Lake Alberta (Boudala et al., 2017) (CE(ug)82017) is identical to CE of SAS Pluvio2

(CE(ug ) Figure 7a ) and both are shown in Table 2. For comparison, the CE reported in Kochendorfer
et al., (2017) (CE(ug)K2017

the one derived in this study and as a result there are some differences particularly at higher wind
speed (Ug >3 ms'and Ug<2 ms'), but as will be discussed later both transfer functions gave very

) is also shown. The functional form of this CE is different as compared to

similar accumulation. The transfer function based on this study, B2017 and K2017 are given in Figure
8b,c,d respectively. The correlation coefficients are similar (0.84-0.86), B2017 and the one derived in
this study is slightly higher. The RMSE values are also similar (0.13-0.14), but K2017 clearly shows
overestimation of CE (for CE <0.6) and underestimation of CE (for CE>0.9).
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Figure 8. Collection efficiency of Pluvio2 with a single Alter shield (CEpjyvio2 ) (a), the observed
( CEgps) compared to CE(ug) (b), CE(ug)pzo17 , (Boudala et al, 2017) (c) and CE(ug)kz017
(Kochendorfer et al., 2017) (d).
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Table 2. Transfer functions for collection efficiency (CE) for single Alter shield Pluvio2.

Sources Catch efficiency parameterization RMSE
3
In this work CE(ug) = 1~ 0.9exp(~ ) 0.13
g
4.595
Boudala et al., (2017) CEpi7(ug) =1 — 1.517exp(— )
g 0.13
0.14
Kochendorfer et al., (2017) | CEgy7(ug) = 0.336 + 0.728exp(—0.23U,)

Figure 9 Shows the accumulation based on Spgar , SAS Pluvio2 without correction, and ad-
justed based on this study (SASug), SASug_32017 , and SASug_K2017. As mentioned earlier all the collec-
tion efficiencies gave similar accumulations, although K2017 gave slightly lower accumulation and
including slight overestimation of B2017, the new CE based on this study gave a better result. How-
ever, the unadjusted SAS Pluvio2 underestimated the S as compared to the Sprar by about 31%
based on this study.
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Figure 9. Accumulation of S based on the Spgagr, adjusted (adj) with CE(ug) (SASy,), CE(ug)
(SASug—Bozn)r and CE(ug)K2017 (SASug—K2027)~

B2017

3.3. Visibility and Solid Precipitation Intensity

As discussed earlier accurate determination of solid precipitation has very important implica-
tions for nowcasting and forecasting visibility (Vis) in snow, particularly for aviation where the visi-
bility information is also used for aircraft ground operation. Although there is a weak temperature
dependent, it is mainly the visibility data that is being used to estimate solid precipitation intensity
by assuming the existence of strong correlation between Vis and S. Thus, testing the validity of this
assumption using the DFAR data has critical importance, particularly for aviation. Some applications
of the Vis—S relationship in aviation, for example, include during daytime and temperatures (T <-1
°C ) conditions (that is consistent with visibility data used in this paper), the S thresholds adapted
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by Transport Canada (TC) based on visibility are: Very light (Vis > 3.219 km), light (1.408 km <Vis <
3.219 km), moderate (0.604 km < Vis < 1.408 km) and heavy (Vis < 0.604 km) (TC, 2020-2021). This
information is used as a guideline for estimating aircraft holdover time and de-icing operation (TC,
2020-2021). In the guidance table, the visibility data is also segregated according to daytime and
nighttime conditions (TC, 202-2021), and this issue is discussed extensively in the previous studies
(Boudala et al.,2012; Boudala et al., 2022, Rasmussen et al, 1999). According to Boudala et al., (2012), the
nighttime visibility (V},) can be related to daytime visibility (Vy) as

V, = 1.31V)7%, 3)

where Vy is given in km. Most automated present weather sensors including the FD12P used in this
study are not equipped to distinguish between V4 and V;, as a result, they report visibility only rel-
ative to Vg, but can be adjusted for nighttime condition using Equation (3).

There are no universally accepted thresholds for LWE solid precipitation intensity for applica-
tion in aviation. In this paper we will use as a reference the LWE snow intensity thresholds as very
light (0.3 <S<0.4 mmh™?), light (0.4 <S<1 mmh™?!), moderate (1 <S<2.5 mmh™?), and heavy (S>2.5
mmh~?) adapted by Society of Automotive Engineers (SAE) to select de-icing fluids (Leroux, 2022).
Rasmussen et al., (1999), also recommended similar thresholds.

Figure 10 shows 10 min averaged visibility measured using the FD12P plotted against the 10
min averaged Sppagr. According to this result, there is a tight correlation between the observed visi-
bility and Sprar (R = 0.9) (Figure 10a), showing better agreement as compared to the previous stud-
ies that used non-standard or manually determined solid precipitation data (Boudala and Isaac, 2009;
Rasmussen et al., 1999; Gultepe et al., 2010). A number of visibility parameterizations are also shown
(see Table 3) as well as the visibility thresholds for solid precipitation intensity (very light (VLT), light
(LT), moderate (MOD) and heavy (HEAV) based on the TC intensity thresholds as depicted in the
figure. The best fit Vis(S) (Figure 10b), Vis(S,T) (Figure 10c), and based on Boudala and Isaac, (2009)
(BI09 — Vis(S, T)) (Figure 10d) are also compared against observation (Visgp1,p). As indicated in Fig-
ure 10a, many of the visibility parameterizations show some discrepancies at lower visibilities (Vis <
1 km), the lower bound is based on G10 and the upper bound is based on M66. On the other hand
B09 agreed well with the current parameterization (best fit) also given Figure 10b (Vis(S)). The corre-
lation coefficient, Mean Absolute Error (MAE), Mean Difference (MD) (mean(obs-estimate), and
Standard Deviation of the Difference (STDD) values calculated for Vis < 10 km and Vis <5 km (In-
strument Flight Rule (IFR) condition) for Vis(S) and Vis(S,T) are also given (Figure 10b,c). Based on
these calculations both Vis(S) and Vis(S,T) have similar MAE and MD close to 1 km and -0.2 km
respectively indicting both regression models overestimate the visibility on average by about 0.2 km.
The calculated STDD value for Vis(S) was slightly higher than the one calculated for Vis(S,T), 1.7 km
and 1.3km respectively. For IFR conditions, the Vis(s) gives slightly better results as compared to the
Vis(5,T) (Figure 10b,c). Based on visual inspection, the Vis(S,T) agrees with observation at lower vis-
ibility values better than Vis(S). The BI09-Vis(5,T) (Figure 10d) that includes temperature does not
make a significant difference and generally has very similar MAE and R values of 1 km and 0.8 re-
spectively. However when they are compared under IFR condition, BI09-Vis(S,T) has slightly higher
MAE (Figure 10d).

The estimated S in mmh~*based on Vis(S) and Vis(S,T) using the visibility thresholds adapted
by the TC mentioned earlier are (0.2<5,0.2<5<1,1<5<4.6,5>4.6)and (5<0.3,0.3<5<1,1<5<
3.4 and S > 3.4) respectively corresponding to VLT, LT, MOD, and HEAYV intensity conditions. Both
regression models gave similar results except at lower visibility where the temperature dependent
version gave slightly lower intensity value. These are within the ballpark of the SAE S intensity
thresholds considering the uncertainties associated with the parameterizations, particularly the one
based on the Vis(S,T) except that the upper bound is overestimated by a factor of 1.36 as compared
1.84 for Vis (5). Based on physical seasoning, Rasmussen et al., (1999) showed that under some condi-
tions solid precipitation rate and visibility are poorly correlated, thus further studies using good qual-
ity high resolution solid precipitation data similar to the one used in this study ,can give better in-
sights to reconfirm the results found in this study.
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Table 3. Visibility parameterizations based on solid precipitation.

The source The parameterizations

This work -Vis(S) exp(0.31 — 0.531In(5))

Boudala and Tsaac, 2009 (BI09(S)) | ©P(0:3 —0547In(S))

This work -Vis(S,T) exp(0.33 + 0.0034T — 0.678In(S + 0.04))

Boudala and Isaac, 2009 (BI0O9(S,T) | exp(0.399 + 0.0288T — 0.783 In(S + 0.04))

Mellor (1966) (M66) exp(0.501 — 0.421In(S))

Warner and Gunn (1969) exp(0.432 — In(S))

O’Brien (1970) (OB70) exp(0223 — 0.69In(S))

Gultepe et al. (2010) (G10) exp(—0478 — 0.591n(S))

Stallabrass (1985) (S85) exp(—0.089 — 0.641n(S))

Fujiyoshi et al. (1983) exp(~0.66In(S))

Bisyarin et al. (1971) (B71) exp(0451 — 0.521n(S))

Muench and Brown (1977) (MB77) | exp(0.215 — 0.77 In(S))



https://doi.org/10.20944/preprints202306.2245.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2023 doi:10.20944/preprints202306.2245.v1

13
102~ * Obs ——M66 - - S85
9 s (a —BI09 - - ‘OB70 VLT
-0 — best fit = = ‘MB77 ——LT (b) _?_l:s o
610 - - BN Mop| T g e e
€ 10! 10°F ce oAby,
10°F - PR
< : E e ":-' qda
2 “F u < Highel o
N " ‘ .
- Py * \
: LT D i
£ 10° MOD '\\'\% S 1,
o 10° R R=09 1
HEAV R=0 h‘\ é MAE=0.99 MD=-0.23 STDD=1.69 Vis<10 km
10 . best fit=1. 364 s MAE=0.56 MD=-0.2 STDD=0.89 Vis<5 km
-3 -2 -1 0 1
10 10 10 10 10 10° 10
Sprg (mm”) Vis py,p (km)
¢ Obs ¢ Obs
(c) — 1 (d) — 11 e
=10} . 2 10! S IR B
£ RIS R = AR AN
= LRI W o0 b 1 0. g . Y 4.
p - ‘\'. d: ‘e * Q -" AR ~"_!, . 0.,
) B 3 R c“>,, ety ? %) .
T omeEE 2 B
10°F A Fe R = 0.905 Da0oF 38 Re=0.776
MAE=0.85 MD=-0.22 STDD=1.25 Vis<10 km "'_‘ . MAE=0.986 YIS<10 km
MAE=0.65 MD=-0.33 STDD=0.94 Vis<5 km 78 MAE=0.741 Vis<5 km
10° 10! 100 10!
Visgpyp (km) Visgpqgp (km)

Figure 10. Comparisons of visibility measured using the FD12P (Visppi2p) and Sppjr, a number of
parameterizations in Table 2 of (a), the best fit lines Vis(S) (b)and Vis(S,T) (c), and based on Boudala
and Isaac, (2009) (d). Water equivalent solid precipitation intensity thresholds very light (VLT), light
(LT), moderate (MOD), and heavy (HEAV) based on visibility adapted by Transport Canada are
shown including the calculated Mean Absolute Error (MAE), Mean Difference (MD), and Standard
Deviation of the Difference (STDD).

4. Conclusions

The main objectives of this study are: (a) Obtain accurate measurement of solid precipitation (S)
using currently available standard measurement method, (b) using this data evaluate the commonly
used traditional snow gauges and non-traditional optical instruments, and develop transfer functions
when possible, (c) evaluate the S — Visibility relationships found in literature. In order to achieve
these, we have analyzed data sets collected during 2012-2013 period at the Centre for Atmospheric
Research Experiment (CARE) site located at the Southern Ontario, Canada. The solid precipitation
data were collected using two Geonor gauges one placed inside a Double Fence Automated Reference
(DFAR) system (Sppar) and the other inside a double Alter shield. The solid precipitation is also
measured using the Pluvio2 gage with a single Alter shield configuration and HotPlate, precipitation
intensity and type are also measured using the OTT PARSIVEL2 Disdrometer, Yankees HotPlate,
Vaisala FD12P, and the visibility is measured using the FD12P probe. The summaries of the findings
are given below.

For the wind speeds observed in this study (Uy< 6 ms™) both the Geonor with double Alter shield
and Pluvio 2 with a single Alter shield have similar catch efficiency (CE) close to 70%, it should be
noted here that different results maybe found for higher wind speeds. Although the functional form
of the transfer function adapted in this work is different from those reported in literature, the adjusted
snow accumulation using both type of functions showed similar results. The transfer function that
includes fall velocity appears to agree better than the one that use wind speed alone, but no good
temperature dependent was found in this study. The calculations of the CE of the solid precipitation
of the non-traditional probes the FD12P, HotPlate, and PARSIVEL2 showed that the FD12P is inde-
pendent of wind speed, but for the HotPlate the efficiency is decreasing and no systematic wind de-
pendent for Ug <3 ms! and Ug > 3 ms respectively. The PARSIVEL2, however, showed some de-
creasing and increasing trends for wind speed (U,<3 ms?) and Ug>3 ms respectively. Generally, the
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solid precipitation rate measurements were correlated well with theSpgag, but the FD12P and PAR-
SIVEL2 underestimated and overestimated the solid precipitation by 32% and 28% respectively.
However, the HotPlate collected snow very close to the Spgar and in this sense the HotPlate per-
formed better than the other non-traditional optical probes.

Based on this study, a tight correlation (R = 0.9), was found between the observed visibility
(Vispp1zp) and Sprar and hence this has important implication for aviation application. Using the
observation data Spgar andVisgpi,p, @ new Vis-S relationship was derived and the result agreed rea-
sonably with the one given in Boudala and Isaac, (2009). The addition of temperature in visibility pa-
rameterization made no significant improvement, but the liquid water equivalent solid precipitation
intensity thresholds calculated based on this equation agrees better with the one adapted by Society
of Automotive Engineers.
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Appendix A

A.1 The descrption of the Vaisala FD12P presnt weather senor

The Vaisala FD12P present weather sensor is an optical probe that measures precipitation inten-
sity, precipitation type and visibility. Its operating principle is based on forward scattering of laser
light at wavelength of A= 0.875 um at scattering angle of 33 and also equipped with a Rain Detector
(DRD12) that measures the precipitation mass. Vaisala uses a proprietary software to estimate visi-
bility based on the observed forward scattered intensity by assuming 5% visual threshold (Boudala et
al., 2012). Based on the wusers manual https://www.manualslib.com/manual/538824/Vaisala-
Fd12p.html, the visibility is also calibrated using the Vaisala Transmissometer (Vaisala MTRAS)
which operates at visible light A= 0.550 pum. The optical precipitation intensity is estimated based on
change in forward scattered light intensity and some precipitation information is also obtained from
the DRD12 data. By using the fact that the optical scattering measurement is proportional to volume
of falling particles and the DRD12 data is proportional to mas, ratio of the DRD12 to optical scattering
data with additional temperature measurements provides the precipitation type information. The
visibility is measured in range 10m -50km and the accuracy of the visibility measurements within 10
m - 10 km is estimated to be +10%, and the precipitation intensity is measured in range 0-999 mmh-!
with estimated sensitivity of 0.05 mmh or less within 10 min. The accuracy of the precipitation meas-
urements (range 0.5-20 mmbh-') is estimated to be +30%.

A.2 The descrption of the OTT PARSIVEL?2 Disdrometer

The PARSIVEL Disdrometer measures fall velocity and size distribution of falling precipitation
particles. Some descriptions of the probe can be found in the user’s manual following this link
https://www.fondriest.com/pdf/ott parsivel2 manual.pdf. The instrument is equipped with two sen-
sor heads, a transmitter and a receiver housed inside splash protection units. The transmitter pro-
duces 30 mm wide and 180 mm long strip of light at A= 0.650 um and the intensity of this light is
measured by the horizontally aligned receiver. As a given precipitation particle passes through the
light beam, the intensity of the light is diminished and this is related to the particle size. The velocity
of the particle is estimated using the time it takes the particle completely exit the strip of light which
has about 1 mm thickness. The precipitation intensity is calculated based on velocity and size distri-
butions, and sampling area of the probe (Boudala et al., 2014; Lofflermang and Joss, 2000). The



https://doi.org/10.20944/preprints202306.2245.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2023 doi:10.20944/preprints202306.2245.v1

15

precipitation type is identified based velocity and size measurements. In this study no modification
was applied to solid precipitation rate.

A.3 The descrption of the HotPalte instrument

The HotPlate instrument is interesting in sense that the precipitation intensity can be calculated
directly using the first principle of heat transfer (Boudala et al., 2014; Rasmussen et al., 2011). This is
achieved by using two identical circular aluminum plates are vertically stacked together exposing
the area of upper plate to falling particle while the lower plate is facing downward is sheltered from
falling particles. The dimeter of these plates are 13 cm and there are smaller concentric circle within
inside the bigger circle to help prevent falling particles from sliding off of the upper plate. Both plates
are heated to the same temperature of about 75°C, but the plates are insulated so that no heat transfer
between them. In the absence of precipitation, both plates cool due to forced convection and hence
the difference is expected to be near zero. Under precipitation, the difference in cooling rate between
the two plates can be related to precipitation rate. As discussed in Boudala et al. (2014), the major
problems associated with the HotPlate instrument are the effect of wind and false precipitation be-
cause of imbalance in forced convection of the two plates under clear conditions. The detailed de-
scription of the heat transfer equations and associated correction factors are given in Boudala et al.,
(2014). All the optically based instruments and the HotPlate have been set to collect data at 1 min
temporal resolution.
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