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ABSTRACT

Recent studies have used numerical models to estimate the collection efficiency of solid precipitation
gauges when exposed to the wind in both shielded and unshielded configurations. The models used com-
putational fluid dynamics (CFD) simulations of the airflow pattern generated by the aerodynamic response
to the gauge—shield geometry. These are used as initial conditions to perform Lagrangian tracking of solid
precipitation particles. Validation of the results against field observations yielded similarities in the overall
behavior, but the model output only approximately reproduced the dependence of the experimental col-
lection efficiency on wind speed. This paper presents an improved snowflake trajectory modeling scheme
due to the inclusion of a dynamically determined drag coefficient. The drag coefficient was estimated
using the local Reynolds number as derived from CFD simulations within a time-independent Reynolds-
averaged Navier-Stokes approach. The proposed dynamic model greatly improves the consistency of
results with the field observations recently obtained at the Marshall Field winter precipitation test bed in
Boulder, Colorado.
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FIG. 1. An SA-shielded Geonor 600-mm gauge installed at the Marshall Field Test Site in
Boulder.

measurements have been the subject of many studies (e.g.,
Alter 1937; Sevruk and Klemm 1989; Sevruk et al. 1991;
Larson 1993; Yang et al. 1993; Goodison et al. 1998;
Sugiura et al. 2003, 2006), there have been only a limited
number of coordinated assessments of the accuracy, re-
liability, and repeatability of automatic precipitation mea-
surements (e.g., Tumbusch 2003; Duchon 2008; Smith 2009;
Rasmussen et al. 2012; Savina et al. 2012; Wolff et al. 2014).

In operational applications, windshields are commonly
used to reduce the impact of wind on solid precipitation
measurements. A recent survey published by the WMO
(Nitu and Wong 2010) reports that 82% of operational
weighing gauges used for snow measurements are equipped
with a single fence windshield. The most common single
fence windshield is the Alter shield (Alter 1937). Moreover,
the single Alter (SA)-shielded Geonor gauge provides ref-
erence measurements within the WMO Solid Precipitation
Intercomparison Experiment (SPICE; see online at http:/
www.wmo.int/pages/prog/www/IMOP/intercomparisons/
SPICE/SPICE.html) at all sites where a double fence
intercomparison reference (DFIR) shield is not available.

The aerodynamic effects of the gauge and windshield on
the flow around the gauge are responsible for a significant
reduction in the collection efficiency (CE) due to the de-
flection of particle trajectories near the gauge orifice
(Goodison et al. 1998; Yang et al. 1999; Rasmussen et al.
2012; Thériault et al. 2012; Colli 2014). Snow precipitation
measurements from different collocated gauge—windshield
configurations in windy conditions show widely differing
accumulations (Rasmussen et al. 2012). The assessment
of the exposure problem for various gauge—windshield

configurations is recognized as a central objective of the
current Solid Precipitation Intercomparison Experi-
ment of the WMO (Nitu et al. 2012).

The development of robust transfer functions requires a
better understanding of the fundamental processes gov-
erning the wind-induced undercatch. These include the
detailed wind flow patterns surrounding the gauge—
windshield configuration and the snowflake trajectories,
which in turn depend on the snowflake microphysical
characteristics (snow crystal type, fall speed, and size
distribution). The goal of this modeling work is to better
understand the mean collection efficiency and its vari-
ability at any given wind speed, building upon the studies
of Thériault et al. (2012) and Colli (2014). To address this,
high-space- and high-time-resolution computational fluid
dynamics (CFD) was used to simulate the flow past an
SA-shielded (Fig. 1) and an unshielded Geonor 600-mm
gauge.

A trajectory model initialized with the flow field was
used to compute the collection efficiency. The main
advantage of studying the collection efficiency by means
of CFD numerical models is the possibility to isolate the
exposure effect from the other sources of uncertainty
occurring in the field. The results were compared with
catch efficiency measurements from the Marshall Field
winter precipitation test bed in Boulder, Colorado.

2. Field observations

The CE is typically calculated by comparing the snow
accumulation P over a set time period (typically 3060 min)
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FI1G. 2. Collection efficiency computed as the ratio between precipitation measurements from
an (a) unshielded and (b) SA-shielded gauge against a DFIR-shielded gauge with varying wind
speed. The data are sampled with a 30-min period and averaged over 0.5ms ™' wind speeds
bins. Boxes enclose data within the 25th and 75th percentiles while whiskers are for the 10th
and 90th percentiles and dots are for the 5th and 95th percentiles. Lines within each box in-
dicate the mean (thick) and the median (thin) values. Data are for snow conditions as identified
by a Present Weather Detector (Vaisala PWD22) from 2009 to 2013 at the Marshall Field

Test Site.

for a given gauge-windshield configuration with a refer-
ence accumulated snow measurement. The DFIR is often
used as the reference, since it is the WMO reference snow
measurement system (Goodison et al. 1998). Because of
the complex interaction among the airflow, the snow-
flakes, and the various gauge-windshield systems, large
unexplained uncertainties exist in the derivation of the
transfer functions. The temporal and spatial variability of
the wind and precipitation near the gauge and windshield,
unsteady flow patterns generated by the windshields
themselves, and the variability of snowflake type, terminal
velocity, and size distribution lead to a variety of possible
trajectories past the gauge for a given wind field (e.g.,
Rasmussen et al. 2012; Thériault et al. 2012).

Figure 2a shows the ratio of snow precipitation
measurements from a 2-m-high unshielded Geonor
T200B Pns and a 3-m-high DFIR-shielded Geonor

T200Bs Pprir as a function of wind speed from data
collected at the Marshall Field Test Site between 2009
and 2013. The data are binned over 0.5ms ' wind
speed intervals measured at the 2-m level. Only 30-min
data pairs in which the DFIR Geonor accumulation is
larger than 0.25 mm are included to eliminate spurious
ratios from being included as a result of small errors
when both values are small. The snowfall amounts
were sampled over a 30-min time period in order to
reduce the effects of the time variability of the pre-
cipitation and the wind speed. Accumulation amounts
at time periods less than 30 min do not provide a reli-
able precipitation amount owing to the limited ability
of the Geonor gauge to measure smaller than 0.25 mm.
Further information about the test bed and the in-
stalled instrumentation are provided by Rasmussen
et al. (2012).
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FI1G. 3. Nondimensional magnitude of velocity (unitless) color plots for an (a) unshielded and (b) SA-shielded
Geonor 600-mm gauge. The airflow has been simulated by using a RANS k() SST model.

A noticeable wind-induced underestimate of the
precipitation accumulation is shown in Fig. 2a by the
mean Pns/Pprir ratio (thick lines inside the box plots),
which quickly decreases as the wind speed increases
from 1 to 6ms ™! and tends to an asymptotic value of 0.4
beyond 6ms . In addition to the reduction of the catch
ratio with increasing wind speed, the box plots show a
wide scatter for a given wind speed. This makes the ap-
plication of a unified transfer function challenging.

Similarly, Fig. 2b presents snow measurements ob-
tained from a 2-m-high SA-shielded Geonor T200B Psx .
In this case, the mean Psa/Pprir ratios show a slower
decrease with respect to the unshielded case with higher
values of the catch ratio initially, approaching a value of
0.4 beyond 6ms ™.

The comparison between Pns/Pprir and Psa/Pprir
reveals that a characteristic of both curves is the large
scatter for a given wind speed.

3. The airflow and trajectory model

Following Nes$por and Sevruk (1999), a CFD finite
volume method has been successfully adopted to solve
the three-dimensional equations for the airflow around
the SA-shielded and unshielded Geonor T200B gauge
systems. The spatial domain has been subdivided in
7.5 X 10° (unshielded geometry) and 10.0 X 10° (shiel-
ded geometry) hexahedral cells with different degrees of
refinements near to the gauge—windshield surfaces in
order to reach numerical convergence. The time-
averaged air velocity, turbulent kinetic energy, and
pressure fields have been solved by means of a
Reynolds-averaged Navier-Stokes (RANS) turbulent

kinetic energy-specific dissipation (k—Q) SST model
(Colli 2014; Colli et al. 2015a, manuscript submitted to
J. Hydrometeor.).

Figure 3 presents color plots of the nondimensional
magnitude of velocity U* (unitless) for a streamwise
vertical section passing through the center of the
gauge for the unshielded (Fig. 3a) and SA-shielded
(Fig. 3b) gauge. The U* values have been obtained by
normalizing the local magnitude of velocity value with
the undisturbed wind speed U, (ms™'). A comparison
between the two airflows confirms the advantage of
using a single Alter shield to reduce the velocity mag-
nitude in the region contained within the fence and
hence the exposure of the gauge to the wind. The tra-
jectories of dry and wet snow particles as defined by
Rasmussen et al. (1999) were computed for wind speeds
between 1 and 10ms ' by means of a Lagrangian
scheme applied to the time-averaged airflows.

Figure 4 shows the precipitation trajectories and
the airflow vectors computed for sample unshielded
(Fig. 4a) and SA-shielded (Fig. 4b) cases with the hori-
zontal U,, equal to 4ms~ ' and dry snow particles with
diameter d,, equal to 5mm. The strong updrafts observed
immediately upwind the unshielded collector cause an
upward deflection of the trajectories with a consequent
reduction of the number of collected particles.

A different situation is observed for the SA-shielded
gauge as shown in Fig. 4b. The deformation of the air-
flow due to the aerodynamic response of the up-
windshield elements and the consequent shift of the
particle trajectories before the gauge collector are evi-
dent. However, a reduction of the airflow vertical com-
ponents . (ms~ ') near the collector results in a larger
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FIG. 4. (a) Unshielded and (b) SA-shielded Geonor 600-mm gauge, showing a sample dry snow (d,, = 5 mm)
particle trajectories plot (black lines) and vector plot (gray lines) on a vertical plane as computed by the RANS
airflow and the Lagrangian tracking model at a horizontal wind speed equal to 4ms~'. The spatial coordinates x
and z are normalized with the gauge collector diameter D.

number of collected particles with respect to the un-
shielded case. Figure 5 details the magnitude of the air
vertical velocity near the gauge and the upwind single
Alter elements. It is shown that a horizontal U,, = 4ms ™!
causes an updraft bigger than 1ms™" near the collector
with an immediate impact on the trajectories (Fig. 5a).
When the single Alter shield is included in the simu-
lations (Fig. 5b) the vertical air velocity contours
do not reveal significant values near the gauge collector
(u. ~ 0ms™"). In this case, the deformation of the
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particle trajectories is mainly due to the influence of the
up-windshield elements on the air magnitude of the U*
field that is mainly influenced by the horizontal com-
ponents (red zones in Fig. 3). The formation of trajec-
tories clusters and divergence zone has been detailed
by Colli et al. (2015b, manuscript submitted to
J. Hydrometeor.).

The influence of the single Alter windshield on the col-
lection efficiency of the gauge can be quantified using an
inverse exponential size distribution (Marshall and Palmer

Wind speed = 4 m/s

-3t 0

b)
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FIG. 5. (a) Unshielded and (b) SA-shielded Geonor 600-mm gauge, showing a sample dry snow (d, = 5mm)
particle trajectories plot (gray lines) and vertical air velocity (ms ') contour plot (colored lines) on a vertical plane as
computed by the RANS airflow and the Lagrangian tracking model at a horizontal wind speed equal to 4 ms ™. The
spatial coordinates x and z are normalized with the gauge collector diameter D, and the representation plane passes

through the open space between two SA shield elements.
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FIG. 6. Drag coefficient (unitless) vs particle Reynolds numbers (unitless) for spheres and
crystals based on Khvorostyanov and Curry (2005) (black circles and gray squares, re-
spectively) in comparison with the Thériault et al. (2012) formulation (open diamonds).

1948) and counting the precipitation volume associated
with the collected particles (Thériault et al. 2012; Colli et al.
2015b, manuscript submitted to J. Hydrometeor.). The
particle size distribution was calculated as follows:

N(d,) = Nye ™%, (1)
where reference values for the intercept parame-
ter No = 5 X 10°m™ and the slope parameter
A =0.50mm ! were assumed according to Thériault
et al. (2012).

The Lagrangian trajectories model (LTM) adopted
in previous studies (Nespor and Sevruk 1999;
Thériault et al. 2012; Colli 2014) solves the equations
of the particles motion by assuming constant values of
the drag coefficient Cp along the particle trajectory
[Eq. (2)].- The drag coefficient is calculated from the
particle terminal velocity wr derived from the mass-
dimensional relationships presented in Rasmussen
et al. (1999):

_2V,(p, =P8
Appasz

D @)
where g is the gravity acceleration, V), is the particle
volume, A, is the cross-sectional area, and p, (p,) is the
density of the air (snow particle). Previous estimates of
collection efficiency using CFD modeling tended to
underestimate the actual values (Thériault et al. 2012).
In this study, improvements to the drag coefficient
proposed by Beard (1980) and Béhm (1992) are eval-
uated. They expressed the relationship between Cp
and the particle Reynolds number Re, in terms of the

nondimensional Best number X=CDRe§. A com-
parative analysis of various studies conducted by
Mitchell (1996) suggested a power-law relation for
Re,(X) = are XP®<, with numerical fits for the coeffi-
cients are. and br. computed for different types of
precipitation. The effect of turbulence in the flow
induces a slight increase of the drag coefficient with
respect to the above formulation around Re, ~ 10°
(Khvorostyanov and Curry 2005). The transition
regime between laminar and turbulent flow was
studied by Bohm (1992), which related the turbulent
drag coefficient Cp, to the laminar drag coefficient Cp,
using an interpolation function.

Khvorostyanov and Curry (2005) corrected the pa-
rameterization of Mitchell to deduce power-law
coefficients age, and bge, as continuous analytical
functions of the Best (or Reynolds) number and of the
particle size in a turbulent flow for spherical and crystal
particles. They also performed an in-depth analysis of
the asymptotic values of agr., and bgr., and corrections
for temperature and pressure. This formulation accu-
rately reproduced the observed terminal velocity of a
wide range of particle sizes and densities. The formu-
lation by Khvorostyanov and Curry (2005) had lower
values of Cp (Fig. 6), leading to a higher terminal ve-
locity and higher collection efficiency relative to
Thériault et al. (2012), which used a higher drag
coefficient.

Three different versions of the LTM have been pre-
pared to test the effect of various Cp formulations on the
gauge collection efficiency (Fig. 6). The first one used
the approach from Thériault et al. (2012) and Colli
(2014) assuming fixed Cp values along the particle
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FIG. 7. Collection efficiency (unitless) vs horizontal wind speed (ms ') for dry snow (N, = 5 X
10°m*and A = 0.50 mm ) particles computed by the CFD RANS methodology and the LTM
for an (a) unshielded and (b) SA-shielded Geonor 600-mm gauge. The constant drag coefficient
formulation (TH12) by Thériault et al. (2012) (open triangles), and the Khvorostyanov and
Curry (2005) drag coefficient formulation (KCO05) using the particle terminal velocity to
calculate the applied Cp along a time-varying trajectory (open diamonds), and calculating the
Cp based on the particle-to-air velocity (gray diamonds) are compared. The Marshall Field

Test Site data are shown in the background.

trajectory [Eq. (2)] and therefore constant terminal
velocities. The second method employed the
Khvorostyanov and Curry (2005) curves for crystal
particles in turbulent flow (Fig. 6) to compute the drag
coefficient while still assuming a constant value of Cp
along the particle trajectory. The third approach re-
moved this assumption by dynamically updating the
crystals drag coefficient in turbulent flow according to
Re, and hence the particle-to-air velocity |v,v,|, where
v, and v, are the particle and the air velocity vectors,
respectively.

4. Collection efficiency results

Figures 7a and 7b compare the collection efficiency
results obtained from the LTM employing the constant
drag coefficient formulation used in Thériault et al.
(2012) and those obtained with the new approach for dry

snow falling near an SA-shielded and an unshielded
Geonor gauge. Some deviations between LTM results
and field observations are expected given the different
nature of the reference amount of precipitation adopted
by the two approaches to derive CE. If the observations
from the field assume the DFIR measurements as the
best estimate of the true precipitation (unknown), the
LTM relies on known values of a synthetic accumulated
precipitation. An in-depth analysis of the DFIR collec-
tion performance for solid precipitation is provided by
Thériault et al. (2015).

This notwithstanding, the two new models based on
the Khvorostyanov and Curry (2005) drag coefficient
formulation provide a better comparison to the obser-
vations. The first model estimated the drag coefficient
assuming a spherical shape, using the particle terminal
velocity to calculate the Reynolds number as shown in
Fig. 6, leading to lower collection efficiencies than those
observed in the field, as shown in Figs. 7a and 7b. The
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adoption of the Khvorostyanov and Curry (2005) Cp
formulation brings the modeled collection efficiencies
close to the lower bounds of the field data (open di-
amonds). When the particle-to-air velocity is also in-
corporated in the Reynolds number and the associated
drag coefficient calculations (gray diamonds) the col-
lection efficiency increases even further, which agrees
well with the observations. The reason for this behavior
can be diagnosed from Fig. 6. Since the drag coefficient
decreases with increasing Reynolds number, increased
wind velocities result in lower drag coefficients and
higher terminal velocities and, therefore, higher collec-
tion efficiencies.

Figure 8a presents a comparison of the simulated
collection efficiency for an unshielded gauge for three
different snow particle size distributions based on field
observations by Houze et al. (1979) and Thériault et al.
(2012) using the dynamically updated Khvorostyanov
and Curry (2005) drag coefficient formulation.

The simulated collection efficiency spans the range of
the observational data, confirming the suggestion by

Thériault et al. (2012) that the variability in snow par-
ticle size distribution may be one of the primary causes
for the observed scatter in the collection efficiency ob-
served in this and other data. At higher wind speeds, the
scatter of the observed data is highly variable and in
general narrower than the simulation results. This may
be due to the limited sample of unshielded gauge mea-
surements obtained under severe wind regimes. Figure 2
shows that when U,, > 6ms™ !, the sample size of each
bin varies between 9 and 18 events. A similar plot for a
single Alter gauge (Fig. 8b) shows good agreement with
the data throughout the wind speed range. It is apparent
from the plot that the single Alter shield increases the
gauge collection efficiency at intermediate wind speeds
(3-6ms ') but may actually have a lower collection ef-
ficiency than an unshielded gauge at wind speeds greater
than 7ms~". The variability in the data is nicely ex-
plained by the variation in size distribution, with the
steeper distribution (\ = 1.00mm ') having the smallest
particles and, therefore, lower terminal velocity and
lower collection efficiency, while the size distribution
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TABLE 1. Sigmoid fit parameters a, b, ¢, and d of the collection
efficiency results for different values of A.

Ps Psa
A(mm™Y) a b ¢ d a b ¢ d
0.25 028 172 3.67 —-0.63 -034 137 237 917
0.50 02 136 282 135 —-135 243 252 98
1.00 0.03 167 277 111 -0.02 105 11 521

with a shallow slope has the largest particles and the
highest terminal velocity and collection efficiency. This is
comparable to the results found in Thériault et al. (2012).

Wolff et al. (2014) found nonlinear mathematical re-
lationships between collection efficiency and wind speed
based on dry snow, mixed precipitation, and rain mea-
surements made at the Haukeliseter (Norway) field site.
In this work, a sigmoid law has been adopted to fit the
simulated CE values for different particle size distribu-
tions in the following form:

b

fU,)=a+ 7 ol D

®)

where a, b, ¢, and d are the regression parameters
defined in Table 1. The proposed parameter combi-
nations show a very good agreement between the
regression curves and data with values of the co-
efficient of determination R? that are always greater
than 0.99.

Theoretically, Fig. 8b shows that the modeled collec-
tion efficiency is independent of the size distribution up
to 3ms™~'. Notice that for a wind speed of Sms™", the
effects of the different modeled size distributions ex-
plained more than 50% of the variability in the mea-
sured collection efficiency. To explore this result,
observations of the snow particle size distribution
measured by a disdrometer at the Marshall Field Test
Site during the winters of 2003-07 were analyzed. A
detailed description of the dataset is given in Brandes
et al. (2007). Only the precipitation rates of 1mmh ™!
measured by the DFIR were used for this analysis in
order to reduce the number of factors impacting the size
distribution. The median diameter D,,, of each size dis-
tribution averaged over 30 min have been sorted by wind
speeds of 1, 2, 3, 4, and 5ms” . The median diameter
as a function of collection has been analyzed for each
wind speed.

The slope of the linear relationship between the me-
dian volume diameter and the collection efficiency for a
given wind speed is shown in Fig. 9. These results show
that there is very little variation of the collection with the
median volume diameter at wind speeds less than
3ms~! (the slope is ~0). As the wind speed increases,
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FIG. 9. Slope of the collection efficiency with the median volume
diameter as a function of wind speed. The median volume diameter
was measured by a disdrometer placed in a double fence similar to
the DFIR. The data were collected during the winters of 200307
(Brandes et al. 2007) and averaged over 30 min. Only precipitation
rates of 1 mmh ™! were used. To consider solid precipitation only,
the data associated with temperatures <0°C were used.

the correlation coefficient increases starting at 3ms ™",

with a sharp increase in the value of the slope between 4
and Sms~'. As in Fig. 8b, the size distribution of snow
had a negligible impact on the collection efficiency for
wind speeds up to 4ms ™', which suggests that the snow
particle size distribution mainly impacts the collection
efficiency at wind speeds =5ms~'. This steep increase
in collection efficiency with mean diameter at Sms ™!
indicates that the size distribution associated with larger
snowflakes will fall in the gauge. Many other sources of
uncertainty are probably affecting the results but the
observed correlation between the particle median di-
ameter and the associated collection efficiency fits well
with the theoretical CE.

5. Conclusions

The proposed dynamic formulation of the drag
coefficient yielded significantly improved numerical
model estimates of unshielded and single Alter—shielded
Geonor snow collection efficiencies over previous for-
mulations that relied upon a constant drag coefficient
within the LTM. The drag coefficient decreases by
approximately a factor of 4 using the dynamical for-
mulation as compared with the constant drag coefficient
formulation. As a result, the terminal velocity increased
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by a factor of 2, leading to a higher collection efficiency,
which compared well to observations of collection effi-
ciency from the Marshall Field Test Site.

Using three different typical particle size distributions
provided good agreement for a large portion of the ob-
served catch efficiency variability. As expected, the size
distribution with the larger particles had the higher
collection efficiency. At low wind speeds, the updrafts
induced by the gauge are relatively low in comparison
with snow particle velocity, resulting in a relatively small
change of collection efficiency with size distribution. As
the upstream wind speed increases to 5ms™', the up-
draft over the gauge becomes similar to the fall velocity
of the snow particles, leading to a strong sensitivity to
the particle size distribution, in agreement with ob-
served trends at the Marshall Field Test Site.

These results show the value of using CFD and tra-
jectory modeling to help explain the collection efficiency
of snow gauges and potentially to reconstruct the actual
snowfall given information about the snow particle size
distribution and the snow gauge accumulation as a
function of wind speed.

Numerical modeling can be used to better understand
the fundamentals of the wind-induced errors of solid
precipitation measurements. The current results com-
pared well with the observations and provide insight into
the physics describing the enhanced collection efficiency
of a single Alter gauge system over an unshielded system.

A few limitations of the current work should be noted.
First, the present work assumed uniform and steady air
velocity profiles upstream of the gauge. The role of
boundary layer turbulence on CE is currently being
analyzed by means of more accurate time-dependent
models, such as large-eddy simulation, and will be pre-
sented in Colli et al. (2015b, manuscript submitted to
J. Hydrometeor.). The drag coefficient dynamic formu-
lation will also be applied to the time-dependent air-
flows to account for the turbulence generated by
oscillating single Alter shield elements. Last, more re-
alistic hydrodynamic schemes for the computation of
hydrometeor trajectories and the adjustment of the drag
coefficient scheme for nonspherical particles should be
considered.
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