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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity.

Authors’ response: Thank-you to John Kochendorfer and the anonymous reviewers for providing thoughtful reviews of the
original version of this manuscript and greatly improving the quality of this paper. Based on the recommendations of the editor
we have merged the Part | modelling results & Part Il experimental results papers and condensed the content where possible.
The list of all relevant changes and point-by-point reviewer responses are included below.

List of all relevant changes with reference to tracked changes document:

Pierre E. Sullivan included as coauthor from Part |

Major revision to add relevant parts from Part | modelling method, results, and discussion to Part I manuscript
“site-specific” changed to “climate-specific”

“empirical transfer function” changed to “CFD transfer function”

“Qverall collection efficiency” replaced with “Integral collection efficiency”

Wind speed uw changed to Uy, and fall velocity us changed to Us

Precipitation h changed to P

Introduction updated with condensed Sect. 1.1 modelling studies, Sect. 1.2 transfer functions, and Sect. 1.3 Objectives
Ln. 50 updated with reference to solid precipitation for Thériault et al. (2012) work

Ln. 111-114 removed reference to comparison of replicate configurations of weighing gauges

Ln. 117-119 reference to Colli et al. (2020) and Chubb et al. (2015) added

Introduction Sect. 1.3 Objectives updated to better highlight goal of study

Ln. 173 updated to “using a similar methodology”

Sect. 2 Modelling method added from Part I. Fig. 1b, ¢ and d details removed

Ln. 217-218 added reference to size and fall velocity relationship of Rasmussen et al. (1999): “... the hydrometeor density
was chosen such that the size and fall velocity followed the power law relationship of Rasmussen et al. (1999),...”
Sect. 3 Modelling results added from Part II.

Added references to Thériault et al., 2012;Colli et al.,Baghapour et al., 2017 for general velocity profile around gauge
Fig. 2b velocity contour plot removed

Ln. 336-337 revised reference to ‘normalized velocities;

Fig. 3 uw changed to Uy, u* added to caption

Fig. 4 uw changed to Uy

Ln. 372-373 highlighted circles for rain overlap squares for ice pellets in Fig. 5
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Ln. 376 clarified by changing “hydrometeors up to about 3 m s to “hydrometeors for horizontal wind speeds up to about
3mst”

Fig. 5 updated with CFD results and CFD transfer function (combined Figs. 5 and 6 from Part I)

Ln. 396-398 added “A single CFD curve was used for each fall velocity in the fit to ensure that the transfer function was
unbiased over the entire range of fall velocities studied.”

Ln. 413-415 added “The CFD transfer function captures well the collection efficiency trends for the different hydrometeor
types, with RMSE values of 0.04 for rain, 0.02 for ice pellets, 0.02 for wet snow, and 0.05 for dry snow.”

Fig. 6 uw changed to Uy

Sect. 3.4.1 Wind speed dependence updated to include Sect. 3.4.1 Comparison with previous studies and Sect. 3.4.2 Wind
speed dependence from Part I. Section condensed.

Ln. 447-449 “solely’ added to describe derivation of integral collection efficiency with the CFD transfer function based
solely on wind speed and hydrometeor fall velocity.

Ln. 465-475 highlighted more gradual decrease in collection efficiency for integral collection efficiency compared with
results in Fig. 5 for a given hydrometeor size.

Sect. 3.4.1 discussion of wind speed results condensed

Fig. 9 uw changed to Uy

Fig. 10 uw changed to Uy

Sect. 4.4 Transfer functions with wind speed and temperature reference to CFD transfer function removed. This information
is included in Sect. 3.3

Ln. 669-671 added description for estimation of Table 7 fall velocity and temperature ranges shown

Fig. 12 uy changed to Uy,

Removed Part Il Fig. 3 and results description

Ln. 744-745 added description of how fall velocity threshold was determined. “The fall velocity threshold was varied over
the measurement fall velocity range in 0.01 m s increments, with the threshold of 1.93 m s found to provide the lowest
overall RMSE.”

Egs. 25a and b updated with collection efficiency of 0.2 above 5.75 m s wind speed

Ln. 753 clarified that HE2 decreases linearly with wind speed for a given hydrometeor fall velocity

Ln. 754-756 added description of how fall velocity threshold was determined. “The fall velocity threshold was varied over
the measurement fall velocity range in 0.01 m s increments, with the threshold of 2.81 m s found to provide the lowest
overall RMSE.”

Eqgs. 26a and b updated with collection efficiency of 0.2 above wind speed threshold which varies with fall velocity

Fig. 13 caption us changed to Ur and Figs. 13c and d updated with 0.2 collection efficiency threshold for HE1 and HE2
transfer functions

Table 9 combines results from Part Il Tables 4, 5 and 6
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Table 10 combines results from Part 1l Tables 7, 8, and 9

Sect. 6.1 Modelling discussion added from Part |

Ln. 956-960 model limitations added, “The numerical results for this study are based on a 5 % inlet turbulence value that
acts as a bulk turbulence in the atmosphere (Panofsky and Dutton, 1984) buy may underestimate experimental results
(Armitt and Counihan, 1968). A no-slip boundary condition was modelled at the surface following the approach of previous
studies (Baghapour and Sullivan, 2017;Colli et al., 2016). Further study with a no-slip wall condition under different
turbulence conditions could lead to further insights into the influence of turbulence intensity on precipitation gauge
collection efficiency.”

Sect. 6.1.2 condensed

Ln. 1000-1004 added description of limitations of dry snow spherical hydrometeor model

Ln. 1038-1044 turbulence discussion and future work added, “These results are based on time-averaged simulations, which
provide an estimate of the mean velocities through the domain and have been shown to provide good overall agreement
with experimental results (Baghapour et al., 2017). Further study using LES models, which can better resolve the eddy
dynamics and temporal variations in the flow, and under different boundary conditions and turbulence scales representing
different site conditions is recommended to better understand the collection efficiency under conditions with high wind
speeds and low hydrometeor fall velocities.”

Sect. 6.1.4.1 condensed

Ln. 1108 reference to Thériault et al. (2012) removed

Ln. 1135-1136 added reference to Colli et al. (2020) for collection efficiency dependence on precipitation intensity

Ln. 1139-1140 updated with and and all to clarify meaning “The range of possible integral collection efficiency values is
even larger under conditions when solid, liquid, and mixed precipitation can all be present.”

Sect. 6.1.4.3 condensed

Sect. 6.2 updated reference to HE1 and HE2 collection efficiency of 0.2 above wind speed threshold

Ln. 1208-1209 added, “For larger shields, it may be important to employ a more realistic vertical wind profile, with a zero-
slip boundary condition at the earth’s surface.”

Ln. 1220-1221 added, “Further testing at other sites is recommended to better understand the collection efficiency for low
fall velocity hydrometeors (light snow) under windy conditions above 6 m s, which were not available in the CARE
dataset.”

Ln. 1235-1238 added, “The present approach of estimating the fall velocity using the POSS appears to perform well,
overall; however, further study to better characterize the fall velocity distribution and changes over 30-minute time periods
could lead to further improvements in the model under specific conditions such as mixed precipitation.”

Sect. 6.3 heading “Application to operational networks” added

Ln. 1247-1249 moved (Kienzle, 2008;Harder and Pomeroy, 2013) reference after “instructive” for clarity



99 - Ln. 1258-1259 removed, “At high wind speeds, the unshielded gauge catch may be insufficient for adjustment due to the

100 low measured quantities.”
101 - Sect. 7 Conclusions updated to include modelling and experimental results
102
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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity. Part I: modelling results

Author Response to Anonymous (Referee #1)

Authors’ response: We respect the reviewer’s perspective and the candid nature of their responses, the central theme of which
is the perceived unoriginality of the method used in this study the results presented. In the responses that follow, we will

articulate how the present work builds upon previous studies in new ways, with novel and impactful results.

This study proposes that fall speed influences the collection efficiency of unshielded gauge using computation fluid dynamics
(CFD). The authors claim that they are using a new method to study gauge collection efficiency and, with this method, that
they are the first to demonstrate the impact of fall speed on the gauge collection efficiency.

Authors’ response: This is the first CFD study to develop a universal collection efficiency transfer function based on wind
speed and hydrometeor fall velocity, which is broadly applicable, novel, and important. The hydrometeor fall velocity can be
measured by a variety of instruments for both rain and snow and the use of this transfer function can dramatically improve
experimental collection efficiency estimates as shown in Part 11. Previous studies have certainly used CFD to study gauge
collection efficiency for shielded and unshielded gauges, and have attributed differences in results to differences in
hydrometeor characteristics, including fall velocities. These studies are described and referenced clearly in the manuscript.
This manuscript presents a new method in that it is the first CFD modelling study to: (1) characterize precipitation gauge
collection efficiency explicitly in terms of wind speed and fall velocity; (2) show that collection efficiencies are similar for
different hydrometeor types with identical fall velocities; and (3) develop a universal transfer function based on wind speed

and hydrometeor fall velocity. We will revise the manuscript to better highlight the innovations.

In fact, these have already been done with a similar approach:

1) Thériault et al. (2012), Colli et al. (2016a,b) used CFD to study gauge collection efficiency for snow.

Authors’ response: Neither of these studies develops a collection efficiency transfer function with wind speed and
hydrometeor fall velocity.

Thériault et al. (2012) developed transfer functions with wind speed for specific hydrometeor types (radiating assemblage of
plates, dendrite, heavily rimed dendrites, hexagonal plates, lump graupel, dry snow, and wet snow), with a different transfer

function for each hydrometeor type. The contribution of Thériault et al. (2012) is captured in the current manuscript in a
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number of places (In. 69-79, 91-93, 469-471, 492-495, 501-503, 562-564, 568-570, and 596-597). Colli et al. (2016a,b) did
not develop a collection efficiency transfer function.

There are also other studies that have used CFD to study gauge collection efficiency for rain and snow, including the work of
Nespor and Sevruk (1999), Colli et al. (2015), Baghapour et al. (2017), and Baghapour and Sullivan (2017), as described in
the manuscript. These studies also did not develop a collection efficiency transfer function with wind speed and hydrometeor
fall velocity.

Further, the details of the modelling approach used in the present study differ from those used in the previous studies identified

by the reviewer. These differences are discussed in the manuscript (Sect. 4.1, 4.2, and 4.4.1) and are summarized in Table Al,

below.

Table A1l: Summary of Thériault et al. (2012), Colli et al. (2016a,b), and present study numerical collection efficiency models.

Thériault et al. (2012)

Colli et al. (2016a,b)

Present study

Numerical Reynolds-averaged Navier- Reynolds-averaged Navier- Favre-averaged Navier-Stokes
model Stokes (RANS) k-¢ Stokes (RANS) k-, Large-eddy | (FANS) k-¢
simulation (LES)
Gauge Geonor T-200B Geonor T-200B Geonor T-200B
Gauge Not specified ~1 cm orifice Not specified ~1 cm orifice Refined orifice thickness
geometry thickness thickness (3.15mm) and length (360 mm)
(orifice) to match actual gauge
Shield Single-Alter Unshielded, Single-Alter Unshielded
Mesh 0.35 M cells Tetrahedra and prisms, 1.5 M — | Structured, 8.3 M cells
29.5 M cells
Inlet Not specified 0% 5%
turbulence
intensity

Precipitation

type

Dry snow, wet snow, radiating
assemblage of plates, hexagonal
plates, dendrite, graupel, and

heavily rimed dendrite

Dry snow, wet snow

Orographic rain, thunderstorm
rain, dry snow, wet snow, ice
pellet, snow, dendrites, rimed
dendrites, columns and plates,
dendrites and aggregates of

plates

Hydrometeor

model

Lagrangian uncoupled

Lagrangian uncoupled

Lagrangian uncoupled
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Drag Constant over hydrometeor Constant over hydrometeor Drag varies with relative

coefficient trajectory trajectory hydrometeor to air velocity over
trajectory

Injection plane | Not specified Vertical Horizontal

Model

Wind speed, precip type,

Numerical model, wind speed,

Wind speed, fall velocity, precip

parameters hydrometeor size distribution, precip type, hydrometeor size, type, precip intensity
studied turbulence shielding
Collection CE - .[ODW Ains:de(D)N(D) CE7J‘:Pmawi(dp)Anside(dF’UW)N(dp)dp TCE(UW,Uf)DaNR(D)Jf(D)dD
efficienc P D)N(D [y, (d N(d,)d CEpouemt =
ciency [ A (D)N(D) (7Y, (0,) AN (4, )d, FS—
definition 0
[CE (u,.u) D*N, (D), (D)dD
CES,OveraII =2 P
|D°Ng (D), (D)dD
Derived CEjsnow = f(wind speed) with None CEainesnow = f(wind speed,
transfer unique transfer function for hydrometeor fall velocity)
function specific solid precip types universal transfer function

across rain and snow precip
types
Derived fall velocity cutoff for

zero collection efficiency

2) Colli et al. (2016a) were the first to compute the flow field near an unshielded gauge as performed in this manuscript.

Authors’ response: The Colli et al. (2016a) study is clearly referenced in the Part | manuscript (In. 96-102). There is no claim

that the present study is the first to compute the flow field near an unshielded gauge. Results using the approach from Colli et

al. (2016a) are compared with those from the model used in the present study (see Figure 8 and discussion in Sect. 3.4.1), with

differences in results between the studies attributed to differences in the models and approaches used.

3) Thériault et al. (2012) found a strong dependence between the gauge collection efficiency and fall speed. Indeed, it was

conducted with a shielded gauge but the physical reasons are the same. The updraft upstream of the gauge tends to deviate

the slow-falling particles to fall in the gauge. For the same horizontal wind speed, slow-falling snowflakes have lower

collection efficiency than faster-falling ones.
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Authors’ response: The authors recognize that the theoretical basis for how hydrometeor fall velocity can influence collection
efficiency has been established using CFD simulations in Thériault et al. (2012) and other studies, and have discussed and
referenced these studies in the present manuscript.

As noted above, the work of Thériault et al. (2012) is captured in the current manuscript in a number of places (In. 69-79, 91-
93, 469-471, 492-495, 501-503, 562-564, 568-570, and 596-597). This work concluded that “snowflakes fall at different
terminal velocities and therefore interact differently with the deflected flow around the snow gauge,” and discussed the
importance of hydrometeor terminal velocity on the collection efficiency results for different crystal types. The results from
the present study reinforce those findings, and build upon them by considering hydrometeor fall velocity more globally, and
not within the limitations of prescribed snowflake/ice crystal types (dry snow and wet snow in Thériault et al., 2012).

The present study shows that collection efficiencies are similar for different hydrometeors with the same fall velocity, despite
differences in size, density, mass etc. using a spherical drag model. It is not apparent from the work of Thériault et al. (2012)
that a raindrop with the same fall velocity as a spherical wet snow or dry snow hydrometeor would have a similar collection
efficiency, despite the large differences in the density. This is an important finding, as it enables the collection efficiency to be
well characterized by the wind speed and fall velocity alone, and enables the development of an explicit CFD transfer function

with wind speed and hydrometeor fall velocity dependence, which was not done in Thériault et al. (2012).

4) Colli et al. (2020) used the precipitation intensity as done in this manuscript to adjust the collection efficiency.

Colli, M., Stagnaro, M., Lanza, L. G., Rasmussen, R. and Thériault, J. M. (2020). Adjustments for wind-induced undercatch
in snowfall measurements based on precipitation intensity, Journal of hydrometeorology, 21, 1039-1050.

The impact of precipitation intensity on the collection efficiency was also suggested by Chubb et al. (2015) using field
measurements.

Chubb, T., Manton, M. J., Siems, S. T., Peace, A. D., & Bilish, S. P. (2015). Estimation of Wind-Induced Losses from a
Precipitation Gauge Network in the Australian Snowy Mountains, Journal of Hydrometeorology, 16(6), 2619-2638.
Authors’ response: The transfer function developed in the present study uses the wind speed and hydrometeor fall velocity
to adjust the collection efficiency. This is fundamentally different from adjustments based on the wind speed and precipitation
intensity (determined from the measured gauge accumulation) used by Colli et al. (2020) and Chubb et al. (2015). The transfer
function developed in the present study can be used to estimate collection efficiencies for different hydrometeor types and
intensities, representing the hydrometeor properties in terms of the corresponding fall velocity. Results using this approach are
shown in Fig. 10 and discussed in Sections 3.4.3 and 4.4.3 of the present manuscript. It is important to note that both of the
studies identified by the reviewer develop explicit transfer functions with wind speed and precipitation intensity based on
experimental results and not directly based on modeling results as in the present study. In the case of Colli et al. (2020),
different fit coefficients are determined for each of the Marshall, CARE, and Haukeliseter field test sites with collection

efficiency results studied at temperatures below -4 °C.
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Using the precipitation intensity approach enables adjustments to be performed at sites where only precipitation gauge and
wind speed measurements are available. However, the degree of the gauge adjustment (obtained from the precipitation intensity
and gauge measurement) is not independent from the measured value to be adjusted. This could be problematic for adjusted
precipitation accumulation estimates, as gauge measurement uncertainties can be propagated through both the measured gauge
accumulation and the collection efficiency transfer function. It is also difficult to apply this approach across different
hydrometeor types (e.g. rain and snow), as different types can have different fall velocities and associated collection
efficiencies, even for the same precipitation intensity. As shown in Fig. 10, the range of collection efficiencies that can be
obtained across rain and snow increases with increasing wind speed for a given precipitation intensity. This makes it difficult
to apply an intensity-based approach over temperature ranges where liquid and/or solid precipitation types can be present. The
fall velocity transfer function developed in the present study can be applied more broadly across different precipitation types,
and the collection efficiency adjustment is determined independently from the gauge accumulation, with separate instruments
for measuring the wind speed, precipitation fall velocity (e.g. a Precipitation Occurrence Sensor System (POSS), as shown in

Part 11), and precipitation accumulation.

In particular: Section 1: The introduction is very long and the goal is not stated clearly. The literature review is incomplete.
What are the authors trying to do exactly? If it is showing that CFD can be used to show the dependence of the collection
efficiency on the fall speed, it has already been done before.

Authors’ response: The goal of this work is to develop a computationally cost-effective, universally applicable, and
quantitative transfer function for adjusting unshielded precipitation gauge measurements with wind speed and hydrometeor
fall velocity. We agree that this can be stated more clearly, and will do so in the revised version of the Part | manuscript.

The introduction describes previous studies that have established the practical and theoretical basis for the present study. The
contributions of Thériault et al. (2012) and Colli et al. (20164, b) are described in the introduction, among other studies. The
introduction length was required to ensure that previous studies related to the present work were clearly described. It is
important to note that none of the previous studies above develop a CFD transfer function based on wind speed and
hydrometeor fall velocity as is done in the present study. If the reviewer is suggesting that the literature review is incomplete
because the studies by Colli et al. (2020) and Chubb et al. (2015) are not discussed, inclusion of these references could be
considered for the revised version of Part I. Recognizing both the length of the introduction (as noted by the reviewer), and the
fact that these studies are fundamentally different than the present study (as noted in the previous response), these studies were

not included in the original submission.

Section 2: The simulations described in section 2.1 were already done in Colli et al. (2016a).
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Authors’ response: The work of Colli et al. (2016a) is described in the introduction (In. 91-102) and the numerical modelling
results from the present study are compared with those from both Colli et al. (2016a) and Baghapour et al. (2017) in Sect. 3.1
and shown in Fig. 3. The reductions in the peak normalized velocity above the gauge with the present model compared with
Colli et al. (2016a) are attributed to refinement of the gauge geometry, including the orifice thickness, among other factors as
discussed in Sect. 4.1. The comparison of results from different models provides a useful benchmark as models are refined

and improved over time, and allows the impacts of model changes to be assessed.

The collection efficiency computed in section 2.3 were first used in Colli et al. (2020).

Authors’ response: The authors disagree that the collection efficiency formulation in the present study was first shown by
Colli et al. (2020). The Sect. 2.3 methodology for calculating the true precipitation intensity falling in air from the hydrometeor
size distribution, mass, and fall velocity over hydrometeor sizes in this study follows the approach of Nespor and Sevruk
(1999), as described in In. 236-237. This is a common definition for precipitation intensity, and the same approach is used for
rain and snow in this manuscript, where the size is based on the equivalent water drop diameter. Sect. 2.3 describes the
methodology for deriving the overall collection efficiency with wind speed for a given hydrometeor size distribution for both
rain and snow, using the collection efficiency transfer function with wind speed and hydrometeor fall velocity developed in
Sect. 3.3.

Sections 3 and 4: Most results/discussion are not new and/or should be improved for clarity. For example:

1) Sections 4.1, 4.2: Same key findings as in previous studies.

Authors’ response: The results from this study are compared with those from previous studies in Sections 4.1 and 4.2. The
results in the present study were determined independently from those in previous studies, with differences in the specific
approaches used. Identifying similarities among the results from the present and previous studies is valuable to the scientific
community. Accordingly, the fact that some key findings were the same as in previous studies serves to reinforce and support
those findings. That said, there are also differences in the key findings of the present study relative to previous studies, which
adds new knowledge to the field.

Sect. 4.1 discusses the differences in the numerical modelling results presented in Sect. 3.1 relative to previous studies;
specifically, Colli et al. (2016a) and Baghapour et al. (2017). The reductions in the peak normalized velocity above the gauge
with the present model compared with Colli et al. (2016a) are attributed to refinement of the gauge geometry, including the
orifice thickness, among other factors as discussed in Sect. 4.1. Sect. 4.2 discusses the collection efficiency results with wind
speed and hydrometeor fall velocity for rain, ice pellet, wet snow, and dry snow hydrometeors. Fall velocity was not considered
explicitly in the modelling approaches used in previous studies. The numerical results show collection efficiency results are

similar for hydrometeors with the same fall velocity, despite differences in characteristics (size, density, and mass). This is a

10
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new and important finding that has not been demonstrated in previous studies. This finding supports the development of a

universal transfer function with wind speed and hydrometeor fall velocity that is applicable across liquid and solid hydrometeor

types.

2) Section 4.3: The threshold fall speed value is directly related to the minimum diameter of the size distribution discussed in
Thériault et al. (2012) and Colli et al. (2016a, b) and Colli et al. (2020). Small particles falling slower are deflected by the
updraft upstream of the gauge.

Authors’ response: As described in the introduction (In. 62-63), Nespor and Sevruk (1999) demonstrated a hydrometeor size
limit below which the collection efficiency was zero for smaller size hydrometeors for rain. This defines, not the minimum
diameter of the drop size distribution, but the minimum size of hydrometeor with sufficient fall velocity to be captured by the
gauge for a given wind speed. This threshold will change with wind speed, as for higher wind speeds, larger drop sizes with
higher fall velocities are required to overcome the updraft and local airflow to be captured by the gauge. Colli et al. (2016b)
shows that the hydrometeor size at which the collection efficiency is zero increases for 8 m s wind speed relative to 4 m s*
wind speeds for dry snow with an unshielded gauge, but does not develop an explicit formula relating wind speed to the
minimum drop diameter, which will also be different for different hydrometeor types. The present study develops an explicit
expression for this threshold based on the wind speed and hydrometeor fall velocity, based on the numerical model results,
which is broadly applicable across hydrometeor types (Eq. 19). None of the three publications listed above derive an explicit
expression for the hydrometeor fall velocity threshold (below which the collection efficiency will be zero) based on the wind

speed and that is applicable across different hydrometeor types.

3) Section 4: Lines 565-569: It should be corrected as previous studies by Thériault et al. and Colli et al. also used a horizontal
plan.

Authors’ response: The Colli et al. (2016b) publication states the hydrometeors were injected from a vertical plane as
described in In. 568-569 in the present manuscript. The following description is provided in Colli et al. (2016b), “The initial
positions of the simulated trajectories lay on an ideal vertical plane located upwind of the windshield and the orifice level.
Figure 1 shows the selected seeding window and its location relative to the shield—gauge assembly.” The Thériault et al. (2012)
publication does not state whether hydrometeors were injected from a horizontal or vertical plane for the modelling analysis

and the authors recommend that the reference to Thériault et al. (2012) in In. 568 is removed.

Lines 573-577: The volumetric approach is what the gauge measures. When using the fall speed, it is the precipitation intensity

as proposed in Colli et al. (2020).

11
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Authors’ response: The Colli et al. (2020) reference is not relevant to this discussion. This section is referring to the
comparison of the Colli et al. (2016) unshielded model results for wet snow and dry snow with those of the present study. Ln.
573-577 in the present manuscript refer to the approach of Colli et al. (2016b), which calculates the ratio of that captured inside
the gauge to the true value falling in air. The fall velocity term is omitted in Eq. (12) in Colli et al. (2016b) in both the numerator
and denominator integrals, which differs from the formulation used by Nespor and Sevruk (1999) and that used in the present
study. As stated in the manuscript, for the dry snow and wet snow comparison shown in Fig. 8, the difference between these

two approaches is small.

Sections 4.4.2, 4.4.3 and 4.4.4: Most of the content are not new findings and are repetitive.

Authors’ response: New findings are presented in Sections 4.4.2, 4.4.3, and 4.4.4, as well as relevant comparisons with
previous studies. These sections discuss and contextualize the results from the universal transfer function with wind speed and
hydrometeor fall velocity dependence that are presented in Sections 3.4.2, 3.4.3, and 3.4.4, respectively. Results from the new
transfer function developed herein are studied over a range of hydrometeor types (both liquid and solid), precipitation
intensities, and wind speeds. These sections highlight and discuss the variability in collection efficiency results due to these
different factors for both snow and rain. This provides valuable context to help understand the limitations associated with
performing adjustments based on the wind speed alone (Sect. 4.4.2), with wind speed and precipitation intensity (Sect. 4.4.3),
and with wind speed and hydrometeor fall velocity (Sect. 4.4.4) across different hydrometeor types.

The relationship between collection efficiency and wind speed is discussed in Section 4.4.2 with respect to the approach of
Thériault et al. (2012) for snowfall. Section 4.4.3 discusses the relationship between collection efficiency and precipitation
intensity, comparing with findings from Jarraud (2008), and illustrating the new and important point that an intensity-based
approach can lead to a range of collection efficiency values when multiple snowfall crystal habits are present or when both
solid and liquid precipitation are present. Section 4.4.4 discusses how the spread in collection efficiency results across different
precipitation types at a given wind speed is minimized by representing the hydrometeor properties in terms of fall velocity.
This is a novel and significant finding, demonstrating how the new transfer function can be applied broadly across all

hydrometeor types with no knowledge of their properties other than the fall velocity.

Given those, there is not enough novelty in this manuscript to be published. Since some of the results are needed for Part 2, |

recommend merging both manuscripts. A methodology section that explains the CFD simulations should be added to Part 2.
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Authors’ response: The authors strongly disagree with the reviewer’s claims that the work is not novel and will revise the
manuscript to better highlight these points. To the authors’ knowledge, this is the first CFD modelling study to: (1) characterize
precipitation gauge collection efficiency with wind speed and fall velocity; (2) show that collection efficiencies are similar for
different hydrometeor types with identical fall velocities; and (3) develop a universal transfer function based on wind speed
and hydrometeor fall velocity. This work demonstrates the significant utility of such a transfer function for reducing
uncertainties in adjusted precipitation accumulation estimates, and provides a foundation for future studies with non-spherical
hydrometeor models and different gauge and shielding configurations used operationally.

The authors strongly recommend that the modelling results are maintained as a standalone paper to enable the modelling
results, transfer function development, comparison with previous modelling studies, and discussion of the results to be clearly
and fully described. As previous studies have shown, and as discussed in this study, the numerical modelling results are
sensitive to a wide range of factors (e.g. gauge and orifice geometry, mesh, boundary conditions, turbulence model,
hydrometeor drag model, hydrometeor type and characteristics...), and it is important that they are discussed in the context of
the model and transfer function development.

The Part 11 manuscript uses the CFD transfer function and assesses it experimentally alongside existing transfer functions with
wind speed and temperature dependence, as well as two new transfer functions with wind speed and fall velocity dependence.
For Part I1, the goal is not the justification of the approach from a modelling and fundamental perspective, but the experimental
evaluation of transfer functions with wind speed and hydrometeor fall velocity alongside existing approaches with wind speed
and temperature. Including the CFD model methodology, results, discussion and conclusions from Part | in the Part Il
manuscript would detract from the clarity of the Part Il paper, as duplicate methodology, results, discussion and conclusion
aspects would be required from the numerical modelling work. While the numerical modelling, analysis and transfer function
development in Part | is fundamental to the transfer functions and results in Part I1, this work is best-suited in its present form

as a standalone paper.
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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity. Part I: modelling results

Author Response to Anonymous (Referee #2)

In this work the authors presented “A new method for assessing collection efficiency using wind speed and hydrometeor fall
velocity”, but this methodology, based on CFD simulations and Lagrangian particle tracking model have been previously used
in the recent literature (e.g. Thériault et al. 2012, Colli et al. 2016a,b). The Geonor precipitation gauge has been studied in
these works in both shielded and unshielded configuration.

Authors’ response: This is the first CFD study to develop a universal collection efficiency transfer function based on wind
speed and hydrometeor fall velocity, which is broadly applicable, novel, and important. Previous studies, including those of
Thériault et al. (2012) and Colli et al. (2016a,b), have certainly used CFD simulations and Lagrangian particle tracking to
study collection efficiency for Geonor gauges in shielded and unshielded configurations. These studies, as well as others that
used CFD to study gauge collection efficiency for rain and snow (e.g. Nespor and Sevruk, 1999; Colli et al., 2015; Baghapour
et al., 2017; and Baghapour and Sullivan, 2017), are described and referenced clearly in the manuscript. None of these studies
developed a collection efficiency transfer function based on the wind speed and hydrometeor fall velocity, as in the present
study; hence, this is a new method. The hydrometeor fall velocity can be measured by a variety of instruments for both rain
and snow and the use of this transfer function can dramatically improve experimental collection efficiency estimates, as shown
in Part I1.

Thériault et al. (2012) developed transfer functions with wind speed for specific hydrometeor types (radiating assemblage of
plates, dendrite, heavily rimed dendrites, hexagonal plates, lump graupel, dry snow, and wet snow), with a different transfer
function for each hydrometeor type. The contribution of Thériault et al. (2012) is captured in the current manuscript in a
number of places (In. 69-79, 91-93, 469-471, 492-495, 501-503, 562-564, 568-570, and 596-597). The contributions of Colli
et al. (2016a,b) do not develop a collection efficiency transfer function. There are also modelling differences between the

present study and each of these two earlier studies, as shown in Table Al (below) and discussed in the manuscript.

Table Al: Summary of Thériault et al. (2012), Colli et al. (2016a,b), and present study numerical collection efficiency models.

Thériault et al. (2012) Colli et al. (2016a,b) Present study
Numerical Reynolds-averaged Navier- Reynolds-averaged Navier- Favre-averaged Navier-Stokes
model Stokes (RANS) k-¢ Stokes (RANS) k-, Large-eddy | (FANS) k-e
simulation (LES)
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Gauge Single-Alter shielded Geonor T- | Unshielded and single-Alter Unshielded Geonor T-200B
200B shielded Geonor T-200B

Gauge Not specified ~1 cm orifice Not specified ~1 cm orifice Refined orifice thickness

geometry thickness thickness (3.15mm) and length (360 mm)

(orifice) to match actual gauge

Shield Single-Alter Unshielded, Single-Alter Unshielded

Mesh 0.35 M cells Tetrahedra and prisms, 1.5 M — | Structured, 8.3 M cells

29.5 M cells

Inlet Not specified 0% 5%

turbulence

intensity

Precipitation

type

Dry snow, wet snow, radiating
assemblage of plates, hexagonal
plates, dendrite, graupel, and

heavily rimed dendrite

Dry snow, wet snow

Orographic rain, thunderstorm
rain, dry snow, wet snow, ice
pellet, snow, dendrites, rimed
dendrites, columns and plates,

dendrites and aggregates of

plates
Hydrometeor | Lagrangian uncoupled Lagrangian uncoupled Lagrangian uncoupled
model
Drag Constant over hydrometeor Constant over hydrometeor Drag varies with relative
coefficient trajectory trajectory hydrometeor to air velocity over
trajectory
Injection plane | Not specified Vertical Horizontal

Model

Wind speed, precip type,

Numerical model, wind speed,

Wind speed, fall velocity, precip

parameters hydrometeor size distribution, precip type, hydrometeor size, type, precip intensity
studied turbulence shielding
Collection - [ Awe (D)N(D) CE:LdWVw(dp)Ansme(dp,Uw)N(dp)dp [CE (u,.u) DN, (D) (D)dD
efficiency [ Avuee (D)N (D) [V (d,) AN (d, ), CEx et =
definition [N () (B)dD
[ CE (u,.u) D*N, (D), (D)dD
CEs overan = : =

jD3NS(D)u, (D)dD

0
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375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

Derived CEjsnow = f(wind speed) with None CEainesnow = f(wind speed,
transfer unique transfer function for hydrometeor fall velocity)
function specific solid precip types universal transfer function
across rain and snow precip
types

Derived fall velocity cutoff for

zero collection efficiency

One of the main conclusion of this work is the relation between “Collection Efficiency” (CE) and the particle fall velocity
instead of the particle diameter as shown in Colli et al. 2016b. However, for wet and dry snow they use the relation proposed
by Rasmussen et al. 1999 to calculate the particle fall velocity as a function of the particle diameter. Furthermore, in equation
9 and 17 the authors reported the formulas for the “overall Collection Efficiency” for rain and snow respectively. In these
equations is highlighted that the fall velocity is a function of the particle diameter (D) and therefore the overall

CE depends only on the wind speed and D. For this reason, there is no novelty in this approach.

Authors’ response: The statement by the reviewer that “the fall velocity is a function of the particle diameter (D) and therefore
the overall CE depends only on the wind speed and D” would certainly apply to situations where the hydrometeor type and
fall velocity dependence with size is known, only one hydrometeor type is present, and the size distribution of hydrometeors
is known. This is essentially what has been shown in the previous studies by Thériault et al. (2012) and Colli et al. (2016b).
This is not what is shown in the present study. Further, neither of these previous studies considered fall velocity explicitly in
the collection efficiency formulation, as it is in the present study.

The present study shows that a single transfer function based on wind speed and hydrometeor fall velocity, developed herein,
can accurately capture collection efficiencies across a wide range of wind speeds without explicit knowledge of the
hydrometeor type, size distribution, or intensity, and in situations where multiple hydrometeor types are present. By using the
fall velocity, which is a singular, observable parameter, it is possible to describe the collection efficiency without any further
knowledge of the hydrometeors. It is not apparent from the work of Colli et al. 2016b that the collection efficiency for different
hydrometeors with the same fall velocity (rain, wet snow, and dry snow) would be similar despite large differences in the
hydrometeor diameter, density and mass. For example, using the present approach, a small raindrop with a fall velocity of 0.5
m s is assigned the same collection efficiency as a spherical dry snow hydrometeor with the same fall velocity. There is
significant novelty in the approach developed in this study, as adjustments based on fall velocity are more broadly applicable
than those developed in previous studies that require knowledge of the hydrometeor size and type.

With respect to the specific formulations used, Egs. 9 and 17 derive the overall collection efficiency by integrating over the

hydrometeor size distribution. The sizes here correspond to the equivalent diameters of water droplets as described in In. 245-
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246, which differ from the values of Rasmussen et al. (1999) based on the hydrometeor size. For snowfall, the power law
values in this study are given by Langleben (1954) as described in In. 206-264 and shown in Table 4. Substituting the fall
velocity expression with equivalent drop diameter (Eqg. 16) into the overall collection efficiency expression (Eq. 17) would
indeed provide different collection efficiency curves for different hydrometeor types, as the relationship between the
hydrometeor size and fall velocity is different. These differences are shown in Fig. 9 for different liquid and solid precipitation

types and intensities.

L 175: a) The authors use the relation proposed by Rasmussen et al. 1999 to calculate the terminal velocity, and they stated
that "hydrometeor density was chosen to provide the desired hydrometeor fall velocity", but in the work of Rasmussen et al.
the density value relations are provided for both wet and dry snow. How did the authors vary the hydrometeor density?

Authors’ response: The hydrometeor density was not varied in this study. As described in Sect. 2.2, the hydrometeor density
for wet snow and dry snow was determined from the hydrometeor diameter and fall velocity using a spherical drag model (In.
175-178). The size and fall velocity relationship for spherical wet snow and dry snow hydrometeors follows that of Rasmussen
et al. (1999), which was used in previous studies (Thériault et al., 2012;Colli et al. 2016b). The drag coefficient for spherical
hydrometeors is given by Henderson (1976) based on the relative hydrometeor to air velocity. This drag formulation closely
matches that of Haider and Levenspiel (1989) used in previous studies (Baghapour and Sullivan, 2017). Fig. 5 shows collection
efficiencies are similar for hydrometeors with the same fall velocity despite differences in type, size, density, and mass (Table
2). This enables the development of a collection efficiency transfer function based on wind speed and hydrometeor fall velocity,

independent of hydrometeor type, size, density, and mass.

L 175: b) Are these density values realistic? or are they used only to obtain the fall velocity the authors desired?

Authors’ response: The density values provided in Table 2 are realistic for spherical hydrometeors with the diameter and fall
velocity relationship provided by Rasmussen et al. (1999) and used in previous studies (Thériault et al., 2012; Colli et al.
2016b). The results of this study show that across rain, ice pellet, wet snow, and dry snow hydrometeors, collection efficiency
results are highly sensitive to the wind speed and hydrometeor fall velocity, and relatively insensitive to differences in

hydrometeor density across hydrometeor types.

L 175: c¢) The smaller particle of wet snow has a density value greater than water, is it right?
Authors’ response: For wet snow, the density increases rapidly with decreasing size below approximately 3 mm, as shown
in Table 2 in the manuscript. Comparing between the 1.0 m s fall velocity hydrometeor (with 0.22 mm diameter and 1.35 kg

m-3 density) and 1.25 m s fall velocity hydrometeor (with 1.7 mm diameter and 0.3 kg m™ density) in Table 2 shows the rapid
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decrease in the diameter and increase in the density as the fall velocity is reduced. While a density above 1 kg m is unrealistic,
it was included to show the results at the edge of this low fall velocity range, despite slightly over-shooting the density of
water. It is worth noting that higher densities for wet snow (2.88 kg m and 1.44 kg m®) were included in the modelling
analysis of Colli et al. (2016b) for 0.25 mm and 0.5 mm diameter hydrometeors. This overestimation of the density at small
hydrometeor sizes may be due to errors in the power law relationship between hydrometeor diameter and fall velocity at small

hydrometeor diameters, which is beyond the scope of the present study to assess further.

Fig. 5 and 6 : in figure 5 the authors showed the “collection efficiency” for different precipitation types and fall velocities
respect to wind speed.

Authors’ response: We agree with this statement.

It is clear from the figure that there are differences in the CE values of different precipitation type but with the same fall
velocity.

Authors’ response: We agree there are differences, and these are already discussed in Sect. 3.2 in the paper.

Furthermore, the authors used only part of these data to obtain the “empirical collection efficiency expression” showed in
figure 6, but this relation has been used to calculate the “overall Collection Efficiency” for all the particle types. How do this
affect the obtained results?

Authors’ response: Selected curves were chosen representative of each hydrometeor type to span the range of possibilities in
a uniform and unbiased way. This does not significantly affect the obtained results. This is described in Sect. 3.3.

We will modify the discussion in Sect 3.3 to further highlight this point, including adding the RMSE results for rain (0.04),
ice pellets (0.02), wet snow (0.02), and dry snow (0.05) compared with the collection efficiency transfer function to further
describe the agreement of the transfer function with the CFD results. We also recommend including all the CFD results from
Fig. 5 with the transfer function fits in Fig. 6 to better show the performance of the transfer function relative to the entire CFD
modelling dataset.

Results from this transfer function using the “overall collection efficiency” are compared with Colli et al. (2016b) dry snow
and wet snow results and show good overall agreement (Fig. 8) despite modelling differences as discussed in Sect. 4.4.1. The
transfer function is also directly assessed with experimental results for rain, snow and mixed precipitation over a wide range

of environmental conditions in the Part I manuscript, showing good agreement (Tables 4 and 7).
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Sections 3.4.3 and 4.43: in these sections (Results and Discussion sections) the authors highlight the dependency of overall
CE with precipitation intensity. This topic is addressed in the recent work of Colli et al. 2020. Do the authors compare their
results with that work?

Authors’ response: The authors recommend that the work of Colli et al. (2020) is added to the introduction and referenced in
the discussion (Sect. 4.4.3) with respect to the dependence of overall collection efficiency on precipitation intensity for a given
hydrometeor type. Their findings support the results of the present study using the transfer function based on wind speed and
hydrometeor fall velocity developed herein. It is important to note that the work of Colli et al. (2020) is for a single-Alter
shielded Geonor gauge, and is not directly comparable to this work using an unshielded Geonor gauge. The work of Colli et
al. (2020) also does not develop an explicit transfer function equation based on CFD modelling results to be directly compared
with experimental results, as is developed in the present study. Instead, transfer function fit coefficients are derived
experimentally, with different coefficients for each test site at temperatures below -4 °C.

The present approach is fundamentally different than that of Colli et al. (2020), in which wind speed and precipitation intensity
(determined from the measured gauge accumulation) are used to adjust the measured gauge accumulation. While this enables
adjustments to be performed at sites where only precipitation gauge and wind speed measurements are available, the collection
efficiency adjustment (obtained from the precipitation intensity and gauge measurement) is not independent from the measured
value to be adjusted. This could be problematic for adjusted precipitation accumulation estimates, as gauge measurement
uncertainties can be propagated through both the measured gauge accumulation and the collection efficiency transfer function.
It is also difficult to apply this approach across different hydrometeor types (e.g. rain and snow), as different types can have
different fall velocities and associated collection efficiencies, even for the same precipitation intensity, as shown in Fig. 10 of
the present manuscript. The fall velocity transfer function developed in the present study can be applied more broadly across
different precipitation types, and the collection efficiency adjustment is determined independently from the gauge
accumulation, with separate instruments for measuring the wind speed, precipitation fall velocity (e.g. a Precipitation

Occurrence Sensor System (POSS) as shown in Part I1), and precipitation accumulation.

In general, in this work the authors reproduced methodologies used in previous works and there are no significant
improvements or novelty.

Authors’ response: The authors disagree strongly that there are no significant improvements or novelty in this work. This is
the first CFD modelling study to: (1) characterize precipitation gauge collection efficiency with respect to wind speed and fall
velocity; (2) show that collection efficiencies are similar for different hydrometeor types with identical fall velocities; and (3)
develop a universal transfer function based on wind speed and hydrometeor fall velocity that is broadly applicable across both
liquid and solid precipitation types.

Previous studies have developed different transfer functions with wind speed for different snowfall crystal types (Thériault et

al., 2012) or based on the wind speed and precipitation intensity for snowfall (Colli et al., 2020). The approach in Thériault et
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al. (2012) requires specific knowledge of the hydrometeor type, and has not been demonstrated to be viable for situations in
which more than one precipitation type is present (e.g. both liquid and solid precipitation, different snowflake types) or the
precipitation type is unknown or different from the specific crystal types considered; this makes it difficult to implement
operationally. The approach in Colli et al. (2020) requires knowledge of the precipitation intensity, which is not independent
from the gauge accumulation, considers temperatures below -4 °C only, and does not address the challenge of accurately
adjusting liquid and/or solid precipitation at temperatures where either or both of these types may be present. The collection
efficiency transfer function using fall velocity developed in the present study addresses these limitations and is broadly
applicable. That stated, the authors acknowledge the limitations of the spherical hydrometeor model and recommend the study
of non-spherical hydrometeors for future work (In. 524-525).

With respect to the Reviewer’s statement that “the authors reproduced methodologies used in previous works,” the authors do
not claim to be the first to use a CFD model and Lagrangian particle tracking to study the collection efficiency of hydrometeors
for Geonor gauges. Previous studies using these approaches have been discussed and referenced in the manuscript. Similarities

and differences in the approaches and results are discussed in the manuscript and in the responses above.

Furthermore, there are a few points the authors need to clarify, like e.g. the choice of the particle density values and the use of
an unique empirical CE relation for different precipitation types and they need to evaluate how these impact on the results.
Authors’ response: As discussed above (response to comment regarding L175), the density values used in this study are for
spherical hydrometeors matching the diameter and fall velocity relationship provided by Rasmussen et al. (1999) and used in
previous studies. The method by which the density values were determined is important to clarify, but it should be reiterated
that the collection efficiency results in this study are highly sensitive to the wind speed and hydrometeor fall velocity and
relatively insensitive to differences in hydrometeor density across hydrometeor types.

With respect to evaluating how a “unique empirical CE relation for different precipitation types” impacts results, the transfer
function was developed using a uniform and unbiased approach, providing low RMSE values when fit to all modelled datasets
including rain (0.04), ice pellets (0.02), wet snow (0.02), and dry snow (0.05). It is also assessed against wet snow and dry
snow modelling results from Colli et al. (2016b) and demonstrates good overall agreement (Fig. 8). Further, this transfer
function is directly applied to experimental results in the Part Il manuscript and shows very good agreement over a wide range
of conditions, supporting the modelling methodology and establishing further the fundamental role of hydrometeor fall velocity
on gauge collection efficiency. The agreement between the modelling and experimental results suggests that this approach
may be universally applicable across different climate regions and sites, demonstrating its potential for improving estimates

of precipitation accumulation globally.
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Reference:
Colli, M., Stagnaro, M., Lanza, L. G., Rasmussen, R. and Thériault, J. M. (2020). Adjustments for wind-induced undercatch

in snowfall measurements based on precipitation intensity, Journal of hydrometeorology, 21, 1039-1050.
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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity. Part I: modelling results

Author Response to J. Kochendorfer (Referee #3)

General comments

Part | of “Unshielded precipitation gauge collection efficiency with wind speed and hydrometeor fall velocity” describes a
modelling experiment designed to estimate precipitation undercatch in an unshielded precipitation gauge. The work focuses
on the use of hydrometeor fall velocity to create improved transfer functions available to adjust unshielded precipitation
measurements. The background and importance of the problem are well described in the introduction, which provides an
excellent overview of past work in the modeling of precipitation undercatch. The methods and results are well documented,
and the manuscript is generally very well written and easy to follow. The topic of undercatch is an important one, and this
work is both new and useful, as it addresses the most difficult outstanding questions in precipitation undercatch; the manuscript
establishes a valid way to reduce the significant uncertainty that precipitation transfer functions suffer from, and future work
may also prove that this new approach can help reduce the site-to-site variability of collection efficiency and the resultant
biases and uncertainty.

There are a couple of methodological points which need to be explored or explained more fully. These are described in more
detail in the specific comments below, but I find the unrealistic background surface layer atmospheric flow problematic. In
addition, the concept of a wind speed threshold above which collection efficiency is equal to zero is both impractical, and in
my opinion theoretically unsound. However, | am not proposing that the entire model be redesigned, as it is certainly a valuable
study as-is, especially as demonstrated by the accompanying Part Il of this manuscript. | would however like to see these
shortcomings handled differently within the manuscript.

After completing my review, | read the reviews from Referees #1 and #2, and feel compelled to write that | disagree with their
main point, which is that these manuscripts are not novel enough to merit publication. I am ambivalent about whether or not
they need to be published as two separate papers; | will leave that up to the editor. However, | maintain that the main point of
this work, which is the inclusion of the fall velocity in a transfer function, is indeed both new and useful.

Theriault et al. (2012) includes a transfer function with a snowflake type parameter in it, but not the hydrometeor fall velocity.
While Theriault et al. (2012) helped demonstrate the connection between hydrometeor fall speed and catch efficiency, and in
general the importance of snowflake type, it did not include an easily applicable method for the improvement of operational
precipitation measurements. While crystal type and hydrometeor fall velocity are certainly linked, as both manuscripts

demonstrate, the use of the hydrometeor fall velocity, which can be measured relatively reliably and automatically, is important
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as a characteristic separate from the crystal type. All hydrometeors (not just snowflakes) have a measurable fall velocity, and
as demonstrated by the present manuscripts under review, this fall velocity can be used to improve the collection efficiency
transfer function. This is new. None of the references offered by Reviewer #1 and Reviewer #2 demonstrate a transfer function
that includes the hydrometeor fall velocity. Nor for that matter, in my opinion, do any of those papers offer practical
improvements to the currently available transfer functions that can be applied in an operational network. It is also worth noting
that most of the important papers that Reviewer #1 and Reviewer #2 cite as evidence of the lack of novelty in the present paper
were already cited in the present paper; it is not as if the authors of the paper under review were hiding the fact that this past
work existed, or that it influenced their own work.

It is also worth noting that the use of the fall velocity is very different from the use of precipitation intensity for the
improvement of collection efficiency transfer functions. While there may be some general correlation between precipitation
intensity and hydrometeor type, precipitation intensity is not a good proxy for hydrometeor type, and in fact has real limitations
for use in collection efficiency transfer functions. One of the most significant of these limitations is the fact that both
precipitation intensity and collection efficiency are heavily dependent on the same precipitation measurement; they are not
independent variables, and in such a case it is easy to demonstrate correlations that have no real or physical relevance.
Authors’ response: The authors thank Dr. Kochendorfer for his detailed and constructive feedback and his support of the

importance and novelty of this work.

Specific comments

Ln. 53. Explain what is meant by, “a sharper decay and higher intercept of a negative exponential distribution.” The decay is
with respect to what? This actually does bring to mind an altered curve, although I’m not sure if | am seeing it correctly.
Anyway, | wouldn’t write something like this and expect my readers to be able to understand it. In addition, | have no idea
what are on the x- and y- axes of this imagined curve.

Authors’ response: We will revise the manuscript to clarify this point. The negative exponential distribution defines the
number of hydrometeors per unit volume per unit size as a function of the equivalent melted diameter of a water droplet.
Plotting the log of the number of hydrometeors per unit volume per unit size on the y-axis against the equivalent melted
diameter on the x-axis gives a straight line for the negative exponential distribution. Both the slope and intercept of the line
change with precipitation intensity based on the Gunn and Marshall (1957) results, with reduced numbers of larger melted

diameters with lower intensities.

Ln. 147. Why was the ground modeled as a frictionless wall? | am afraid | may be climbing up onto the soapbox here. However,
I maintain that is not a ‘get off my lawn’ comment, because modeling atmospheric flow is not really my specialty. | know

others have modeled gauge catch efficiency using the same boundary condition. But it results in an unrealistic vertical wind
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speed profile, in which the horizontal wind does not decrease with height, and is not zero at the ground. Just because others
have done it, does not mean it makes sense. Especially when modeling a large shield (which is admittedly not the case here),
a realistic vertical wind speed profile is needed to simulate realistic flow over the shield. But more importantly, without a zero-
slip boundary condition at the surface, the model will not generate realistic background turbulence; in neutral atmospheric
conditions, turbulence near the surface is generated by wind shear. With a frictionless surface there will presumably be no
wind shear, and also no background turbulence. To clarify, | am not talking about the turbulence created by the gauge, but by
the surface of the earth. This ‘normal’ background surface layer turbulence is important because it affects the flow over the
gauge and the hydrometeors falling towards the gauge. In real life, the atmospheric flow at the earth’s surface is not laminar.
The assumption that undercatch can be modeled accurately in laminar background atmospheric flow should at least be
discussed, along with the possible shortcomings.

Authors’ response: This is an important point and an area for future work. The authors recommend that a brief discussion is
added to Sect. 4.1 to clarify the approach used in the present study and its limitations. This study uses a 5% inlet turbulence
value that acts as a bulk turbulence in the atmosphere (Panofsky and Dutton, 1984) but may underestimate experimental results
(Armitt and Counihan, 1968). A no-slip boundary condition was modelled at the surface following the approach of previous
studies (Baghapour et al., 2017; Baghapour and Sullivan, 2017; Colli et al. 2016a; Colli et al. 2016b). Further study with a no-
slip boundary condition under different turbulence conditions could lead to further insights into the influence of turbulence

intensity on precipitation gauge collection efficiency.

Table 1. uw hasn’t been defined yet. Or if it has, | can’t find it. Also, I find this a confusing choice as the symbol for the free
stream wind speed. This is because w is often used for the vertical wind speed, and because ux, uy, and uz are also used to
describe different components of the wind velocity; uw looks to me like another way to describe the vertical wind speed.

Authors’ response: Good point. The authors suggest changing uw to Uy and ur to Us and adding the U reference in the

updated manuscript.

Ln. 198. Based on the statement that hydrometeor interactions were ignored (In. 188), | am guessing that “interactions within
the gauge orifice” should be changed to, “interactions with the gauge orifice.”

Authors’ response: This is referring to the potential hydrometeor interactions as they move through the fluid domain in the
case where their paths cross near to one another. The potential for coalescence of two hydrometeors, for example, is ignored

in this study. The authors will clarify this point in the manuscript.

Ln. 285. The way this is currently written it could be misinterpreted to mean that u* is the free-stream wind speed, not the,

“peak velocity along the gauge centerline normalized by the free-stream wind speed.” Perhaps the normalization could be
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moved to the end of the sentence — this sort of normalization is to be expected anyway, so | would argue that it isn’t a critical
part of the definition. “Peak velocities along the gauge centerline (u*) are compared... in Fig. 3, with the centerline velocities
normalized by the free-stream wind speed.” Maybe? Also, | find u* a confusing choice, as ustar (u*) is an often-used variable
with a completely different and well-established usage.

Authors’ response: Thank-you. The authors will update the manuscript with the proposed wording change. We recommend

maintaining the use of u* for the normalized velocity, as it follows the convention used by Baghapour et al. (2017).

Figure 3. | believe the y-axis should be labeled u*, not z*. Also include uw (or its replacement!) in the caption in parenthesis
after, “normalized free-stream velocity” to help clarify the meaning of the panel (a) and (b) titles.

Authors’ response: Figure 3 shows the normalized free-stream velocity along the gauge centerline with normalized height
above the gauge orifice z*. The height above the gauge orifice is normalized by the orifice diameter. The location in the domain
is given by X, y, and z coordinates, with the z-axis directed upward. We appreciate Dr. Kochendorfer’s perspective here, but
recommend maintaining the use of z* for the description of the normalized position above the gauge orifice, as it follows the

convention used by Baghapour et al. (2017). The authors agree that U, should be added in the caption, as recommended.

Figure 4. This is an excellent figure. | suspect we will see it reference and recycled many times, in future presentations.

Authors’ response: Thank-you!

Figure 5. Small issue, but the legend shows open yellow squares for ice pellets, and the plot shows closed yellow squares (uf
=5ms?).

Authors’ response: For 5 m s? fall velocities, rain and ice pellets yield collection efficiencies close to 1 and are nearly
identical. In this case, the circle for rain is inside the square for ice pellets. Ln. 315 explains that these results are nearly

identical, but we will note how this impacts the markers shown in the figure to help mitigate any confusion.

Ln. 320. Clarify by changing “hydrometeors up to about 3 m s-1 wind speed” to, “hydrometeors for horizontal wind speeds
up to about 3 m s-1”. | was confused by all the different speeds in this sentence.

Authors’ response: Good point, thank-you. This has been updated.

Ln. 311 — 324. Some explanation of why the “dry snow” results are so unrealistic is needed. Experimental collection

efficiencies are never this low (or zero). Is your hypothesis that this is because pure “dry snow” rarely occurs? Or is it because
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the experimental collection curves are derived wrong? | will say more about this elsewhere, but I find the suggestion that
collection efficiency drops to zero problematic (and impractical). | suspect that it may be due to the fact that the modeled
background flow is not turbulent. In the real world, surface layer flow and particle dispersion are stochastic processes. Given
enough time or water, some hydrometeors will always be forced into the gauge by an errant eddy, no matter how slowly they
fall or how high the wind speed is. The trajectories in Figure 4 are fine for what they are, but they show how hydrometeors
behave in a laminar wind tunnel, not in actual turbulent surface layer flow. Turbulence intensity typically increases faster than
the mean wind speed near the land surface, so it actually becomes more important as the wind speed increases. This may be
why most experimental results reveal a sigmoid or exponential response of collection efficiency to wind speed, with the
sensitivity of collection efficiency to increasing wind speed decreased (with the sigmoid function becoming flat, or unchanging
with respect to wind speed) at high wind speeds.

Authors’ response: Dr. Kochendorfer raises some excellent questions here. The authors recommend that a brief discussion is
added to Sect. 4.3 to describe the potential limitations of the time-averaged model for estimating small collection efficiencies,
highlighting that the transfer function has not been assessed experimentally for snow above 6 m s> wind speeds, and cautioning
users about performing large experimental adjustments with large associated uncertainties. Potential explanations for the
unrealistic collection efficiencies for dry snow (values decreasing to zero) are explored below, and present several avenues for
future work.

It is important to note that the results to this point, and the transfer function, refer to a given hydrometeor with a specific fall
velocity, while in practice, a range of hydrometeor sizes and fall velocities are encountered. In this case, the collection
efficiency tends to descend to small (but non-zero) collection efficiency values even at 10 m s wind speeds, as a small number
of larger hydrometeors, with higher fall velocities, are still able to be captured by the gauge. This is shown in Fig. 9 and
discussed in In. 395-399.

The spherical hydrometeor approximation for dry snow is another area that could contribute to reduced collection efficiency
for dry snow. For spherical dry snow hydrometeors, the hydrometeor volume and associated buoyancy can be greatly
overestimated relative to that for non-spherical hydrometeors such as dendrites, particularly for large hydrometeor diameters.
The increased buoyancy force could reduce the collection efficiency relative to flat dendrites with much lower volume and
associated buoyancy. Further investigation of dry snow with non-spherical hydrometeor models is recommended in the
manuscript as an area for future work (In. 518-519).

The time-averaged numerical model is another area that could play a role. The present time-averaged model results show that
collection efficiencies, for a given hydrometeor, can decrease to zero depending on the hydrometeor fall velocity and wind
speed. Previous studies have shown similar results with collection efficiencies decreasing to zero below a given hydrometeor
size for liquid (Nespor and Sevruk, 1999) and solid hydrometeor types (Thériault et al., 2012;Colli et al., 2016).
Time-averaged simulations provide an estimate of the mean velocities through the domain and have been shown to provide
good overall agreement with experimental results despite underestimating the magnitude of the turbulent intensity above the

gauge orifice (Baghapour et al., 2017). Large-eddy simulation (LES) models, which are computationally intensive, can better

26



709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

resolve the eddy dynamics and temporal variations in the flow influencing the collection efficiency values over time.
Baghapour et al. (2017) showed that for an unshielded gauge, this temporal variability in collection efficiency increases with
wind speed (collection efficiency standard deviation of 0.061 for 3 m s wind speed and 0.181 for 7 m s wind speed for 5
mm snow size). Time-averaged LES values were 6 % and 2 % lower than RANS results at these wind speeds for this snow
size. In this case, the turbulent fluctuations in the flow are contributing to variations in collection efficiency over time and are
slightly decreasing the overall ability of the gauge to capture precipitation over time. Under conditions where the collection
efficiency is small, the temporal variability in collection efficiency could allow for small but non-zero collection during some
periods of time even if nothing is captured most of the time, depending on the turbulence intensity. In addition to the turbulence
intensity, local wind direction changes may be more important for collection. From Baghapour and Sullivan (2017), it was
found that the forward edge of the gauge causes a local flow layer preventing snow collection — and the corresponding falling
snow momentum must be greater to be collected. Wind direction changes would act to temporarily break up these layers. This
would suggest a difference between dry and wet snow might be expected. As well, wind tunnel and CFD assume steady wind
directions and speed, which are not likely in the field. These local acceleration/decelerations would enhance dry snow
collection and would not be captured using current experimental and numerical approaches. Further study using LES models
under different boundary conditions and turbulence scales representing different site conditions (roughness, length,
topography...) could help to better understand the collection efficiency under conditions where RANS results yield zero
collection efficiency.

It is also important to consider the measurement uncertainties associated with small experimental collection efficiencies
obtained at high wind speeds. Under these conditions, the measured accumulations can be very small and close to the gauge
uncertainty due to environmental factors (e.g. wind noise, temperature change), making small collection efficiencies difficult
to assess with certainty experimentally (e.g. Smith et al., 2020). The higher uncertainty in experimental collection efficiency
estimates where measured accumulations are small is discussed in Part 11 (In. 241-244 and 508-511). The reference DFAR
configuration could also be capturing less than the true amount falling in air, particularly for higher wind speeds and low fall
velocity hydrometeors. Experimental comparison of the DFAR configuration with the bush gauge suggests this difference is
small (Yang, 2014); however, it could contribute to a small systematic increase in the experimental collection efficiency if the
reference was catching slightly less than the true value. These are additional areas for future work that are beyond the scope

of the present study.

Ln 335, Eqg. 18. Would it be possible to derive a collection efficiency equation, or its functional form, from the equations used
within the model? | am a little disappointed that a modeling paper relies on an empirical equation.

Authors’ response: The complex 3-dimensional flow profile varies with the free-stream wind speed, and would be difficult
to derive explicitly over the fluid domain due to the non-linear nature of the results. If this velocity profile could be derived

explicitly, then integration of hydrometeor trajectories over the domain based on the drag and hydrometeor characteristics
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would be required to determine the collection efficiency, presenting an additional obstacle for deriving the collection efficiency

explicitly from the governing equations.

Ln. 344 — 345. | am again flummoxed by this concept that collection efficiency = zero at some point. What purpose does it
serve? Is there any measurement evidence to support it? And how does one correct a precipitation even that occurs when the
collection efficiency is defined as zero? | believe that the introduction of this zero-collection-efficiency concept and the
emphasis placed on it in this paper may confuse others and hinder future progress in collection efficiency research. | grant that
at low temperatures and high winds, an unshielded gauge can fail to measure any precipitation, but that is in part because most
30-min snowfall ‘events’ are near the measurement threshold of the gauge, in the 0 — 0.4 mm range. But just because we can’t
always measure it, doesn’t mean it is zero. And if collection efficiency is defined as zero by the transfer function, how to we
apply this function when precipitation is measured under these conditions. In a large enough dataset, we will be very hard
pressed to find any commonly-occurring environmental conditions under which the reference catches precipitation and the
unshielded gauge NEVER catches precipitation. But this is indeed what this theory prescribes, that there are certain conditions
under which it is impossible for an unshielded gauge to collect certain hydrometeor types. That is very tall claim. The existence
of such conditions in the real world should be demonstrated before making zero collection efficiency a central part of the
theory. At a minimum, the discrepancies between past experimental results and the modeled results should be discussed.

Authors’ response: This is an important point, and is discussed in detail above (In. 311-324 comment). The authors
recommend that a brief discussion is added to Sect. 4.3 to describe the potential limitations of the model for estimating small
collection efficiencies, highlighting that the transfer function has not been assessed experimentally for snow above 6 m s

wind speeds, and cautioning users about performing large experimental adjustments with large associated uncertainties.

Figure 6 and In 349 — In. 352. If | understand correctly, these results were produced using Equation 9 and the fall velocity, not
the more complex precipitation characteristics. So why was only wet snow shown (or discussed) at uf = 1.5 m s? In theory,
the same transfer function would be used for different precipitation types, given the same fall velocity. But not all the
precipitation types are shown or discussed. Why aren’t all the collection efficiency curves shown in Figure 5 shown here? Was
the figure too busy? In all honestly, initially | was confused, and thought that only wet snow was modeled at uf = 1.5 m s-1,
but I believe I understand now that these results should be equally valid for all precipitation types, as they are purely a function
of fall velocity.

Authors’ response: These points will be clarified in the manuscript. Currently, Fig. 6 shows the transfer function relative to
the specific CFD curves used for the fit as described in In. 337-339. A single CFD curve was used for each fall velocity in the
fit to ensure that the transfer function was unbiased over the entire range of fall velocities studied. The authors recommend

adding all of the CFD results from Fig. 5 to Fig. 6 to better demonstrate the results for all hydrometeor types relative to the
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transfer function. The authors also recommend that the RMSE results for rain (0.04), ice pellets (0.02), wet snow (0.02), and
dry snow (0.05) compared with the collection efficiency transfer function are added to Sect 3.3 to better describe the specific

CFD results with each hydrometeor type relative to the transfer function.

Ln. 389. Clarify that the dependence of collection efficiency on hydrometeor type and precipitation intensity was modeled
solely based on differences in hydrometeor fall velocity.

Authors’ response: In lines 385-386, it is stated that “For each hydrometeor type and precipitation intensity, the overall
collection efficiency was derived for wind speeds from 0 to 10 m s** using the empirical expression for collection efficiency
(Eq. 18) based on wind speed and hydrometeor fall velocity.” We will revise this statement to indicate the point raised by the

reviewer more explicitly.

Figure 9 and its discussion. Explain why none these curves look like the “dry snow’ curves in Figure 6. | believe it is because
of the distribution of different hydrometeor sizes (and fall velocities), but it is still worth pointing out.

Authors’ response: Good point. The curves in Fig. 9 are integrated over the hydrometeor size distribution, which includes a
range of hydrometeor sizes and fall velocities, as noted. This leads to a more gradual decrease in collection efficiency with
wind speed at higher wind speeds than that shown in Fig. 6 (for a given fall velocity) because even at these higher wind speeds
there is still a proportion of hydrometeors with sufficiently high fall velocities to be captured by the gauge. The authors

recommend this comparison is noted in Sect. 3.4.2.

Ln. 507. Delete “with” in, “results with over...”

Authors’ response: Removed. Thank-you.

Ln. 515. Rephrase to clarify that 1.0 m s-1 refers to the fall velocity.

Authors’ response: “fall velocity added”. Thank-you.

Ln. 525. Delete, “considered to be.”

Authors’ response: Deleted. Thank-you.
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Ln. 535. Delete, “that is.”

Authors’ response: Deleted. Thank-you.

Ln. 573 —577. Interesting. | had no idea.

Authors’ response: Thank-you.

Ln. 588. The phrase, “have reduced ability to be collected” is awkward as written.

Authors’ response: Reworded. Thank-you.

Ln. 613, 614, 615, 619, 620, 624. | find the use of “overall” confusing. It has too many other common meanings. For example,
my first read of, “Overall collection efficiencies with precipitation intensity...” on In. 613 made me think that a comma after
“overall,” had been omitted. Looking back, | see that the term “overall” is nicely defined in Section 2.3, and again on In. 370,
but the use of a term that is less commonly used in normal English would make it clearer that it has a specific meaning. Perhaps,
“integrated catch efficiency?”

Authors’ response: This is an interesting point. The authors recommend replacing “Overall collection efficiency” with
“Integrated collection efficiency” to describe the collection efficiency derived over a range of hydrometeor sizes and fall

velocities and distinguish it from collection efficiency results for a specific fall velocity.

Ln. 624, Clarify that, “conditions when solid, liquid, or mixed precipitation can be present” refers to conditions when all of
these types may be occurring, such as near-zero degrees C. As-is, 30 deg C in a thunderstorm qualifies as a time when, “solid,
liquid, or mixed precipitation can be present,” as does very cold conditions, when only solid precipitation can occur. | am sure
there are better ways to write it, but one suggestion that remains fairly close to what is written is, “conditions when solid,
liquid, and mixed precipitation can all be present.” Or, “conditions when it is difficult to know the phase of the precipitation,
“or near-zero degrees...”

Authors’ response: Reworded for clarity. Thank-you.

Ln. 644 — 645. In my opinion the sentence beginning with, “The results from the ability of the hydrometeor...” can be removed.

It is redundant; the previous sentence makes this point.
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Authors’ response: The authors agree that this point is somewhat redundant, but recommend that this sentence is retained in

the manuscript in order to make this point clearly and explicitly.
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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity. Part I1: experimental results

Author Response to Anonymous Referee #1

This manuscript shows that the RMSE of the collection efficiency can be significantly reduced if the fall speed derived from
the Precipitation Occurrence Sensor System (POSS) is used. The paper is well written and shows new findings as the POSS
can be used to improve the adjustment of solid precipitation. Nevertheless, | think that the text could be more concise for

clarity and key information are missing. They are listed below. | recommend major revisions.

Major comments:

1. Introduction:

i) A few references are missing. 1) Colli et al. (2020) should be added to the paragraph discussing methods to improve the
adjustment of solid precipitation. Colli et al. (2020) showed that the precipitation intensity improvements the adjustment of
solid precipitation at given wind speed. 2) Chubb et al. (2015) also proposed that the precipitation rate as could be used to

adjust solid precipitation measurements.

Colli, M., Stagnaro, M., Lanza, L. G., Rasmussen, R. and Thériault, J. M. (2020). Adjustments for wind-induced undercatch

in snowfall measurements based on precipitation intensity, Journal of hydrometeorology, 21, 1039-1050.

Chubb, T., Manton, M. J., Siems, S. T., Peace, A. D., & Bilish, S. P. (2015). Estimation of Wind-Induced Losses from a
Precipitation Gauge Network in the Australian Snowy Mountains, Journal of Hydrometeorology, 16(6), 2619-2638.

Authors’ response: We thank the reviewer for identifying these references, and will add them to the introduction.

ii) What is the goal of the study? A summary of the methodology is given in the last few paragraphs but it never stated the goal
clearly.

Authors’ response: We will state the goal of the study more clearly in the introduction: “In this work, transfer functions
incorporating hydrometeor fall velocity are developed to reduce the uncertainty (RMSE) in collection efficiency and
precipitation accumulation estimates from unshielded Geonor T-200B3 precipitation gauges.” The authors also propose stating

the goal earlier in the introduction, instead of only in the last paragraph.
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2. The methodology section is incomplete.

i) a description of the CFD simulations is missing. The relevant information from Part 1 should be added to the methodology
of this manuscript.

Authors’ response: We recommend that a brief description of the CFD model and simulations is added to the methodology
introducing the CFD transfer function (Sect. 2.4). We are wary of too much overlap with the Part | manuscript, which includes
a detailed description of the CFD model and simulations. Within the present manuscript (Part I1), the CFD transfer function is

presented in the introduction (In. 96-101) and methodology (In. 208-216), with reference to the Part | manuscript.

ii) A description of the method used to develop the transfer functions, in particular, the fall speed threshold values given in
Section 3.1 should be added.

Authors’ response: We will clarify this in the manuscript. The fall velocity and temperature ranges presented by precipitation
phase in Section 3.1 (Table 2) summarize the event-based experimental observations from the POSS and a temperature sensor
in an aspirated shield, respectively, and are independent from the methodology used to develop the transfer functions. The
descriptions of the methods used to develop the HE1 and HE2 transfer functions in Section 3.3 should be expanded to include
more detail regarding the fall velocity threshold values. For the HE1 function, the fall velocity threshold was varied over the
measured fall velocity range in 0.01 m s increments, with the threshold of 1.93 m s found to provide the lowest overall
RMSE for the experimental dataset. For the HE2 transfer function, the fall velocity threshold was varied over the measurement
fall velocity range in 0.01 m s’ increments, with the threshold of 2.81 m s found to provide the lowest overall RMSE. Details
regarding the wind speed threshold for the CFD transfer function are provided in the Part | manuscript (Sect. 3.3), but can be
reiterated in Section 2.4 of the present manuscript for clarity. For the KCARE transfer function, In. 202-205 in the manuscript

describes the methodology for determining the temperature threshold T:.

3. Section 3.1: How are the air temperature and fall speed threshold values determined in the study?
Authors’ response: The derivation of the air temperature and fall velocity thresholds used in the study are addressed in the

response to comment 2ii above.

In Table 2, the fall speed values for the precipitation type categories overlap. For example, snow events could also be mixed
events if the temperature is <0.5_C and the precipitation falls at < 2.32 m/s. It should be clarified in the text.

Authors’ response: We agree to clarify this in the text. In Table 2, the temperature and fall velocity values are stratified by
the 30-minute precipitation type classification determined from the minutely POSS precipitation type output following the

methodology outlined in Sect. 2.3. As noted in the above response (comment 2ii), the experimental results summarized in
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Table 2 and plotted in Figure 1 are not used to determine threshold values for transfer functions. These results are presented
in Section 3.1 to illustrate how multiple precipitation types, with different fall velocities, can be present within a given
temperature range, presenting a challenge for transfer function methods distinguishing different precipitation types by
temperature. The fall velocity thresholds for HE1 and HE2 were determined empirically to best capture the trends in

experimental results by minimizing the RMSE.

4. Why not using the temperature thresholds used in Kochendorfer et al. 2017b, which are -2_C to +2_C, to discriminate the
precipitation types? Those are the threshold commonly used in the literature.

Authors’ response: The results in this study illustrate the challenges of using ambient temperature as a proxy for precipitation
type, as multiple precipitation types — with different fall velocities — can be present within a given temperature range.
Precipitation types and fall velocities in this study were determined from the POSS instrument as described in Sect. 2.3. Fig.
1 shows the event-based results with 30-minute mean surface air temperature and fall velocity by POSS precipitation type
classification. It is apparent that in this -2 °C to +2 °C temperature range, a wide range of fall velocities and precipitation types
can be present. Accordingly, there is significant scatter in the collection efficiency results with respect to wind speed for this
temperature range, as shown in Fig. 2c.

The results in Tables 5 and 7 demonstrate that collection efficiencies and adjusted precipitation accumulation can be
determined with greater certainty (lower RMSE) at these temperatures using adjustments based on wind speed and fall velocity
relative to adjustments based on wind speed and temperature. The use of fall velocity provides a quantitative means for
adjustments to be performed across precipitation types (for example, mixed precipitation with a range of fall velocities) and
enables adjustments to be performed even under conditions where the precipitation type may be unknown or difficult to

determine (e.g. ‘undefined’ events).

Minor comments:

1. Lines 81-83: Change hydrometeor type for “type of solid precipitation” or “type of snow” because the study was done for
solid precipitation. Add "fall speed" to the sentence because that is a key parameter of the study. The revised sentence could
be: “Theriault et al. (2012) demonstrated similar trends for snowfall, with collection

efficiencies varying significantly with the type of solid precipitation, fall speed and size distribution.”

Authors’ response: We apologize for any confusion — this statement was made within the context of previous work involving
CFD simulations. The simulations presented in Theriault et al. (2012) investigated how collection efficiency varies with wind
speed depending on the specific snowflake type and selected slope size distribution value. Here, we can change “hydrometeor
type” to “type of solid precipitation,” as proposed. The linkage of the simulation results to theoretical terminal velocities

computed for snowflakes that were collected and photographed is captured in lines 82 to 84 of the present manuscript.
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2. Lines 171-173: The transfer function uses the accumulated precipitation while the CFD simulations uses the precipitation
intensity. Clarify this possible inconsistency.

Authors’ response: The CFD simulations are based on time-averaged simulation results and the collection efficiency is
derived from the ratio of the precipitation intensity captured by the gauge to the true precipitation intensity falling in air.
Integrating over a period of time (in this case 30-minutes) gives the collection efficiency as a function of the ratio of the

precipitation accumulation captured by the gauge to the true amount.

3. Equation 3: Could you explain why this equation is relevant? If not, remove it.

Authors’ response: Equation 3 shows how the uncertainty in the experimental collection estimate scales with the magnitude
of precipitation accumulation for rain, as shown in Fig. 2a and discussed in Section 3.2. It is apparent from Eq. 3 and the results
in Fig. 2a that as the measured precipitation accumulations become smaller and approach the precipitation gauge measurement
uncertainty, the uncertainty in the measured collection efficiency estimates can become quite large. This is an important point
for understanding a component of the scatter in the collection efficiency results in Figs. 2b, 2c, and 2d, which is not readily

apparent when collection efficiency results are plotted as a function of wind speed.

4. Lines 287-292: Why using 1.93 m/s as a threshold? It should be explained.
Authors’ response: We will update Sect. 3.3 with this explanation. The threshold of 1.93 m s was determined by varying
the fall velocity threshold in 0.01 m s increments over the measurement range of fall velocities (Table 2). This mean fall

velocity threshold provided the lowest RMSE for the HE1 transfer function.

5. Lines 296-301: Why using 2.81 m/s as a threshold? It should be explained.
Authors’ response: We will update Sect. 3.3 with this explanation. The threshold of 2.81 m s was determined by varying
the fall velocity threshold in 0.01 m s increments over the measurement range of fall velocities (Table 2). This mean fall

velocity threshold provided the lowest RMSE for the HE2 transfer function.

6. Figure 4: Did you try using boxplots instead of a scatter plot to show the collection efficiency? It could give an idea of the

scatter in the collection efficiency with wind speed.
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Authors’ response: Yes, this approach was considered. While the use of boxplots is useful for summarizing the distribution
of collection efficiencies across wind speed classes, or even wind speed and other classifications, it makes it more difficult to
trace the results for specific events across different classifications (e.g. precipitation type, temperature, and fall velocity)
because the events become lumped into boxes with only outliers shown. For example, looking at Fig. 2a, the two collection
efficiencies for rain above 1.3 correspond with very small accumulation values as discussed earlier (i.e. their values approach
the gauge measurement uncertainty). Looking at Fig. 2b, these events occur near 2 m s and 5 m s*. Fig. 2¢ shows that one of
these events is between -2 °C to 2 °C and one event is above 2 °C. Fig. 2d shows that both of these events have fall velocities
above 2.5 m s. The RMSE values summarized in Tables 3, 5, 6, 8, and 9 provide a useful measure of the scatter, as they
capture the spread/scatter between the measurement and transfer function as the transfer functions change continuously with

wind speed and temperature or fall velocity.

7. Tables 3 to 9 could be put in an Appendix since that it is showing additional information. One could also do barplots instead
of Tables.

Authors’ response: The authors appreciate the suggestion, but strongly recommend that Tables 3 to 6 remain in results Sect.
3.4 (Assessment of transfer functions: collection efficiency) and Tables 7 to 9 remain in results Sect. 3.5 (Assessment of
transfer functions: precipitation accumulation). The results in Table 3 capture the overall transfer function results and
demonstrate the improvement in the fall velocity transfer functions relative to current adjustments based on wind speed and
temperature. The other Tables demonstrate collection efficiency and precipitation accumulation RMSE by precipitation type,
temperature and fall velocity classifications, linking with the results and discussion associated with Figs. 4 and 5. The use of
Tables instead of bar plots has the advantage that the specific RMSE values are clearly shown for comparison with future

studies.

8. Lines 477-479: The sentence: “While automatic . . . this work” seemed out of place. It may be better in the conclusion?

Authors’ response: We feel that this statement fits best within the context of the Discussion, where it follows the discussion
of the time periods and accumulation thresholds used in this and other work, and establishes boundaries for the scope of this
work. We agree that it could also work well in the Conclusions section, but it would be more challenging to establish the same

context in that case.
9. Line 505: The sentence: “The HE1 transfer function showed good results for snow, supporting its use for unshielded gauge.”.

| agree but Figure 3b (as an example) still shows lots of scatter in the collection efficiency for fall speeds associated with

snow/solid precipitation (_1-2 m/s). Add a short discussion?
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Authors’ response: This is a good point, and one that we believe is already discussed in the manuscript. Based on the 0.10
collection efficiency RMSE for snow events as identified by the POSS in Table 4, the HE1 transfer function showed good
results, as stated in line 505. Looking at the 0.10 collection efficiency RMSE for HE1 at fall velocity values < 1.5 m/s in Table
6 tells a similar story. However, in line with the reviewer’s point, the collection efficiency RMSE for HEL in Table 6 is higher
(0.15) for events with fall velocity values between 1.5 m/s and 2 m/s. This higher RMSE value for HE1 is consistent with that
for events classified as mixed precipitation in Table 4. This limitation of HE1 is noted and discussed in lines 516-521 of the

manuscript.

10. Lines 537-539: This sentence is not quite right and | think that it is an important point. The references from Kienzle (2008)
and Harder and Pomeroy (2013) should be after the word “instructive” because they developed a method to diagnose the
precipitation phase at the surface when the information aloft is not available. Theriault et al. (2012) suggested to use surface
temperature but did not develop a method to diagnose the type/phase of precipitation. At the end of the sentence, the authors
should refer to a paper that state the importance of the atmospheric conditions aloft to determine the type/phase of precipitation
at the surface such as for example Stewart et al. (2015).

Stewart, R. E., J. M. Theriault, and W. Henson, 2015: On the characteristics of and processes producing winter precipitation
types near 0_C. Bull. Amer. Meteor. Soc., 96, 623-639, doi:10.1175/BAMS-D-14-00032.1.

Authors’ response: Thank-you for pointing this out. We will update the references as suggested to improve the clarity of this

sentence.
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Unshielded precipitation gauge collection efficiency with wind speed
and hydrometeor fall velocity. Part I1: experimental results

Author Response to J. Kochendorfer (Referee #2)

General comments

Part 1l of, “Unshielded precipitation gauge collection efficiency with wind speed and hydrometeor fall velocity” is the
experimental companion to the Part | paper, which describes a modelling experiment. Part Il tests the transfer function created
in Part I, and it goes further to modify this transfer function based on the experimental results. It demonstrates that hydrometeor
fall velocity can be used in a practical way to improve the adjustment of unshielded precipitation measurements. These
improvements are impressive and significant.

Like Part I, the manuscript is well-written and easy to follow, and it is definitely worth publishing.

Authors’ response: Thank-you!

Specific comments

Ln. 65— 67. This is a misinterpretation of those results. In addition to the uncertainty of the adjustment, it overlooks the fact
that adjusted measurements increase the magnitude of errors multiplicatively. For example, if the gauge measurement has an
inherent uncertainty of 0.1 mm, with CE = 0.5, after adjustment the uncertainty will be doubled along with the measurement.
Two single Alter gauges agreeing with each other with an uncertainty of 0.09 mm does not imply that they can be adjusted
without increasing the uncertainty. | accept that there is significant room for improvement in our transfer functions, but I find
it very difficult to believe that adjusted unshielded measurements will ever be as accurate as well-shielded measurements. |
am afraid that someone reading between the lines here might take that to be the suggestion.

Authors’ response: Dr. Kochendorfer makes a good point here. We will remove the reference to the comparison of replicate

configurations of weighing gauges (Ln. 65-67).

Ln. 112. Change, “using similar methodology” to, “using a similar methodology” or, “using similar methods.”

Authors’ response: Updated to “using a similar methodology”.

Ln. 172 and Eq (2). Why was h chosen for precipitation, instead of P?
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Authors’ response: h was originally chosen to refer to precipitation accumulation as a height in units of mm. h has been

revised to P to make the linkage with precipitation clearer and to match the terminology of previous publications. Thank-you.

Ln. 269 — 270. This makes me wonder about the details and physics of the POSS averaging. How is the hydrometeor fall
velocity calculated by the POSS when there is mixed precipitation, and/or when there is significant variability in the types of
hydrometeors simultaneously present? I am guessing that for the purposes of transfer functions, ideally the fall velocity would
be representative of the total mass of water falling, but perhaps it is actually weighted towards the average by volume?

Authors’ response: The POSS is an X Band (3cm wavelength) radar that measures the Doppler velocity spectrum from which
the hydrometeor size distribution is derived. This has been described in detail in previous publications, including its use for
precipitation typing; we refer the reviewer to the following publications for the details (Sheppard, 1990; Sheppard and Joe,
1994, 2000, 2008). The advantage of the POSS is that it rapidly measures the Doppler spectrum from a very large volume
compared to other disdrometers, which measure individual particles with more limited sampling (e.g. Thies LPM, OTT
Parsivel2). For large hydrometeors (say 5 mm), the sample volume is about the size of a small room. Several hundred
Doppler/hydrometeor spectra are measured and reported every minute. There is on-ongoing research for snow and mixed
precipitation type retrievals. We agree that ideally, the fall velocity would be representative of the total mass of water falling,
but the complexities of hydrometeor drag, density, and mass are confounding factors still to be resolved. While the present
approach of estimating the event fall velocity from the 30-minute average appears to perform well overall, further study to
better characterize the fall velocity distribution and changes over 30-minute time periods could lead to further improvements

in the model under specific conditions such as mixed precipitation.

Ln. 289. | apologize in advance, because | hate it when reviewers ask me these types of questions, but how was the threshold
fall velocity of 1.93 m s selected?

Authors’ response: The threshold of 1.93 m s was determined by varying the fall velocity threshold in 0.01 m s increments
over the measurement fall velocity range in Table 2. This mean fall velocity threshold provided the lowest RMSE for the HE1
transfer function. A similar approach was used to derive the fall velocity threshold for HE2. We will add this information to

the manuscript.

Equation 7b. Given my comments on Part | this should come as no surprise, but | think that defining CE = 0.0 any under
conditions is problematic.
Authors’ response: Dr. Kochendorfer raises an important issue with the definition of the collection efficiency at high wind

speeds in the transfer function. The authors recommend revising Eq. 7b, Table 1, and Fig. 4c for HE1 with a minimum
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collection efficiency of 0.2 and wind speed threshold of 5.75 m s, following the general approach of Kochendorfer et al.
(2017).

Ln. 299. Clarify that CEHE2 decreases linearly with wind speed at a given/fixed hydrometeor fall velocity.
Authors’ response: Updated. Thank-you.

Ln. 299 — 300. Explain how this works in practice. How were measurements that occurred when fall velocity was defined as
zero treated? Were they simply removed from the analysis? How is the user of these functions supposed to adjust such
measurements?

Authors’ response: Over the test period there were no fall velocities of zero reported by the POSS and 30-minute mean fall
velocities were ~1 m s or higher. During non-precipitating periods the POSS does not output a fall velocity and these periods
are not included in the 30-minute average. While fall velocities of zero were not encountered during this study, and would not
be expected in general, the HE2 transfer function is still defined in this case. In the case of zero fall velocity the collection
efficiency decreases with wind speed alone as shown in Eq. 8a. In this case the collection efficiency decrease with wind speed

will be faster than that for conditions where the fall velocity is higher.

Ln. 314 — 315, Figure 4 caption. Typo. | believe that the three occurrences of “up“ in,“fall velocity up categories...” should
be replaced with “uf”.

Authors’ response: Updated. Thank-you.

Ln. 352. Why wasn’t the same temperature threshold technique used for KUniversal? At the risk of personifying a, “get off
my lawn” attitude, | wonder how much of the improved performance of the KCARE adjusted measurements were caused by
large errors in measurements that were over-adjusted using KUniversal above this temperature threshold? The largest
improvement in RMSE includes some of these measurements, when T is between positive and negative 2 deg C (Table 8), and
I am guessing that at least some of the very poorly measurements were warmer, larger events (Fig. 5b).

Authors’ response: KUniversal was developed from the WMO-SPICE results for eight test sites and is used for comparison
with the present study results from the CARE field test site. Modifications to KUniversal using the temperature threshold
technique would need to be assessed based on the entire dataset (all eight sites) and is beyond the scope of this study. KCARE
is developed from the CARE dataset for comparison with the site-specific fall velocity transfer functions developed in this

study. Both KUniversal and KCARE are similar at colder temperatures but differ as the temperature increases. The
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improvement in the KCARE transfer function results are primarily attributed to this more rapid increase in collection efficiency
with temperature, reducing the overadjustment of some events and increasing the underadjustment of some events between -5
°Cand -2 °C and between -2 °C and 2 °C (as shown in Fig. 5 and Table 8). It is important to note that even the KCARE transfer
function exhibits increased uncertainties at these warmer temperatures relative to transfer functions using fall velocity, as rain,
mixed precipitation, and snow can occur with different collection efficiencies. These differences cannot be distinguished using

temperature alone, resulting in increased uncertainties at these temperatures.

Ln. 504. A realistic vertical wind profile, with a zero-slip boundary condition at the Earth’s surface, may be important for
larger wind shields.
Authors’ response: Thank-you. This is an important point for studying other shield and gauge combinations in the future.

This note will be added to the manuscript.

Ln. 507 — 509. | agree that it is difficult to accurately adjust measurements at windy sites, but the ‘limitation’ described here
is entirely avoidable. The collection efficiency was defined as zero above 7.19 m s-1 by choice, not by necessity.
Authors’ response: We will revise the discussion for the HE1 transfer function to include a transfer function minimum

collection efficiency of 0.2 for wind speeds above 5.75 m s following the general approach of Kochendorfer et al. (2017).
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