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ABSTRACT: Observations of the precipitation rate/depth, drop size distribution, drop velocity distribution, and precip-

itation type are compared from six in situ precipitation sensor designs over 12 months to assess their performance and

provide a benchmark for future design and deployment. The designs considered are tipping bucket (TBR), drop counting

(RAL), acoustic (JWD), optical (LPM), single-angle visiometer with capacitor (PWD21), and dual-angle visiometer

(PWS100). Precipitation rates are compared formultiple time resolutions over the study period, while drop size and velocity

distributions are compared with cases at stable precipitation rates. To examine precipitation type, a new index and a logic

algorithm to amalgamate consecutive precipitation type observations consistently is introduced and applied. Overall, the

choice of instrument for deployment depends on the usage. For fast response (less than 15 min), the PWD21 and TBR

should not be used. As precipitation rate or the duration of a sample increases, the correlation of the TBRwith the majority

of other instruments increases. However, the PWD21 consistently underestimates precipitation. The RAL, PWS100, and

JWD are within 615% for precipitation depth over 12 months. All instruments are inconsistent in their ability to observe

drop size and velocity distributions for differing precipitation rates. There is low agreement between the instruments for

precipitation type estimation. The PWD21 and PWS100 rarely report some precipitation types, but the LPM reports more

broadly. Meteorological stations should use several instrument designs for redundancy and to more accurately capture

precipitation characteristics.
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1. Introduction

Allmeteorologists agree that precipitationmust be recorded

accurately, yet there is no consensus on the best method to do

so. There are many ways to measure precipitation, both in situ

or remote sensing. For remote sensing techniques, the sample

volume of any single remote sensing measurement contains a

population of hydrometeors that must be derived statistically

from themeasurement. As such, spatial variability smaller than

the measurement scale is lost and important details may be

obscured.Meanwhile, though surface in situ measurements are

able to directly measure, they typically only sample a fraction

of a square meter, which renders their observations as unrep-

resentative of the wider area. A combination—using surface

precipitation measurements as a ‘‘ground truth’’ to calibrate

remote sensing techniques—is commonly used in operational

meteorological agencies (Fulton et al. 1998; Harrison et al.

2000; Rubel and Brugger 2009). Precipitation depth (mm) and

rate (mmh21), distributions of drop size (mm) and velocity

(m s21), and dominant precipitation type are five fundamental

variables used to describe precipitation. While WMO inter-

comparison experiments have focused on the rate of liquid

(Lanza and Vuerich 2009) or solid (Kochendorfer et al. 2017)

precipitation, this study examines all of these variables for a

single location over 12 months.

a. Precipitation depth and precipitation rate

This study will consider measured precipitation depth (PD)

and precipitation rate (PR) performance from very weak to

very intense precipitation (0.05–50.0 mmh21). Instruments

must be capable of accurately detecting the heaviest precipi-

tation since these events have the highest impact on society

through flooding. At the other end of the scale, weak precipi-

tation can also be important. Oppenheim and Shinar (2012)

showed that drivers do not reduce their speed sufficiently on

wet roads.Warning signage based on automatic rainfall sensors

must be able to detect the weakest precipitation events that

could otherwise endanger motorists. When studying the accu-

racy of precipitation gauges, a ground truth reference value is

difficult to obtain. This is because multiple factors can either

increase (splashing, nonhydrometeors, convergent airflow,

condensation) or decrease (divergent airflow, shadowing, un-

filled buckets, edge hits, leaves, insects, evaporation) measured

rainfall rates. This study examines 12months of real-world data

and uses methods to compare the instruments which reveals

strengths and weaknesses in different use applications.

b. Drop size distribution

The drop size distribution (DSD) is a distribution of the

number of drops as a function of diameter per unit volume

(Jameson and Kostinski 2001), written as N(D). Instruments

that are able to measure this variable are called disdrometers;
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for disdrometers, theDSD defines every subsequent calculated

variable such as rainfall rate, equivalent radar reflectivity fac-

tor and precipitation type. The first DSDs were measured with

either ink-dusted paper or trays of flour (Wiesner 1895;

Bentley 1904; Laws and Parsons 1943) which led to the

Marshall–Palmer relations of DSD to rainfall rate R and radar

reflectivity Z (Marshall and Palmer 1948). DSD-derived Z–R

relations are commonly used to convert radar reflectivity factor

into quantitative precipitation estimates (Joss and Waldvogel

1970; Battan 1973; Jorgensen and Willis 1982; Maeso et al.

2005). Therefore, the importance of the accuracy of in situ

surface observations of DSD cannot be understated.

c. Drop velocity distribution

The drop velocity distribution (DVD), written as N(V), is

the number of drops as a function of drop velocity. DVD is

important because it allows the total kinetic energy of pre-

cipitation to be considered. Our understanding of soil erosion

(Kinnell 1981; Rosewell 1986), building erosion (Tang and

Davidson 2004; Erkal et al. 2012), vertical winds and down-

bursts caused by mass loading (Feingold et al. 1991), and the

erosion of aerofoils like planes and wind turbine blades

(Keegan et al. 2013; Slot et al. 2015; Eisenberg et al. 2018)

benefits from more accurate observations of DVD. Some in-

struments also rely on the fall velocity of the particle to dis-

tinguish its precipitation type, since different hydrometeors

have different aerodynamic properties (Gunn andKinzer 1949;

Locatelli and Hobbs 1974).

d. Precipitation type

Precipitation type (henceforth PT) describes the dominant

phase, shape, and density of hydrometeors within a volume of

the atmosphere that fall to the surface. The present weather

(PW) code is used to represent PT, which presents problems for

bulk statistical analysis. The codes are a qualitative description

of the PW type. Table 4680 from the World Meteorological

Organization is the standard for automatic sensors (WMO 1988,

2017), which has 99 entries. Some hydrometeor types are

represented by several PW codes—typically variations of in-

tensity and longevity—whereas this investigation only con-

cerns the type of hydrometeor detected. Themotivation for the

PW code’s existence was to reduce the bandwidth of descrip-

tive information, only upheld today for consistency with

existing data.

PT can have great impact on transportation, agriculture and

infrastructure but is poorly forecasted (Ralph et al. 2005;

Reeves 2016). PT has become more prominent in the field of

operational meteorology in the last decade as operational ra-

dar networks have gained dual-polarization capabilities (Park

et al. 2009; Saltikoff and Nevvonen 2011; Al-Sakka et al. 2013).

PT information within a radar sample can also be used to

provide more accurate quantitative precipitation estimates

(QPE) because Z–R relationships vary with hydrometeor class

(Atlas and Ludlam 1961; Harimaya 1978; Fujiyoshi et al. 1990).

2. Experimental conditions

The following sections briefly describe the instruments as

summarized in Table 1, and recorded variables in Table 2. This

is followed by a summary of the experimental conditions on-

site, and finally the broader structure of this study.

a. Instruments

1) THIES LASER PRECIPITATION MONITORS

Two identical Thies Laser Precipitation Monitors (LPMs) are

used in this study (henceforth Thies1, Thies2, or the Thies LPMs).

The Thies LPMs are both part of a wider network of 14 Thies

LPM instruments called the Disdrometer Verification Network

(DiVeN), described by Pickering et al. (2019a). The Thies LPM

emits an infrared beam which is received by a photodiode. As

precipitation or other particles cross the path of the beam, the

electrical signal produced by the photodiode is reduced (Adolf

Thies GmbH 2011). The amplitude and duration of signal re-

duction is analogous to the size and speed of the particle. Löffler-
Mang and Joss (2000) describe this optical occlusion method of

observation. Observed particles are sorted into 20 diameter bins

TABLE 1. Summary of the study instrumentation specifications.

Observing design Sample region Resolution Accuracy Rain rate range

LPM Optical occlusion disdrometer 46.5 cm2 1 3 1023 mm #15%d ,0.005 . . . .250 mmh21

PWS100 Dual-angle visiometer 40.0 cm2 1 3 1024 mm 610%e 0 . . . 400 mmh21 i

PWD21 Visiometer 1 capacitor 1 temperature 0.1 La 1 7.2 cm2 b 0.01 630%f 0.5 . . . 20 mmh21 j

JWD Acoustic disdrometer 50.0 cm2 1.3 3 1027 mmc 616%g Undefined

RAL Drop counting 324 cm2 1.89 3 1023 mm ,610%h 5 . . . 200 mmh21

TBR Tipping bucket 324 cm2 0.2 mm Undefined Undefined

a PWD21 visiometer sample volume in liters.
b PWD21 capacitive plate area.
c Calculated from 0.313 minimum drop diameter (Distromet Ltd. 2002).
dWith a range 0.5–20 mmh21 (Adolf Thies GmbH 2011).
e Rain and 0.5 . . . 20 mmh21 (Campbell Scientific 2012).
f ‘‘Accuracy will be degraded in windy conditions, for frozen precipitation and very high rainfall rates’’ (Vaisala Oyj 2001).
g65% of measured drop diameter (Distromet Ltd. 2002), assuming spherical raindrops for 6 16% volume.
h At .20 mmh21 rain rate and at 10-s sampling period (Agnew 2014).
i Marshall–Palmer distributed (Campbell Scientific 2012).
j For liquid precipitation (Vaisala Oyj 2001).
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(from $0.125 to .8 mm) and 22 velocity bins (from .0.0

to.20.0ms21), and 21 out of 93 total PWcodes are supported for

six PTs (drizzle, rain, mixed rain/snow, snow grains, snow aggre-

gates, hail). Nonhydrometeors (insects, debris) can appear as

precipitation and the housing of the instrument is a surface on

which precipitation can rebound into the beam. Partial beam hits

are accounted for with internal processing.

2) CAMPBELL SCIENTIFIC PWS100

The Campbell Scientific Present Weather Sensor 100

(PWS100) uses a forward-scattering technique using four light

beams and two receiving diodes: one diode at a vertical angle only

and one diode at a combined horizontal and vertical angle from

the emitted beams. Drop size distributions are measured in

0.1-mm bins from.0.0 to 30.0 mm but the manual states that the

‘‘proportion of particles detected will fall off significantly below

about 0.5mmdiameter.’’ Drop velocity distributions are recorded

in nonlinearly spaced bins from .0.0 to .25.6 m s21. Both di-

ameter and velocity measurements have a quoted accuracy of

65% (for liquid particles .0.3 mm). Optical scattering charac-

teristics differ between solid and liquid hydrometeors and inte-

grated temperature and humidity sensors assist the determination

of PT. Hydrometeor types are reported explicitly: drizzle, rain,

snow grains, snowflakes, hail, ice pellets, graupel, and 58 out of a

total 93 PW codes (Table 4680) are supported. The limitations of

the PWS100 are similar to those of the Thies LPM.

3) VAISALA PWD21

The Vaisala Present Weather Detector PWD21 (Vaisala

Oyj 2001) combines an optical forward-scattering sensor (875-nm

peak, single emit and receive diode) with a resistive capacitive

plate indicating water content, and a temperature sensor. Heating

elements evaporate condensation and melt solid hydrometeors.

PT and current weather are reported using Table 4680 (WMO

1988), of which 42 out of 93 descriptors are supported—seven

types of precipitation (drizzle, rain, freezing drizzle, freezing rain,

snow aggregates, mixed rain/snow, ice pellets). The capacitive

plate is only used to discriminate between rain and snow between

08C, T, 68C. Outside of this range, the types are overruled by

temperature (T # 08C 5 snow, T $ 68C 5 rain).

4) JOSS–WALDVOGEL RD-80

The Joss–Waldvogel Disdrometer (JWD) has an exposed

Styrofoam cone atop a spring-loaded transducer. The kinetic

energy applied to the transducer is related to the size of a

hydrometeor (Joss and Waldvogel 1967), and is recorded into

127 nonlinearly spaced size bins (from $0.313 to 5.145 mm

with an accuracy of 65%). The terminal fall velocity of the

particle species must be assumed to convert kinetic energy into

mass and then diameter, so there are no DVD measurements

from the JWD. Different hydrometeors have different diameter–

velocity relationships, the JWD only functions accurately for one

type of hydrometeor because it has no way to distinguish PT to

then change the internal processing. By default, the JWDassumes

all particles to be liquid. Snowflakes (slower terminal velocities)

appear as small raindrops, and hail (faster terminal velocities)

appear as large raindrops.

5) RAL DROP COUNTING GAUGE

The Rutherford Appleton Laboratory drop counting rain

gauge (RAL) funnels liquid precipitation into a reservoir, from

which drops overflow through a precision tube, occluding an

optical infrared sensor (Norbury and White 1971). Occlusions

are tallied over time to generate a rain rate. A smaller mini-

mum resolution than the TBR should provide greater sensi-

tivity in light rainfall, but the funnel can still disturb the airflow

and become blocked. Above 50 mmh21 droplets begin to

merge, so occlusions become nonlinear with increasing rainfall

rate. A continuous stream of fluid cannot be measured.

6) MUNRO 0.2-MM TIPPING-BUCKET RAIN GAUGE

The Munro 0.2-mm tipping-bucket rain gauge (TBR) fun-

nels liquid precipitation into a pivoting double bucket, which

limits the temporal representation of PR. A single tip over

1 min represents a 12 mmh21 PR; over 5 min 2.4 mmh21. Due

to this, TBR PRs are typically only used for$15-min durations

(1 tip5 0.8 mmh21). In addition, TBRs are only able to funnel

liquid precipitation (when sufficiently wet) into the tipping

bucket; snow, hail, and graupel must melt to be detected with

delay. A heated funnel consumes significantly more energy and

limits where such sensors may be deployed. The TBR alone

cannot distinguish between PTs. Furthermore, the TBR can be

easily rendered unusable if debris blocks the funnel. The

Munro is similar in design to gauges used throughout the fields

of hydrology and meteorology and thus represents this cate-

gory of design.

b. Study location

All instruments were installed at the Chilbolton Atmospheric

Observatory (CAO), Hampshire, United Kingdom. The climate

TABLE 2. Summary of the instruments, variables, and time aggregations used in this study. Precipitation data are scrutinized from six

different instrument designs, five precipitation variables, and over several time scales. The precipitation variables each have their own

methodologies for data analysis and are thus presented separately in each section. For theDSDandDVDvariables, cases of 5min, 15min,

and 1 h are presented. The 1-min distributions are rarely used because of known sampling issues (Tapiador et al. 2016; Smith 2016), and

precipitation events longer than 1 h typically do not retain consistent distribution characteristics. The 1-min, 5-min, 15-min, 1-h, and daily

time durations of PR are considered, and PT analyses are performed for 1-min, 5-min, and 1-h intervals (bulk statistics, not case studies).

Thies1 Thies2 PWS100 PWD21 JWD RAL TBR Total Durations

PR and PD ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 1 min, 5 min, 15 min, 1 h, 1 day

DSD ✓ ✓ ✓ ✓ 4 Cases of 5 min, 15 min, 1 h

DVD ✓ ✓ ✓ 3 Cases of 5 min, 15 min, 1 h

PT ✓ ✓ ✓ ✓ 4 1 min, 5 min, 1 h
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at CAO is temperate and maritime where the weather can

fluctuate on a daily basis. Proximity to the polar front jet stream

ensures that midlatitude depressions impact the site regularly.

Precipitation is therefore frequent, and intermittent rainfall is

the modal type. Air temperature extremes are uncommon due

to the U.K. being a small landmass, surrounded by ocean and

situated on the northeastern Atlantic, influenced by the warmth

of the North Atlantic Current. Met Office (2016) provides a

climate summary for Southern England and shows that on av-

erage (1981–2010) 12 days per year have falling snow and

109.5 days have precipitation accumulation of $1.0 mm.

Ventouras et al. (2006) contains more information on the cli-

matology of PRs observed at CAO. The frequency and varia-

tion of precipitation events as well as the occurrence of

stratiform, convective, and different PTs make CAO a suitable

location to conduct this study because it covers a wide range of

precipitation conditions seen worldwide.

c. Instrument installations

Figure 1 shows the installation of each instrument at CAO.

The JWD is situated inside a circular pit slightly below ground

level to reduce turbulence over the instrument whereas the

TBR and RAL are on the ground. Both Thies LPM beams are

at 1.5 m, whereas the PWD21 and PWS100 are at 8 and 9 m,

respectively, mounted on 1- and 2-m poles above a 7-m-tall

building. All of the instruments are spatially within 80 m, are

installed within manufacturer recommendations and meet

WMO standards where practical. The agricultural land sur-

rounding CAO is flat for at least 500 m in all directions. The

Chilbolton Advanced Meteorological Radar (CAMRa) dish

(30 m tall) is 80 m east of the instrument enclosure; visible in

Fig. 1. The radar should not lead to bias of the observations

since prevailing wind direction at the site is westerly and the

structure is sufficiently distant.

Both the climatic conditions and the physical mounting con-

ditions of the instruments at CAOmakes the results of this study

applicable to a wide range of precipitation and monitoring

conditions at other midlatitude locations. Therefore the per-

formance of the instruments in this study should be comparable

to similar instrumentation located at analogous locations.

d. Data quality

All instruments used in this study have been calibrated as

per the manufacturer standards. The TBR and RAL are cali-

brated dynamically [as described in Humphrey et al. (1997)]

with a pump at different flow rates. The TBRwas calibrated by

the manufacturer in 2011, verified on site in 2018 and in 2020

both with no corrections to the manufacturer settings needed

(within 610%). The RAL was last calibrated in 2013 and was

checked in 2020 with no corrections to the manufacturer set-

tings needed (within 610%). We therefore conclude that the

TBR and RAL instruments are reasonably calibrated over the

study period. Note that calibration methods do not take into

account the effect of the gauge funnel. The PWD21 and

FIG. 1. Aerial view of the Chilbolton Atmospheric Observatory (CAO), showing the in-

struments used in this study and their proximity. (a) Vaisala PWD21, (b) Campbell Scientific

PWS100, (c) Thies Clima LPM 1, (d) Thies Clima LPM 2, (e) Munro 0.2-mm tipping-bucket

gauge, (f) Joss–Waldvogel RD-80, and (g) RAL drop counting gauge. The furthest distance

between any two instruments is 80 m.
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PWS100 have no standardized calibration method for the op-

tical scattering technique, and therefore the manufacturer

calibration cannot be verified on site. The capacitive plate on

the PWD21 also has no standardized calibration method. The

manufacturer calibration is therefore relied upon for the

PWD21 and PWS100—which is also true of any deployment of

these sensors and is not unique to this study. Therefore, this

study is using a calibration comparable to typical installations

of these two instruments. Similarly with the JWD, there is no

standardized calibration method for on-site verification. The

JWD manufacturer recommends that calibration is repeated

every 6 years (Distromet Ltd. 2012), which this study period is

within, so the instrument is said to be calibrated. The Thies

LPMs were calibrated by the manufacturer in 2011 and again

no standardized method exists for verification on-site. The

Thies LPM manual also states that a calibration is then only

necessary when a component is changed (Adolf Thies GmbH

2011), so the Thies LPMs are said to be calibrated during this

study period. In addition, all rain gauges at CAO are moni-

tored on an ongoing basis using all rain data recorded at the

site. Any faults or any relative changes in sensitivity of the

gauges are investigated and suspect measurements are re-

moved from the datasets before publication to the Centre for

Environmental Data Analysis (CEDA). Figure 2 shows the

availability of each instrument during the study period.

3. Methodology

The following sections explain the methodologies employed

in this study, split by each precipitation variable, since each

variable is unique and requires a unique approach. The overall

goal is to compare the CAO instruments for all precipitation

variables that are important to operational and research

meteorology today.

a. Precipitation depth and precipitation rate

PR measurement techniques are subject to random and

systematic errors, affecting the exact determination of PR at

ground level. As such, there is no measurement at the site that

could be considered a reference. The instruments will be

compared and discussed in context of their measurement de-

sign to compare and contrast the strengths and weaknesses of

each. Sample duration is also an important consideration when

examining PR measurements. Some uses and applications of

PR data need only daily values while others require much

shorter PR time scales, so several durations will be considered.

The comparison of PDs uses the full 12 month dataset de-

scribed above. To examine bulk behaviors and general differ-

ences in the observations of the instruments, the cumulative

precipitation measured over the study period is compared first.

We compare both the raw accumulations and the deviation of

the accumulations of each instrument from the mean of the

instrument ensemble.

We then compare the PR from each instrument, performed

using simple linear regression by least squares applied between

two instruments. The observations should have a 1:1 relation

through the origin if both instruments have similar character-

istics. Gradient and intercept values of the regression reveal

differences in behavior of the instruments. Each instrument is

compared with every other instrument for five time durations.

In each regression, both of the instruments being compared

must detect precipitation in order for that datum to be in-

cluded, which removes major anomalies but favors insensitive

instruments.

FIG. 2. Availability of usable, quality-controlled data during the 12-month period under

examination (10 Feb 2017–9 Feb 2018, totaling 365 days). Each day is a vertical strip with the

opacity representative of the percentage of time successfully recorded. The lower bar (ALL)

represents the combination of all instruments above, and represents the data under study since

all instruments must be operational for a fair comparison. Any times with one or more in-

struments nonoperational are excluded. The Thies LPMs had a period of downtime in

September 2017 resulting in approximately 20 days without data. The missing data from the

TBR and RAL gauges were due to the gauge becoming temporarily blocked with debris. For

the PWD21, the fault at the start of February 2017 was due to a failure in datalogging. The

remaining missing files were due to temporary, intermittent logging, or file formatting prob-

lems. The minutes where all instruments were simultaneously recording during the study sum

up to 309.8 days, which is equivalent to 84.9% of the study period.
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b. DSD and DVD

DSD and DVD measurements are difficult to analyze using

bulk statistics because they are nonlinear. To facilitate compari-

son, DSDs can be parameterized into a gamma or generalized-

gamma model (Marshall and Palmer 1948; Ulbrich 1983; Thurai

and Bringi 2018) in the form

N(D)5N
0
exp(2LD)(0#D#D

max
) , (1)

where N0 is the intercept, L the slope parameter, and D the

drop diameter. The advantage of parameterization is that the

comparison is simplified to a purely numerical one, but in doing

so the artifacts or biases in the data are potentially concealed.

For example, an overestimation of medium-diameter drops

combined with an underestimation of small-diameter drops

could result in the same slope parameter as for an instrument

without biases. There is also uncertainty on the gamma model

performance for drop diameters, 1.0 mm. Chandrasekar et al.

(2003) suggest that the reduction in counts of small drops in the

gamma model is a consequence of a parametric fit on experi-

mental data that underdiagnoses small drops. Therefore this study

compares measured DSDs and DVDs without parameterization.

Here a case study approach is used, similar to that of Tokay

et al. (2013) but with some improvements. In Tokay et al.

(2013), the cases are all 1 h in duration, the PR varies

throughout, and the average PRs range from 1.8 to 12.6 mmh21,

so less common (very weak and very heavy) PR-DSDs are not

explicitly represented. Here cases are chosen based on constant

PR throughout 5-min, 15-min, and 1-h periods so that the ob-

served DSD/DVD remains consistent. The PRs used to identify

cases are: 0.05, 0.3, 1.0, 2.0, 5.0, 20.0, and 50.0 mmh21.

Thies1 measurements are used to select cases. The absolute

deviation from the desired PR is calculated in a moving win-

dow of the desired duration and the period with the least ab-

solute deviation is selected as the case from the entire dataset.

Figure 3 shows the PR over the cases selected. A 50mmh21 PR

does not occur consistently for 15 min or 1 h, and a 20 mmh21

PR does not occur consistently for 1 h. In total there are 18

cases. When averaged, the 1-h weakest rainfall rate (case 15 in

Figs. 5 and 6) is approximately 0.02 mmh21.

Each instrument uses different DSD and DVD bin widths.

The Thies LPMs have the broadest bin widths so the data from

the PWS100 and JWD are mean-weight normalized into the

Thies LPM bins. The upper and lower limits of the JWD are

narrower than the Thies LPMs and result in partially filled bins

after normalization that are discarded. The effective mea-

surement range of the JWD in this analysis is therefore

shortened to 0.375–5.0 mm. TheDSD and DVD data have also

been normalized by instrument sampling area.

c. Precipitation type

PT observations are recorded as PW codes, which are diffi-

cult to compare because the data are categorical and their in-

terpretation is ambiguous. PT is often not explicitly described

by a PW code. To simplify the analysis, a new PT scheme has

been created (shown in Table 3) with translations from PW

codes, and is broadly ranked by impactfulness to society.

Wexler (1955) notes that empirical evidence by Langleben

(1954) demonstrates that a snow aggregate retains its velocity

characteristics until .90% of the mass has melted. Lumb

(1963) further showed empirically that snowflakes are reported

by trained observers up to 1.58–3.08C, corresponding to ap-

proximately 300–500-m penetration below the 08C dry-bulb

isotherm. Wet types, therefore, occur in a wide range of tem-

peratures and are important to include.

All 1-min PW code data from the study period are converted

into PT as an initial step. Confusion matrices are produced

which tally occurrences of each PT between instruments. For

numerical comparison, a statistical score for evaluating instru-

ment agreement is needed. Rather than comparing individual

FIG. 3. PRs from Thies1 for the chosen (a) 5-, (b) 15-, and (c) 60-min cases.
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PTs between instruments, a multiclass score is desirable; the

multiclass adaptation of the Heidke skill score (HSS) is used:

HSS5
�
I

i51

p(y
i
, x

i
)2�

I

i51

p(y
i
)p(x

i
)

12�
I

i51

p(y
i
)p(x

i
)

, (2)

where �I

i51p(yi, xi) is the proportion correct, �I

i51p(yi)p(xi)

is the random proportion correct, 1 is the perfect forecast

score, I is the length of the confusion matrix, yi is the ith row,

and xi is the ith column (Heidke 1926). HSS indicates the

fractional improvement in agreement over a randomized

observation set, which would score zero. The worst possible

score is 2‘, and the best score is 1; negative values indi-

cate that a random guess would have been more skillful. The

HSS is symmetric, e.g., Thies1 versus PWD21 yields the

same score as PWD21 versus Thies1. HSS tends to decrease

for more complex PT schemes with more classes. The PT

scheme introduced here has 10 classes which are explicit

(i.e., more classes would not add value to a user). HSS is

also calculated for a simplified scheme: none, liquid, mixed,

and solid, to illustrate the range of HSS that can be obtained

by using a simplified scheme that is more ambiguous

to a user.

The instruments used in this study do not output PW codes

at consistent time periods; 5-, 10-, 15-, and 60-min intervals

are used by some but not by all instruments, but all instru-

ments do output a 1-min interval. Evaluating longer time

scales of PT is useful because radars often operate on a 5-min

(or longer) sampling strategy, and some weather reports are

conducted hourly. The instruments in this study employ dif-

ferent and poorly documented methods to merge 1-min

observations.

For fair comparison between instruments, a new algorithm

to merge 1-min PT observations into PT assessments of longer

duration is developed. A set of Boolean logic criteria are ap-

plied sequentially and are outlined in Fig. 4.

4. Results

a. Precipitation depth and rate

Over the entire 12-month period, Fig. 5 shows the variation

in PD recorded by the instruments. The PWD21 reports much

less (280.8 mm) precipitation than the average for the period

(542.8 mm). The JWD records more accumulation than the

TBR and remains closest to the mean of all instruments, but

this should not be confused with being the most accurate. The

PWS100 has a positive bias in July but this is counteracted

with a negative bias at the end of September, resulting in a final

accumulation close to the average. The RAL and Thies1 agree

until November where the RAL develops a positive bias until

the end of the period and records 618.8 mm in total. The Thies

LPMs disagree, with Thies1 and Thies2 recording 591.7 and

744.8 mm, respectively (26% difference).

Next the PRs are compared, first with a focus on the 5-min

time period (operational radar periodicity) before other time

periods are considered. In Fig. 6, every comparison with the

PWD21 has a gradient of between 0.28 , m , 0.42 and the

lowest coefficients of any instrument. The comparison reveals

that the PWD21 is consistently measuring less rainfall than the

other instruments. Similarly, the TBR records less precipita-

tion than the PWS100, Thies LPMs, JWD, and RAL but more

precipitation than the PWD21, and has the second lowest r2

values. Furthermore, the TBR versus the PWD21 has the

lowest r2 value of any case, indicating that the TBR and

PWD21 are also inconsistent in their underestimations. The

TBR has a resolution of 0.2 mm, which in a 5-min sampling

period equates to a 2.4 mmh21 minimum rainfall rate, hence

the TBR data are aliased (insufficient sampling frequency for

the signal frequency) at this time resolution. The intercept

values for the TBR tests have large deviations from the origin

which highlights the poor performance of the TBR in weak

rainfall.

The remaining instruments (RAL, PWS100, JWD, Thies

LPMs) have higher coefficient values of 0.89 , r2 , 0.95. The

Thies2 generally has slightly higher coefficient values than the

TABLE 3. Amaster lookup table (LuT) for hydrometeor type. The addition of a ‘‘wet’’ descriptor (defined as the presence of additional

liquid water with solid PTs) allows for solid PTs to be in the melting phase, where some hydrometeors have begun to melt but others have

not, or may be a solid center with a liquid coating. Not all hydrometeor types exist in the present weather (PW) code Table 4680 (WMO

1988, 2017); the master LuT is designed for compatibility with radar hydrometeor classification algorithms.

ABC PT Description PW Codes Comments

Er 22 Instrument error Undefined Instrument offline/data corrupt

Un 21 Unidentified 40–48, 80 Hydrometeor detected but type unknown

No 00 No hydrometeor 0, 4, 5, 10, 20–25, 30–34 Includes fog, mist, haze, smoke

Dr 01 Drizzle 50–56

DrRa 02 Drizzle and rain 57, 58

Ra 03 Rain 60–66

Ic 04 Ice 77, 78 Pristine crystals/needles; no aggregation

WIc 05 Wet ice Undefined Presence of liquid water

Sn 06 Snow 70–73 Aggregated ice crystals

WSn 07 Wet snow 67, 68 Presence of liquid water

Gr 08 Graupel Undefined A.K.A. soft hail or snow pellets

WGr 09 Wet graupel Undefined Presence of liquid water

Ha 10 Hail 74–76, 89 A.K.A. ice pellets (density defined)
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Thies1, which is also observed in Fig. 5. The gradient and in-

tercept of the RAL and JWD consistently show a slight neg-

ative bias compared with other instruments. The JWD–RAL

comparison shows that both instruments must have similar

observational characteristics because the r2 of their compari-

son is high (0.947). Since the JWD is shown to underestimate

drop counts during heavy PRs (section 4b), the RALmust also

be underestimating PR during heavy precipitation events.

In general, Fig. 7 shows an increase in agreement as the

sample duration increases. This is to be expected due to the

decrease in the influence of random error as the sample du-

ration increases. Though Fig. 7 demonstrates that using longer

time periods results in higher r2 values overall, the difference

between 1 h and 1 day for some instruments does not change or

even slightly decreases. The RAL, JWD, and PWS100 all have

similar r2 values throughout the time periods. At a 1-h interval,

the TBR has equivalent coefficients to the other instruments

(excluding the PWD21). The PWD21 reaches a maximum r2

value of 0.8 at a 1-day interval, but this is still far below the

other instruments. The Thies2 has slightly higher albeit similar

coefficients of determination as the RAL, JWD, and PWS100,

which is unexpected considering that the Thies LPMs use the

same instrument design.

b. Drop size distribution

Overall, Fig. 8 shows an increase in the steepness of the right

tail of the DSD with increasing PR, as expected fromMarshall

and Palmer (1948). For more detailed analysis we split the

results into three parts.

1) SMALL DROP SIZES (D , 1.0MM)

The PWS100 records fewer drops than the other instruments

for small drops in all PRs and durations; multiple orders of

magnitude less in the smallest sizes (,0.8 mm). In case 15 the

PWS100 barely detects the precipitation compared to the other

three instruments. Case 15 was intended to represent the 1 h,

0.05 mmh21 PR scenario. However, in Fig. 3 it is noted that the

actual PR in case 15 is slightly lower than the desired amount,

due to the method of finding stable PR cases. The actual PR in

case 15 is 0.02 mmh21 and this slightly lower PR, combined

with the PWS100 being unable to count small drop diameters,

is likely the cause of the PWS100 barely detecting the precip-

itation. The Thies LPMs agree with the JWD for small drop

diameters up to PRs of 2 mmh21, where the Thies LPMs re-

cord more small droplets than the JWD. Above the 2 mmh21

cases, the JWD count values for small drops increasingly de-

viate from the Thies LPMs and more toward the PWS100,

which is known to underestimate small drops across all PRs.

2) MEDIUM DROP SIZES (1.0 , D , 3.0MM)

The spread of medium-sized drop counts measured by all in-

struments is within an order of magnitude, showing broad

agreement. For the medium-intensity PRs (1.0, 2.0, 5.0 mmh21),

the PWS100 typically records equal or more drops in the 1–3-mm

diameter region of the distribution. The largest deviation is in case

17 where the PWS100 records 50 000 drops, Thies1 and JWD

10000 drops, and Thies2 11 000 drops at 2 mm. The JWD agrees

with the Thies LPMs for medium-sized drops in weak PR

(0.3mmh21), but in three of the cases (10, 17, 18) records the least

drops in the 2.0–3.0-mm size bin (approaching one order of

magnitude toward 3.0 mm drops) compared to the Thies LPMs

andPWS100. Case 10 has the largest spread inmedium-sized drop

counts, which is one order of magnitude at 2 mm.

3) LARGE DROP SIZES (D . 3.0MM)

The Thies LPMs and JWD are in agreement for large drops,

except during the more intense rain rates (20, 50 mmh21),

where the JWD records 1–1.5 orders of magnitude fewer large

drops than the Thies LPMs and PWS100. The JWD also rec-

ords the largest drops to be in the 4.0–4.5-mm size bin, and

none in the 4.5–5.0-mm size bin in any of the cases. The largest

FIG. 4. A Boolean algorithm to take multiple precipitation type

data periods and merge them into longer periods. Any hail, grau-

pel, or wet graupel in the input data results in that type as the

output. This is because these events are rare, high impact, and short

duration, which may not meet the next criterion in the algorithm.

Next, if any single PT occupies$two-thirds of the input data, that is

the output. Third, the minutes with no precipitation are excluded.

Of the remaining data, if $one-third contain rain or any wet PT,

then the highest wet PT code index that exists in the input data

is used.

710 JOURNAL OF HYDROMETEOROLOGY VOLUME 22

Unauthenticated | Downloaded 04/07/21 10:39 AM UTC



difference between the Thies LPMs is at 4.25 mm in case 6

(5 min, 20 mmh21) but only approximately 100 drops. The

PWS100 is in agreement with the Thies LPMs in most cases for

large drops. In four of the cases (12, 17, 18, 19) the large drop

counts are marginally higher, but above 4.5-mm diameter

drops, the counts from the PWS100 are less than the Thies

LPMs. Out of the 18 cases, the Thies LPMs record the largest

drop diameters out of any instrument five times and equal

largest drop diameters six times, occurring more often in the

higher PRs. The PWS100 records the largest drop diameters in

seven of the cases, occurring more often in weak PRs.

c. Drop velocity distribution

Figure 9 shows the DVD results, in the same cases and

layout as in Fig. 8, but without the JWDwhich cannot measure

drop velocity. Broadly the PWS100 counts fewer particles in

total (the cases are identical to Fig. 5) and has aDVDupper tail

which ends at lower velocities in all cases compared to both of

the Thies LPMs. The DVD lower tail and peak counts of drop

velocities have less than an order of magnitude of spread be-

tween instruments, with the notable exception of cases 6, 8, and

15. Cases 8 and 15 are again affected by the PWS100 under-

counting small drops. The two Thies LPMs agree to within half

an order of magnitude (except in case 15, very weak precipi-

tation) but Thies2 records more drops. 4 m s21 than Thies1 in

almost every case, and records the highest drop velocities

in eight cases (equal to Thies1 in eight cases, less than Thies1 in

two cases).

d. Precipitation type

Figure 10 shows the agreement between instruments on

coincident observations of PT at 5-min intervals (operational

radar periodicity). The most striking result is that the Thies

LPMs report more PTs than the PWS100 and PWD21. The

PWS100 never reports wet ice, and only observes two periods

of ice and one period of hail. The PWD21 never reports drizzle

FIG. 5. Long term precipitation accumulation behavior between the different instruments.

(a) The total precipitation accumulation and (b) the bias, using the mean of all sensors as the

baseline. The total accumulation for each instrument is listed for each instrument in decreasing

order in the legend of (a), and the total deviation from the mean of all instruments (542.8 mm)

at the end of the period is listed in order in (b). The accumulation measured after 12 months

ranges from 262.0 to 744.8 mm (284% difference), with a range of bias from 2280.8 to

1202.1 mm.
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and rain, ice, wet ice, or hail. Along the diagonal boxes (bor-

dered in white) the highest agreement between instruments

occurs in the no precipitation class (.98% across the board),

the rain class (.80%) and the snow class (.30%).

The drizzle class has broad results; both of the Thies LPMs

count more drizzle than rain. The PWS100 and PWD21 record

;20 times fewer drizzle periods than the Thies LPMs, and yet

in the lower right matrix (Fig. 10f), both instruments rarely

(6%) agree on the times of drizzle despite having similar total

counts. The PWS100 frequently identifies rain when the other

instruments identify drizzle (8%–15%) or drizzle and rain

(80%–90%) classes.

The spuriosity of the Thies LPMs is evidenced by the first two

rows and columns in Fig. 10a, where the none and drizzle classes

all contain other hydrometeors. Wet snow is equally agreed upon

as it is disagreed as rain by both Thies LPMs (;40% each). The

PWD21 has less spuriousness because it is unable to resolvemany

hydrometeor types—evident with themany zero count rows (gray

boxes) in Figs. 10c, 10e, and 10f. The PWS100 typically classifies

Thies LPM drizzle as no precipitation (73%–84%) or rain (8%–

16%), Thies LPM ice as no precipitation, and Thies LPM hail as

snow, rain, or none. The snow has some agreement compared to

the other instruments (32%–39%) but often the PWS100 classifies

Thies LPM snow as no precipitation (52%–64%). The PWS100

and PWD21 have large disagreements, as do the two LPMs with

themselves and the other instruments, highlighting the difficulty in

observing PT. The HSS from each comparison for each time pe-

riod examined is summarized in Fig. 11.

Unsurprisingly, Fig. 11 shows the two identical Thies

LPM instruments have the highest agreement. Second

highest are the PWS100–PWD21 matrices. For the other

comparisons, the Thies-PWD21 agrees less than the Thies-

PWS100. The vertical lines on Fig. 11 show the HSS if

the confusion matrices were to be simplified into four clas-

ses: none, liquid, mixed and solid, where mixed are any

wet-denoted type. Solid includes ice, snow, and hail. HSS

increases modestly across the board if a simpler hydrome-

teor class system is used. However, this would not help in

instances of hail and snow where the two classes are merged,

nor does it indicate which type of mixed precipitation is

occurring.

FIG. 6. Every instrument compared with another for 5-min-averaged PR. Within each cell,

the large upper value is the coefficient of determination r2, while the lower left and lower right

are the gradient m and y-axis intercept c of the linear least squares regression line, respec-

tively. The cells are shaded based on the r2 value. The instruments in the columns are the

y-axis data and the instruments in the rows are the x-axis data, such that the uppermost left

result of r25 0.581 is taken from a scatterplot of Thies1 on the x axis and PWD21 on the y axis.

Hence, the gradient of Thies1 vs PWD21 (m5 0.33) indicates that the PWD21 records a third

of the rainfall that the Thies1 recorded during the 12-month observation period.

FIG. 7. Coefficient of determination (r2) used as an indicator of

instrument agreement between PRs measured by the labeled in-

strument and Thies1. Values are shown for multiple time durations

to indicate the dependence of time interval on agreement. Data

from the whole study period is binned into time durations labeled,

and a coefficient is calculated using least squares linear regression

as explained in section 3a. Thies1 is used as the baseline instrument

because Fig. 6 showed it to be similar to the Thies2, RAL, PWS100,

and JWD, and it allows the Thies LPMs to be compared.
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FIG. 10. Confusion matrices of hydrometeor type for 5-min time intervals. Values shown inside the matrix are

percentages normalized by the total number of observations of the type in that column, such that the instrument

listed on the top of the matrix is considered truth in each plot. For example, for the first matrix, for the ‘‘wet snow’’

precipitation type (denotedWSn), 42.9% of the observations made by Thies2 agreed with Thies1. Looking further

up in that same column, it shows that 44.4% of the Thies1 ‘‘wet snow’’ events were classified as ‘‘rain’’ by Thies2.

The color intensity of each cell fromwhite to dark red corresponds to the percentage values written inside each cell.

Totals observed by an instrument are shown in the white boxes surrounding the matrix, and the total number of

observations in the black lower right box, which differs for each matrix since both instruments in a matrix must

report a PT (section 3c). The multiclass HSS (Heidke 1926) of each confusion matrix is shown in red, in the lower

right corner outside each matrix.
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5. Discussion

The performance of the instruments depends on the user.

This section will consider applications in context with the re-

sults seen in the study to inform existing and future sensor

deployments and design.

a. Precipitation depth and rate

The results confirm that the PWD21 is unable tomeasure over

20 mmh21; no precipitation is observed over this rate, and

convective events are significantly undercaptured. Concurrently

the sensitivity of weak PRs is poorly captured, evidenced by a

positive intercept when compared with all other instruments at

5-min sample duration (except the TBR which has time reso-

lution limitations). The PWD21 should not be used as a PR or

PD sensor where possible. Funnel gauges (TBR and RAL) are

affected by air temperature and humidity. The funnels will take

longer to wet in the summer because precipitation can more

rapidly evaporate. There is evidence for this seasonality as Fig. 5

shows that the largest increase in bias in the TBR occurs in June–

August, and the RAL bias increases more than the other instru-

ments from November onward. The TBR can also lose liquid

within a bucket through evaporation,which theRALmitigated by

employing a less exposed drop collection reservoir design. This

may explain the larger summer differences in the TBR versus the

RAL. Funnel gauges are also affected by wind (Sevruk 1996).

The Thies LPMs have a large difference in recorded pre-

cipitation over 12 months (591.7 and 744.8 mm for Thies1 and

Thies2, respectively, or 25% more in Thies2). The Thies1 ac-

cumulated total is close to other instruments throughout the

year and both Thies LPMs have similar r2 values to other in-

struments in Fig. 6, the largest difference being for the PWD21

with a difference of 0.047. However, the gradient m between

the Thies LPMs is 1.05 which suggests a 5% difference. Here,

the limitation of the least squares regression is highlighted;

examination of the scatterplot between the Thies LPMs (not

shown) reveals several cases where the Thies2 reported 5-min

precipitation as much as half that of the Thies1, skewing the

gradient of the best fit. The scatterplot shows that the over-

diagnosis of PR (at 5-min intervals) in Thies2 compared to

Thies1 generally occurs across all PRs and is likely a systematic

bias with the laser to diode occultation technique. Lanza and

Stagi (2009) noted an overestimation in precipitation from

optical disdrometers compared with a reference gauge and

Lanzinger (2006) quantified a 5%–20% overestimation from

optical disdrometers. Frasson et al. (2011) suggests that the

Thies LPM is sensitive to precipitation particles outside of the

manufacturer-quoted laser beam area, causing an overcount of

particles for the specified area when compared with a TBR

gauge. Large differences between Thies LPMs were also noted

in Frasson et al. (2011).

A phenomenon observed in Fig. 8 with the JWD is the un-

derestimation of small and large drops in heavy PRs, also ob-

served in Fig. 6 because the gradient of the JWD versus RAL,

PWS100, and Thies LPMs all show an underestimation by the

JWD. The total PD over 12 months is near the mean of all

instruments (bias of 24.3mm), but the DSD results indicate

that the JWD underdetects PR, so the PD value should be

lower than truth. The PWS100 has a similar 12 month PD

(23.0 mm from average of all instruments) which is likely to be

an underestimate and r2 values are around 0.9 (if the lower

TBR and PWD21 are dismissed). These values are the lowest

of the RAL, JWD, and Thies LPMs and the PWS100 also has a

lower gradient than the Thies1, JWD and RAL for 5-min in-

tervals seen in Fig. 6, further supporting the conclusion that the

PWS100 is underdiagnosing PR and PD.

b. Drop size distribution

The DSD comparisons are split up by PR and accumulation

time. There are few differences between the time accumula-

tions showing that 5 min is sufficient for a representative DSD

shape. The Thies LPMs and PWS100 measure some drops

larger than the JWD can measure (.5.0 mm). It has been

shown that the maximum stable diameter of a raindrop in

stationary air before breakup occurs is ;6 mm (Villermaux

and Bossa 2009; Marshall and Palmer 1948). This suggests that

the largest dropsmeasured by the Thies LPMs and PWS100 are

realistic. Therefore the JWD appears to be limited and from

the results in Fig. 8 is also underdiagnosing the number of large

droplets. This is important for heavy PRs which can cause flash

flooding because larger drops contribute more volume of water

to the rain rate than smaller drops. Capturing larger drops in

disdrometer measurements is also important for comparison

with, or calibration of, precipitation radars. Smith (2016) found

that the largest 6% of drops in a simulated DSD contributed

toward 85% of the value of the reflectivity factor Zh. The JWD

should therefore not be used for applications where high PRs

need to be well captured.

The JWD also underdiagnoses the small drops at high PRs

(.2.0 mmh21), which may be due to the dead-time effect, not

accounted for here, where large drops cause oscillations on the

JWD plate which take a nonnegligible time to dampen. In this

time, motion from small drops is undetectable. However, the

impact of the dead-time correction has been questioned in

FIG. 11. Multiclass HSS between each instrument capable of PT

observations. Scores are shown for 1-, 5-, and 60-min intervals. The

vertical lines indicate the improvement in score if a simpler hy-

drometeor class scheme is used (none, liquid, mixed, solid). The

PWS100 is shortened to PWS here, Thies1 to T1, Thies2 to T2, and

the PWD21 to PWD for readability.
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the literature (Ulbrich and Atlas 2007). The JWD agrees with

the Thies LPM for lower PRs (,2.0mmh21) so high sensitivity

to drizzle and weak PRs makes the JWD suitable for those

applications.

Alternatively, the Thies LPMs have a steeper DSD for small

drops during high PRs (.5.0 mmh21), which is unrealistic; the

Thies LPM housing has been suspected of splashing precipi-

tation into the measuring beam (Pickering et al. 2019a), which

would increase the number of small drops seen in Fig. 8.

Sensitivity at weak PRs and drizzle is also high in the Thies

LPMs, although this does occasionally result in some anoma-

lous measurements of insects or debris. The PWS100 under-

diagnosing small drops could be a critical failure for automated

precipitation-detection applications. In the PWS100 manual it

states ‘‘proportion of particles detected will fall off significantly

below about 0.5 mm diameter,’’ not below 1.0 mm as seen here

and should therefore not be used for high-sensitivity purposes.

All instruments have suspect drop count values in the small

drop diameter sizes for higher PRs (.5.0 mmh21), so it is not

clear that any of the instruments tested capture the full DSD

correctly for high PRs (.5.0 mmh21).

c. Drop velocity distribution

As with DSD, the difference in distribution shape is con-

sistent for a given PR across multiple data collection time

samples, indicating that a 5-min sample is sufficiently repre-

sentative. Pickering et al. (2019a) note that there are often

cases where the Thies LPM measures a portion of the smallest

particles (0.125 mm) at the highest velocity bin (.10 m s21)

which is incompatible with the empirically derived relationship

between drop diameter and terminal fall velocity by Gunn and

Kinzer (1949). The cause of these small diameter and high

velocity drops is unknown but the behavior exists in both Thies

LPMs used in this study.

TheGunn–Kinzer curve is a widely used relationship between

drop size and terminal velocity. In the 5.0 mmh21 cases (5, 12,

19), themaximumdropdiameters of around 4.0–4.5mm for both

the PWS100 and Thies LPMs should have a terminal velocity of

8.7–9.0 m s21 according to the Gunn–Kinzer curve. In Fig. 9,

however, the PWS100 has a maximum velocity of 4.5 m s21 and

the Thies LPMs of 10.5m s21, which is higher thanGunn–Kinzer

but closer than the PWS100. This trend continues across all

DVDs. The Thies LPMs are close to the values expected from

Gunn–Kinzer, but the PWS100 DVDs appear to be linearly

stretched to approximately half the values expected.

Since the PWS100 underdetects small drops, the DVD will

also be affected. Despite this the counts of low velocity drops

are the same or higher than the Thies LPMs in 13 out of the 18

cases, which supports the observation that the Thies LPMs

incorrectly measure a broad range of velocities for small drops,

decreasing the true low velocity (,1.0 m s21) count. Since the

Thies LPMs use only DSD and DVD for PT, these anomalies

in observation will lead to incorrect diagnoses of PT when

particle sizes are small.

d. Precipitation type

Both Thies LPMs have high drizzle counts, higher than rain

which does not match the site climatology (Ventouras et al.

2006). This signals a systematic design error which may be due

to the sensitivity of the instrument to any small particles in the

atmosphere like insects or debris. Both the PWS100 and

PWD21 counted fewer drizzle cases than the Thies LPMs. In

section 4a it was shown that the PWS100 underestimates small

drops; drizzle is defined as drops , 0.5 mm in diameter, so the

result is consistent with earlier findings. Similarly, the PWD21

does not output DSDs, so cannot explicitly distinguish drizzle.

Ice and wet ice are the most disagreed classes simply because

the climatology of the study location has rare occurrences of

pristine ice crystals. Hail is also rare in the United Kingdom

(Hand and Cappelluti 2011) and is therefore unreasonable to

evaluate over a 12-month period.

The results for PT show weak agreement across the instru-

ments, which is consistent with the literature for similar in-

struments. Bloemink (2005) showed that for a simple PT

classifier (none, liquid, mixed, solid), there was little difference

between the Thies LPM and Vaisala FD12P (akin to the

PWD21 with a visiometer, thermometer, and capacitive plate)

when each were compared with a trained observer. They

noted a particular weakness for the instruments to detect

mixed phase precipitation, also seen here.

There is little difference in the HSS for different time pe-

riods, which demonstrates that the amalgamation algorithm

presented here is successful; if there were large increases or

decreases in the HSS over time, then the algorithm is intro-

ducing a bias. The PT scheme and amalgamation algorithm

should be applied to future instruments and to research anal-

ysis, so that there is consistency between instrument manu-

facturers in this field. The explicit PT scheme will also require

instruments to be explicit, which the current PW code does not

require since it is ambiguous.

e. Study limitations

Several limitations exist with the current study which must

be noted and considered. First there is no single instrument

which can be identified as the truth, and therefore the results

are limited to comparisons between two instruments or an

average of all instruments (referred to as a ‘‘composite working

reference’’ in intercomparison studies). By contrast, Lanza and

Vuerich (2009) use a composite working reference of four

gauges (two TBRs and two weighing gauges) identified from

laboratory comparisons. The effect of wind on precipitation

measurements has long been known (Heberden 1769; Jevons

1862; Koschmieder 1934) but here no considerations are made

to isolate precipitation events by wind speed thresholds. This

study was based on existing instruments on-site and their

preinstalled locations which could not be changed due to the

need to maintain consistent long-term measurements at CAO.

Only the RAL and TBR could receive a validation of the

manufacturer calibration on-site. The PWD21 and PWS100

instruments are on the roof of a small building, which is sub-

optimal due to turbulence generated by the building—however,

these instruments are raised above the building as shown in

Fig. 1 which reduces the turbulence within the instrument

sampling volume. Finally, while 12 months of data covers sea-

sonal changes, the study period cannot be considered a true

climatological sample since 30 years of observations would be
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required.Note that other intercomparison studies also use a data

collection period on the order of 1 year (Lanza and Vuerich

2009; Kochendorfer et al. 2017). The study is also conducted in a

single location and therefore the results only apply to locations

with similar precipitation climatologies as that of CAO (see

section 2b) and up to PRs of 50 mmh21.

6. Summary

We examined six techniques for measuring precipitation to

inform the future usage of their observations, sensor deploy-

ments, and to provide a benchmark for new sensor development.

Comparison techniques from the literature were modified and

improved upon to further explore the consistency and reliability

of the observations from sensors with different measurement

techniques. Rainfall depth and rate were examined using linear

regression. The regressions of each instrument were cross

compared to reveal consistent poor agreement and other pat-

terns. A novel technique for comparing drop size and velocity

distributions was described and employed. By selecting cases of

stable rainfall rate, the drop distributions are kept consistent for

the comparisons. A new precipitation type lookup table was

created to convert and group the widely used PW code format

into more explicit classes which enables a standardized compari-

son with other instruments to be performed. An amalgamation

algorithm was also introduced which merges multiple 1-min pre-

cipitation type observations into a single code. The new PT codes

and amalgamation algorithm were then used to compare four

instruments over three time scales. Though the comparison of the

instruments showed poor instrument agreement, the results

demonstrate the successful application of the PT scheme and

amalgamation algorithm.

For robust measurements, observing sites should employ

multiple sensor designs. No single sensor in this study could

satisfy all user applications. The Thies LPM makes reasonable

observations for all variables, although the PT data is difficult

to verify without a human observer and the PD between two

Thies LPMs over 12 months had a 26% difference, signaling

poor manufacturing calibration consistency. The PWS100 re-

ported unrealistically low velocity measurements, fewer PTs

than the Thies LPM and struggled to observe drizzle. The

PWD21 performed poorly for every variable; PR and PD

showed large negative biases of around 50% compared with

the average of all instruments in the study, and PTs were

narrowly reported (few classes). The JWD and PWS100

12-month PDwere close to themean PD but theDSD from the

JWD underdiagnosed small and large drops, especially in

higher PRs. The JWD and RAL had reasonable PR r2 values

with a fast response time. The RAL 12-month PD was 14%

higher than the average for all instruments. The TBR has a

slight negative PD bias compared with the average for all in-

struments over 12monthswith 7.2%below the average. The low

PD resolution of 0.2mmmakes the TBRunsuitable for response

times less than 5 min for typical PRs observed at CAO.

A clear outcome of this study is that observations of PT,

while useful and in growing demand, are poor because there is

only moderate agreement between instruments with mixed

precipitation disagreed upon the most. Other studies still use

human observers as themost trusted PTwhich shows that there

is a need for improved precipitation type sensors. Overall, the

sensor design choice should change based on the user re-

quirements, and this study serves as a reference for such a

decision to be made.
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