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Abstract

Simultaneous observations of rainfall collected by a tipping bucket rain gauge, a weigh-
ing bucket rain gauge, an optical rain gauge, a present weather detector, a Joss—
Waldvogel disdrometer, and a 2-D video disdrometer during January to October 2012
were analyzed to evaluate how accurately they measure rainfall and drop size dis-
tributions (DSDs). For the long-term observations, there were different discrepancies
in rain amounts from six instruments in the order of 0 to 27.7 %. The ORG, JWD, and
2DVD underestimated, and the TBRG overestimated the rain rate when R < 20 mm h™ ;
the TBRG agreed well with the reference values, while the PWD and 2DVD overesti-
mated, WRG and JWD underestimated the rain rate when R >20mmh~". The TBRG
and WRG underestimated more than 50 % of rainfall duration substantially in the light
rainfall, ORG underestimated the rainfall duration for about 12.7 %, while the JWD and
2DVD overestimated the rainfall duration for more than 30 %. The overall DSDs of
JWD and 2DVD agreed well with each other, while the JWD had a higher volume mean
diameter, lower raindrop numbers and liquid water content than that of 2DVD. The
overestimation of small-size drops (D < 1 mm) and underestimation of very large-size
drops (D >4 mm) by JWD suggests the JWD’s inaccuracy of measurement of small-
size drops and very large-size drops; the underestimation of small raindrops by 2DVD
suggested that DSDs in the heavy rainfall by 2DVD should be handled carefully.

1 Introduction

Measurements of precipitation have been widely applied in meteorology, hydrology,
environmental, agricultural, and soil sciences. There are many instruments available
to measure precipitation; conventional rain gauge is the most widely used instrument
in the world wide, which can only measure the precipitation intensity and duration.
With the development of optical and electronic techniques since 1970s, a variety of
instruments based on different principles have been developed, which can measure
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the size, shape, velocity of precipitation particles. In particular, the disdrometer that
can measure the drop size distributions (DSDs) have been widely used in the cloud
modeling and climate studies, rainfall estimation by radar, hydrological modeling, soil
erosion, and etc. Although the comparative observations with the disdrometers and
rain gauge verify the accuracy of rain rate measured by disdrometers, there’s no ref-
erence instrument that can obtain the true values, nor standard environment that can
simulate the precipitation, the DSD, number concentration, and other micro-physical
variables of precipitation measured by different instruments show different discrepan-
cies (Chandrasekar and Gori, 1991; Tokay et al., 2001, 2003; Loéhnert et al., 2011),
which makes it difficult to the effective application of micro-physical data of precipita-
tion.

At present, the Joss—Waldvogel disdrometer (JWD), 2-D video disdrometer (2DVD),
and OTT PARSIVEL disdrometer are the most widely used disdrometers for compar-
isons and validations of weather radar (Sheppard and Joe, 1994; Schuur et al., 2001;
Thurai et al., 2009) and TR MM (Baquero et al., 2005; Wolff et al., 2005), but the
accuracy of measurements are still been under examination. There are significant dis-
crepancies in rainfall amounts from JWD and rain gauges in the order of 10 to 20 %
(Sheppard and Joe, 1994; Tokay et al., 2003), and the JWD underestimated the num-
ber concentration of small drops (Caracciolo et al., 2002). The 2DVD had a better
agreement with the rain gauges, but it underestimated small to medium drops (Tokay
et al., 2001). The 2DVD and OTT PARSIVEL disdrometer had close agreement in DSD
parameters when R was less than 20 mm h'1, while the mass-weighted mean diame-
ter, the standard deviation of the mass-spectrum, and the rainrate of PARSIVEL were
higher than that of 2DVD when rainrate was particularly above 30 mm h (Thurai et al.,
2011).

In order to evaluate the accuracy of rainfall measurements by different instruments
based on different principles, especially the DSDs; we analyzed the rainfall observa-
tions collected during the Atmospheric Radiation Measurement (ARM) Climate Re-
search that was operated at Darwin, Northern Territory, Australia from January to
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October 2012. The rainfall observations are from a tipping bucket rain gauge, a weigh-
ing rain gauge, an optical rain gauge, a present weather detector, the DSD observations
are from a Joss—Waldvogel disdrometer, and a 2-D video disdrometer. In this paper,
a brief description of each instrument can be found in Sect. 2. Section 3 summarizes
the general rainfall events, overall comparisons of rain rate and duration by different in-
struments are analyzed, and selected events are analyzed in details minute by minute.
Parameters of drop size distribution observed by JWD and 2DVD are calculated and
compared, and their characteristics and differences are discussed. Conclusive remarks
are given in the last section.

2 Instruments description
2.1 Rain gauge

The tipping bucket rain gauge (TBRG for short) is a siphon-controlled tipping bucket
rain gauge (RIMCO 7499 Series). Any rain falling on the collecting funnel is di-
rected through a siphon control unit and discharges as a steady stream into a two-
compartment bucket mounted in unstable equilibrium. The volume of each compart-
ment bucket is equivalent to a rainfall of 0.2 mm, therefore the precision and resolu-
tion is one full bucket (0.2 mm), and the uncertainty is £0.2 mm under 250 mm h'.
The main source of the TBRG sampling error is its sampling principle and its inabil-
ity to capture the small temporal variations during the rainfall time series (Habib et al.,
2001). There are substantial errors in the 1-min estimates especially at low rain rate, as
the time scale of the rainfall increases, the error decreases substantially (Wang et al.,
2008).

The weighing rain gauge (WRG for short) operates on the principle of weighing the
rainwater collected by the buckets. The rain rate can be calculated by the difference
in rainwater accumulation over a given time interval. The accuracy of the rain rate
is related to the precision of the water accumulation measurement, the rate at which
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rainwater drains from the catchment basin into the measurement chamber, and the
sampling interval (Nystuen, 1999). however, rainfall measurement is invalid during the
collecting pan drains when the collecting pan fills with water.

The optical rain gauge (ORG for short) measures the scintillation of infrared light pro-
duced by the liquid water drops falling between a light source and a receiver (Nystuen
et al., 1996). The variation of light intensity caused by a given drop is a function of drop
size, fall velocity, shape, and coherence of the light source. However, limited by the
measurement principle, the ORG should not be used for frozen precipitation particles.
The Model ORG-815 has a precision of 0.1 mm and an uncertainty of £0.1 mm h™'in
this study. Compared with the other gauges, the ORG overestimates rain rate when
there are more small drops, and underestimates rain rate when there are more large
drops, it might bias high during higher winds (Nystuen, 1999).

2.2 Present weather detector

The present weather detector (PWD for short) is a multi-variables sensor for automatic
weather observing systems. The Model Vaisala PWD22 combines an optical sensor
for visibility, a capacitive device Vaisala RAINCAP® rain sensor with double-plate for
precipitation and a Pt100 thermistor for temperature, these three independent mea-
surements together provide prevailing visibility, precipitation, and present weather type
(January 2004).

The precipitation intensity is based on both the optical and capacitive measurements.
Optical precipitation intensity is proportional to the volume of particles, as an adjustable
parameter; capacitive precipitation intensity is calculated by RAINCAP® data, of which
the signal is proportional to the rain amount on the sensing surfaces. The capacitive
intensity is higher than the optical intensity in liquid precipitation, PWD multiplies the
optical intensity with a scaling factor to get the water equivalent intensity in frozen
precipitation. If the relative humidity of air is more than about 70 %, the surfaces could
produce a signal even with no precipitation, which produce false precipitation. Also the
PWD might overestimate the precipitation intensity during higher winds.
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2.3 Joss—-Waldvogel disdrometer

The Joss—Waldvogel disdrometer (JWD for short) was originally developed by Joss and
Waldvogel (1967) to measure radar reflectivity (Tokay et al., 2003), which is an impact
type device and measures the drop size by a styrofoam cone with a sampling cross-
sectional area of 50 cm?. The JWD’s output is proportional to the size and fall velocity
of the impacting drops, and the drops’ size can be retrieved based on an assumption
of the relationship between diameter and fall velocity in still air (Tokay et al., 2001).
The Model RD-80 were used in this study, the drops are sorted into 20 size intervals
ranging from 0.3 to 5.4 mm, and the boundaries of each channel increase with drop
size from 0.1 to 0.5mm.

It should be noted that the accuracy of JWD is sensitive to background noise; it
could underestimate the small raindrops in heavy rain when the Styrofoam cone is hit
by much more drops (Tokay et al., 2001). Since the largest size of the JWD is 5.4 mm,
any drops larger than 5.4 mm would be counted in the largest size, which causes an
underestimation of rain rate in heavy rain. Velocities of raindrops can diverge from the
assumed empirical fall speed in the presence of updrafts and downdrafts, causing an
underestimation or overestimation of drop size.

2.4 2-D video disdrometer

2-D video disdrometer (2DVD for short) comprises of two light sources and two
CCD line-scan cameras with 34.1kHz rate perpendicular to each other, two light
sheets spaced 6.2 mm vertically form the virtual measurement area (10cm x 10cm)
(Kruger and Krajewski, 2002). Three-dimensional shape information of particles can
be recorded when it passing the sampling area, based on which the shape, size, vol-
ume, equivalent drop diameter, and oblateness can be calculated. The vertical velocity
of each particle can be determined according to the distance between the two light
sheets and its traveling time. The precipitation intensity, drop size distribution, velocity
distribution can be obtained by time integration (Schonhuber et al., 2007). The drops
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are sorted into 50 size intervals ranging from 0.1 to 9.9 mm; the boundaries of the 50
channels are 0.2 mm uniformly.

The size resolution of 2DVD is 1 pixel of linear CCD or finer than 0.2 mm; therefore
it cannot measure the drops smaller than 0.2 mm. The enclosure of 2DVD can cause
errors in the detection of small drops, some of them might be counted more than once
when they pass across the measurement area while others are not counted at all (Nes-
por et al., 2000). Also the spatial distribution of raindrops cross the measurement area
could be distorted by the wind. A drop seen by the above light sheet might be matched
to a different drop by the below light sheet, this mismatching could cause errors in
shapes and velocities of particles (Leijnse and Uijlenhoet, 2010).

3 Intercomparison analysis

The rainfall measurements used in this study were collected during the Atmospheric
Radiation Measurement (ARM) climate research that was operated at Darwin, North-
ern Territory, Australia from January to October 2012. The rainfall observations are from
a TBRG, a WRG, an ORG, a PWD, a JWD, a 2DVD, where the DSDs are obtained from
the JWD and 2DVD.

3.1 General analysis

Table 1 presents the rainfall duration (7,,,), max rain rate (R,,,,), and rainfall accumu-
lations (R,) for 27 rainfall events observed by six instruments, of which the missing
records, operational failures, and obvious discrepancies of observations are excluded.
In general, the maximum value of T,,;, was recorded by JWD, the maximum values of
Rmax and A, were recorded by PWD, while the minimum values of 74, Rmaxs Racc
were recorded by WRG. The rainfall duration of TBRG and WRG is far less than that
of ORG, PWD, JWD, and 2DVD, while there’s no such obvious difference of rainfall
accumulation by six instruments.
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Table 2 presents the bias (AR) of total rainfall accumulations by six instruments,
which can be calculated as:

R1 _RZ

AR =
R1

(1)
where R, and A, denotes the total rainfall accumulation of all the 27 events by two
instruments (R4 is the bigger one).

There are significant discrepancies in rainfall accumulations from different instru-
ments, ORG presents the best agreement with the JWD (AR = 0 %), the ORG, JWD,
and 2DVD present an excellent agreement with the TBRG (AR = 5.9, 5.8, 5.0 %), while
the PWD and 2DVD present the worst agreement with the WRG (more than 20 %).
The comparisons of event rain amounts between TBRG and other five instruments are
presented in Fig. 2. The correlation coefficient and standard deviation (o) are used
to quantity their discrepancies. It can be found that the ORG and TBRG have the best
correlation coefficient and the least o, the probable reason is that the ORG is calibrated
by the TBRG, while the PWD and TBRG have the worst correlation coefficient and the
largest 0. Compared with the TBRG, The WRG and ORG underestimated the rainfall
accumulation obviously, while the PWD and 2DVD overestimated the rainfall accumu-
lation significantly. However, bias does not quantify event by event agreement; details
of specific rainfall events will be discussed in the following section.

Table 3 presents the AR of rainfall durations by six instruments, it can be found that
there is the least bias between the TBRG and WRG (AR = 3.2%), and the largest
bias between TRBG and JWD (AR = 86.2 %), which can be validated by Fig. 3. The
comparisons of rainfall durations between TBRG and other five instruments show that
the TBRG and WRG have the best correlation coefficient and the least o, while the JWD
and TBRG have the largest o, 2DVD and TBRG have the worst correlation coefficient.
The overall rainfall duration by ORG, PWD, JWD, and 2DVD bias much higher than
TBRG and WRG.
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3.2 Event analysis

Since general rain rate and rainfall duration of long term could not reflect the specific
performance of each instrument, details of selected rainfall events with typical features
during the precipitation process are discussed, differences and discrepancies between
different instruments are analyzed in this section.

Figure 4a and b show the evolution of the rain rate by six instruments on 13 Jan-
uary and 2 March 2012. It can be found that the TBRG, WRG, and ORG have a good
agreement when rain rate is more than 20 mm h'1, JWD bias lower and the PWD and
2DVD bias higher. The largest and the smallest rain rate are recorded by PWD and
JWD respectively at the same time. The ORG, JWD, and 2DVD show a good agree-
ment, while WRG bias lower and PWD bias a little higher when the rain rate is less than
20mmh~". The rain rate of TBRG shows an obvious and discrete variation, the main
reason is that its bad resolution of 12mmh~'. The TBRG has a bad timeliness, one tip
of compartment bucket with water in light rainfall need take a long while, therefore rain
rate less than 12mmh~" can not be detected in time.

Although the variations of rain rate recorded by six instruments show great discrep-
ancy, the rainfall accumulation by six instruments have relative small bias. In Fig. 4a,
the WRG have the smallest record of rainfall accumulation (16.4 mm), the PWD have
the largest record of rainfall accumulation (26.6 mm), and the TBRG, ORG, and JWD
have a good agreement (21.2, 20.7, and 19.1 mm), while the 2DVD bias a little higher
(26.0 mm). The similar result can be fount in Fig. 4b.

The rainfall durations recorded by six instruments agree well when the rain rate is
more than 20 mm h‘1, while there are much greater discrepancy in the light rainfall
(R <20mm h'1). The TBRG and WRG have a good agreement (42, 37 min), while the
ORG, PWD, JWD, and 2DVD recorded much longer rainfall duration (198, 208, 234,
and 236 min). The main reason is that the optical measurement is sensitive to the light
rainfall and small raindrops, while the light rainfall and its small change should take
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a long while to be sensed by compartment bucket or weighing sensor, causing the
underestimation of rainfall duration of TBRG and WRG.

Due to the disadvantages and shortcomings of each instrument, rain rate by any
instrument treated as the reference is inappropriate. Therefore we propose a reference
algorithm based on a weighting of different instruments to obtain a reference value,
shown as follows:

S AW,
=" (2)

4
2w
i=0

where R, is the reference rain rate, R; is the rain rate by the /th instrument (where 0 for
WRG, 1 for ORG, 2 for PWD, 3 for JWD, 4 for 2DVD), the rain rate by TBRG is excluded
because of its bad resolution, W; is the weighting value for the /th instrument. The
averaging method is the simplest and easiest weighting function, but it is inaccurate
because of different biases of different instruments, therefore we propose a dynamic
weighting function:

(3)

Figure 5 shows the comparison of individual instruments against the reference values
(13 January 2012). The correlation coefficient and standard deviation (o) are used to
quantity their discrepancies. The TBRG and reference have the worst correlation coef-
ficient; the JWD and reference have the largest o, while the WRG and reference have
the best correlation coefficient and smallest o. The rain rate by TBRG in Fig. 5a has
the largest scatter, while rain rate by PWD, JWD, and 2DVD have a smaller scatter
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about the 1:1 line. Compared with the reference values, The WRG and ORG under-
estimated the rainfall accumulation obviously. In generally, the PWD and 2DVD overes-
timated, WRG and JWD underestimated the rain rate during heavy rainfall; the TBRG
overestimated the rain rate obviously during light rainfall, while the WRG and ORG
underestimated the rain rate slightly.

3.3 DSD analysis

Generally, the power-law parameters for Marshall and Palmer (Smith et al., 1993) dis-
tributions are widely used for describing precipitation. However, the MP model applies
only to stable rainfall from stratiform clouds (Joss and Gori, 1987; Carbone and Nelson,
1978; Willis, 1984). It is now widely accepted that the DSDs of precipitation is better
represented by the ga mma distribution (Ulbrich, 1983; Testud et al., 2001):

N(D) = NyD™ exp(-1D) (4)

where the Ny, m, and A1 are intercept, shape, and slope parameters, which can be
calculated by the method of moments (Tokay and Short, 1996). The x-moment of DSD
is defined as:

M, =

X

NwwnggNww& (5)
0

The Ny, m, and A can be calculated by using the M5, M,, and Mg:

/1m+4M
No = y(m+4§
_ 11G-8+(G%+8G)"/? (6)
= 2(1-G)
_ m+4
A= %
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where G = Mf/MSZMG, D,, = M,/M5. The number density Ny, liquid water content W/,
radar reflectivity factor Z of rainfall can be calculated by using the My, M5, and M.

Nd=M0
W = Dumer (7)
Z=M6

where o416 IS the density of water.

Figure 6 shows the evolution of the DSD variables obtained by JWD and 2DVD on 2
March 2012. It can be found that the volume mean diameter measured by JWD is larger
than that measured by 2DVD, the drop numbers and liquid water content measured by
2DVD is more than that by JWD, while there is little difference of Z between JWD
and 2DVD because of a logarithmic transformation. Considering the evolution of rain
rate in Fig. 3b, the differences of volume mean diameter, number, and liquid water
content between both are getting greater with the increasing of rain rate, while there is
somewhat difference of Z when no rainfall, the reasons related to the instruments will
be discussed in the following analysis of DSDs.

The individual observed drop size distributions by JWD and 2DVD for four different
rain intensity intervals are shown in Fig. 7a—d and for overall rainfall are shown in
Fig. 7e. Small drops were the main contributors to the number concentration in light rain
(R <5mm h'1), since the minimum size of JWD is 0.3 mm, its concentration was lower
than that of 2DVD during the light rain, while the 2DVD shows a better ability to measure
the large-size raindrops. Small and moderate drops were the main contributors to the
number concentration in moderate rain (5mm h™ <R <15mm h'1), compared with the
DSDs of 2DVD, small drops bias higher, moderate and large drops bias lower by JWD.

There are obvious higher concentrations of raindrops in the heavy rain (15mm h™' <
R < 30mmh_1) and very heavy rain (R > 30mmh_1). The comparison of DSDs of
2DVD and JWD in Fig. 7c and d show that the JWD measured less large-size drops
(D > 3.5mm), 2DVD measured less small-size drops (D < 1.5 mm), the reason is that

530

AMTD
6, 519-546, 2013

A comparison of
rainfall
measurements by
multiple instruments

X. C. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/519/2013/amtd-6-519-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/519/2013/amtd-6-519-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

JWD is insensitive to the variation of kinetic of raindrops with size when D > 3 mm,
causing the underestimation of large raindrops and the overall rain rate. Small rain-
drops in the absence of large raindrops can be recorded precisely by the video dis-
drometer; however, small raindrops in the more large raindrops might be easily omitted
due to the shadow effect. Inaccuracy of small raindrops in the heavy rainfall as one
disadvantage of 2DVD can be concluded.

Except for the raindrops smaller than 0.3 mm, the DSDs of JWD and 2DVD that
included overall rainfall agreed well with each other (Fig. 7e), the overestimation of
small-size drops (D < 1 mm) and underestimation of very large-size drops (D > 4 mm)
by JWD suggests the JWD’s inaccuracy of measurement of small-size drops and very
large-size drops; while the 2DVD can promote the measurement of DSDs of overall-
size drops substantially.

Table 4 summarizes the DSD parameters for different rain rate intervals calculated
by Egs. (5)—(7). M3, M,, Mg are related to the liquid water content, rain rate, and radar
reflectivity, all of which are of interest in cloud modeling and radar rainfall retrieval stud-
ies. Among the five rain rate intervals, the seven parameters have the smallest values
when R < 5mm h'1, and the largest values when R > 30 mm h'1, parameters of over-
all rainfall are between the rain rate of # <5mmh~' and 5mmh™"' <R < 15mmh™".
All these parameters of 2DVD are larger than that of JWD except for the N, when
R <5mmh~" due to 2DVD’s underestimation of small raindrops, compared with the
2DVD, JWD bias lower because of its inaccuracy of measurement of small-size drops
and very large-size drops, especially in a very heavy rainfall.

4 Conclusions

In order to evaluate the accuracy of rainfall measurements by different instruments
based on different principles, we analyzed the rainfall observations by a tipping bucket
rain gauge, a weighing bucket rain gauge, an optical rain gauge, a present weather
detector, a Joss—Waldvogel disdrometer, and a 2-D video disdrometer. General rainfalls
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from January to October 2012 and selected rainfall events by six instruments were
compared, a reference algorithm of rain rate were used to evaluate the accuracy of
each instrument, DSDs observed by JWD and 2DVD are compared and discussed; the
conclusions are obtained as follows.

For the long-term observations, there are different discrepancies in rain amounts
from six instruments in the order of 0 to 27.7 %. The intensity of TBRG shows an
obvious and discrete variation due to its resolution of 12 mm h_1, rain rate less than
12mmh~" can not be detected in time. Compared with the reference values calculated
by the reference algorithm, when the rain rate was less than 20 mm h™' , the ORG, JWD,
and 2DVD had a good agreement, which underestimated rain rate, while the TBRG
overestimated the rain rate; when the rain rate was more than 20 mm h‘1, the TBRG
agreed well with the reference, while the PWD and 2DVD overestimated, WRG and
JWD underestimated the rain rate. There are much more significant discrepancies in
rainfall durations from six instruments in the order of 3 to 86.2 %, the TBRG and WRG
underestimated more than 50 % of rainfall duration substantially in the light rainfall (R <
20mm h_1). ORG underestimated the rainfall duration for about 12.7 %, while the JWD
and 2DVD overestimated the rainfall duration for more than 30 %. Compared with the
TBRG/WRG with bad timeliness, optical instruments are sensitive to the light rainfall
and small raindrops, their output can reflect the temoral rainfall event precisely, which
could be used for rain monitoring with better performances.

The JWD and 2DVD had close agreement in DSD parameters when R was less than
15mmh~", while there are some discrepancies of number concentration of small and
very large raindrops when R was more than 15mm h~'. The DSDs of JWD and 2DVD
that included overall rainfall agreed well with each other, while the JWD had a higher
volume mean diameter, lower raindrop numbers and liquid water content than that of
2DVD. The overestimation of small-size drops (D < 1 mm) and underestimation of very
large-size drops (D > 4 mm) by JWD suggests the JWD’s inaccuracy of measurement
of small-size drops and very large-size drops; the underestimation of small raindrops
by 2DVD when R was more than 15 mm h™' is caused by omission of small raindrops
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in the more large raindrops due to the shadow effect. Inaccuracy of small raindrops in
the heavy rainfall by 2DVD should be handled carefully.

Simultaneous rainfall measurements by multiple instruments less than one year is
far not sufficient; we still need to analyze longer-term experiments and measurements
with the same and different types of instruments. During the ARM, various instruments
are now being operated at different climatic region; longer observations will provide
more rainfall and DSDs and would allow us to evaluated the performances of multi-
instruments for different rain intensities and different precipitation types.
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Table 1. Main rainfall parameters of the used data set. The T, Rmax: Racc denote the rainfall
duration, max rain rate, and rainfall accumulations.
Event Day TBRG WRG ORG PWD JWD 2DVD
Train Rrax  Race  Taain Rrnax  Race  Taain Rnax  Race  Taain Rrax  Aace  Train Roax  Race  Taain Rrax  Race
(UTC) (min) (mmh") (mm)  (min) (mmh") (mm)  (min) (mmh") (mm)  (min) (mmh") (mm)  (min) (mmh") (mm)  (min) (mmh") (mm)
1. 20120113 42 72 212 39 75.5 16.4 225 743 208 264 95.5 26.7 349 652 193 357 95.1 26.2
2. 20120117 39 84 13.6 35 76.7 8.4 252 80.3 1.7 275 66.4 11.6 437 775 132 406 97.0 157
3. 20120119 1 72.0 7.6 12 63.4 6.9 16 62.3 6.7 25 96.3 11.2 120 63.3 7.3 135 85.3 9.9
4, 20120121 43 12.0 8.6 14 6.5 0.9 410 4.9 6.3 422 16.2 113 536 6.2 8.6 539 6.3 9.7
5. 20120122 66 72.0 21.2 66 58.4 13.7 27 53.8 18.2 307 79.2 26.4 391 55.5 209 394 711 24.4
6. 20120123 58 120.0 27.4 58 108.8 231 196 96.0 271 233 195.4 75.6 322 85.7 25.4 362 147.2 35.6
7. 20120127 24 72.0 7.8 23 63.4 55 79 53.3 7.0 83 49.5 2.9 153 61.8 8.2 168 91.7 10.3
8. 20120128 86 84.0 314 72 98.0 21.0 485 83.4 289 575 144.3 32.3 712 777 314 725 1171 39.5
9. 20120129 7 108.0 32.8 70 1094 27.1 328 98.4 29.9 412 123.8 34.2 615 1009 322 350 609 19.8
10. 20120130 78 120 41.0 76 1153 35.7 426 1125 399 577 121.8 449 953 959 405 1017 152.4 55.3
11. 20120202 1 24.0 2.8 9 16.9 1.2 135 11.9 3.2 173 10.9 3.3 268 14.4 3.7 285 16.6 4.4
12. 20120226 58 60.0 16.8 49 49.0 1.5 314 52.7 14.9 341 71.8 17.8 467 574 164 102 676 146
13. 20120228 52 60.0 27.0 51 69.2 245 179 58.7 254 230 945 28.7 364 56.1 26.2 427 746 307
14. 20120301 127 120.0 73.2 144 1375 64.2 494 117.3  69.1 605 93.5 65.6 831 1114 703 598 132.1 64.1
15. 20120302 72 60.0 22.6 75 57.2 147 292 50.4 20.6 338 83.0 26.4 435 53.1 22.4 454 77.6 26.1
16. 20120305 151 144.0 88.2 142 136.6 83.7 527 138.1 88.9 570 1759 105.7 729 111.0 83.3 248 170.9 90.9
17. 20120306 39 108.0 29.0 39 109.9 28.2 46 92.4 27.2 47 116.2 36.2 82 84.9 25.3 54 125.5 33.1
18. 20120307 17 36.0 5.2 20 35.9 3.0 63 34.1 5.4 70 56.3 5.5 114 28. 5.2 130 37.9 6.5
19. 20120310 45 84.0 228 40 926 20.3 224 829 235 249 110.3 28.5 294 61.0 19.7 319 107.8 24.4
20. 20120328 18 36.0 6.6 1 321 55 62 29.6 6.1 86 46.9 7.9 192 324 6.8 200 35.3 7.7
21. 20120413 19 72.0 10.8 20 614 9.32 42 471 9.3 43 66.1 12.5 71 55.2 9.8 67 69.9 119
22. 20120420 23 48.0 6.4 18 37.3 3.0 123 32.3 6.2 134 53.2 6.6 224 31.2 5.5 246 425 7.8
23. 20120423 36 156.0 42.0 35 1554 39.8 89 1448 38.2 98 206.4 50.7 174 1418 35.8 184 1787 35.6
24. 20120424 9 36.0 2.8 12 27.0 15 40 28.5 29 44 511 3.3 91 32.3 2.9 136 349 3.4
25. 20120503 52 84.0 264 53 845 234 121 79.7 233 157 123.8 30.7 230 737 235 235 1004 30.2
26. 20120929 43 120.0 27.8 60 111.6 25.3 125 110.1 259 46 85.6 9.0 180 97.9 22.8 99 119.2 15.0
27. 20121018 5 24.0 14 5 19.8 0.8 11 22.0 1.3 10 29.7 1.6 39 241 1.5 32 22.3 1.6
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AR (%) TBRG WRG ORG PWD JWD 2DVD
TBRG - 32 768 798 86.2 843
WRG 3.2 - 775 805 866 849
ORG 768 775 - 13.1 405 326
PWD 79.8 805 13.1 - 316 224
JWD 86.2 86.6 405 31.6 - 11.8
2DVD 843 849 326 224 118 -
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Table 4. Drop size distribution parameters of rainfall for different rainrate intervals. . .
multiple instruments

Parameters R<5 5<R<15 15<R<30 R>30 Overall .
(mm h‘1) (mmh") (mm h‘1) (mm h'1) X.C. Liuetal.
M, JWD 1.00x10° 357x10° 8.09x10° 1.38x10* 2.45x10°
(mm*m~2) 2DVD 1.06x10° 5.39x10° 1.06x10* 156x10* 2.89x10°
M, JWD 1.41x10° 534x10° 1.40x10* 259x10*° 3.87x10° Title Page ‘
(mm*m=3) 2DVD 1.70x10° 879x10° 2.01x10* 3.23x10* 5.15x10°
Ms JWD  428x10° 1.68x10° 565x10° 1.23x10° 1.40x 10"
(mmém™2) 2DVD 6.33x10° 3.10x10* 9.07x10* 1.62x10° 2.17x10*
No JWD 698x10* 4.78x10° 6.29x10° 557x10° 1.31x10°
(mm'm™®)  2DVD 4.72x10* 9.99x10° 1.33x10° 293x10° 2.13x10°
(mm"™m™) 2DVD 3.04 5.79 8.48 13.20 5.65
A JWD 4.46 5.35 5.34 5.05 458
(mm™) 2DVD  4.41 6.00 6.58 8.33 5.42 — “
z JWD  36.32 42.24 4752 50.88 41.47
(dB) 2DVD  38.01 44.92 49.58 52.10 43.37 _ —
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Fig. 5. Comparison of individual instruments against the output from the reference algorithm
(13 January 2012). The number, Corr Coeff, and ¢ are the number of rainfall events, correlation

coefficient, and standard deviation.
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Fig. 6. Evolution of the rain variables on 2 March 2012.
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Fig. 7. Drop size distributions for different rain rate intervals. TN
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