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Abstract

This article studies the rainfall estimates derived from a Joss—Waldvogel disdrometer, using
an extensive dataset of raindrop spectra for the period of 2003-2010. Four rain gauges
(one tipping bucket and three rapid response drop counting devices) are employed for the
appraisal with the disdrometer observations. The appraisal has been carried out in view of
hourly rainfall accumulations, time series accumulative rainfall, and rain rate observations.
From the yearly timescale statistics, the correlation between the disdrometer derived hourly
rain accumulations to those measured by the rain gauges are in the range of 0.89-0.99
(mean absolute error, 0.10-0.45 mm, and normalized mean bias —1.03% to —50.28%).
Especially, the estimated rainfall by the tipping bucket rain gauge is in sound agreement
with the disdrometer observations, which is also reflected in time series accumulative rainfall
comparisons, showing no more than 20% differences roughly. On the other hand, the results
reveal that regardless of any influence of the integration period, the agreement between the
disdrometer and the three rapid response rain gauges are quite consistent. Nevertheless,
the association of the tipping bucket rain gauge is sensitive to the integration periods. In
fact, increasing the integration period improves the rain rates agreement. Further to the
appraisal for various rain classes, there is an underestimation to overestimation trend of
disdrometer estimated rain rates with the increase of rain classes. Copyright © 2012 Royal
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I. Introduction

Disdrometer is an integral component in radar remote
sensing research and operations. It can measure drop
size distributions (DSD), the fundamental character-
istic in radar-based precipitation estimation. By pro-
viding the knowledge of DSDs, the instrument has
shown a great potential in radar adjustment, reflectiv-
ity monitoring, and identifying key sources of errors
in radar rainfall estimation. For instance, Lee and
Zawadzki (2006) used a long time record of DSDs
and stated that disdrometric radar adjustment was not
affected by DSD variability. Miriovsky et al. (2004)
conducted an experimental study using four disdrom-
eters to look at the small scale spatial variability of
radar reflectivity, which contributes to the error in rain-
fall estimation. Lee (2006) also examined the sources
of errors in polariometric radar rainfall estimation
using long-term disdrometric data. Moreover, radar
rainfall algorithm developments considerably rely on
disdrometer observations of DSDs. For many years,
numerous studies have been carried out to identify a
suitable empirical equation relating the radar reflec-
tivity (Z) to rain rate (R) based on DSDs (Cerro
et al., 1997; Atlas et al., 1999; Campos and Zawadzki,
2000; Rico-Ramirez et al., 2007). Recent advancement
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in radar rainfall estimation using polarimetric radar
estimators is also established from disdrometer rain-
drop spectra observations (Ryzhkov and Zrnic, 1995;
Brandes et al., 2002; Matrosov et al., 2002; Bringi
et al., 2011). Additionally, radar data quality improve-
ment studies, such as attenuation correction at higher
frequency through scattering simulation of disdrome-
ter data are reported. One such attenuation correction
studies was carried out by Bringi et al. (2006), where
they simulated various polarimetric relations from dis-
drometer DSD by utilising the scattering parameters
of specific attenuation and specific differential atten-
uation against specific differential phase, which were
then corrected to the measured reflectivity and dif-
ferential reflectivity for attenuation. Park et al. (2005)
also evaluated an attenuation correction methodology
for multi-parameter X-band radar with disdrometer
simulated data. Another contribution of the instrument
in radar remote sensing research is validation of satel-
lite borne precipitation radar data for global rainfall
estimation (Houze et al., 2004; Kozu et al., 2009).
Along with the optical disdrometers, impact type
Joss—Waldvogel (JW) disdrometers are being widely
used for various radar and atmospheric research since
their invention in 1967 (Joss and Waldvogel, 1967;
Bringi et al., 2003; Wolff et al., 2005). However, a
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number of limitations regarding the JW disdrometer
performance are raised. One such limitations is the
background atmospheric noise (Tokay et al., 2003).
It has also been reported that impact type JW dis-
drometer often miscounts drops in lower size bins,
in particular, for drops of lesser than 1 mm diame-
ter. It also cannot differentiate large drops and places
drops greater than 5 mm in its last bin (Tokay et al.,
2002). Sometimes, two or more drops reach the sur-
face cross section of the disdrometer simultaneously,
resulting in a miscounting of the rain drops. To over-
come this problem, an error correction multiplication
matrix is currently provided by the manufacturer based
on the correction scheme of Sheppard and Joe (1994).
Another shortcoming of the disdrometer is that it can-
not measure the terminal velocity of falling drop and
this velocity usually needs to be assumed. In contrast,
an optical disdrometer has the capability of observing
the fall velocity of a drop, and is sometimes preferred
over the JW disdrometer. Nevertheless, optical dis-
drometers are also not free from errors and omissions.
Moumouni et al. (2008) compared three optical dis-
drometers using tipping bucket rain gauges and found
correlation as low as 0.85. In fact, the JW disdrometer
is generally accepted to be the standard instrument for
drop size distribution measurement as stated in Tokay
et al. (2005).

The objective of this article is to assess how close
the JW disdrometer derived rainfall estimates agree
with rain gauge measurements. In the past, a number
of studies have been conducted to address the query,
e.g. those by Radhakrishna and Rao (2010), Wang
et al. (2008), Tokay et al. (2003), Tokay et al. (2002).
However, the studies reported in the literature so
far are based on short-term datasets (i.e. only a few
months), and the number of long-term studies is
limited. In this study, we assess rainfall estimates from
a JW disdrometer with four rain gauges over a long-
term dataset of observations (years 2003-2010). It
is expected that this extensive dataset will provide
a clear idea of performance between the impact
type JW disdrometer and rain gauges in a long-
term perspective. Moreover, two different types of
rain gauges (tipping bucket and rapid response drop
counting) are employed in the study to judge the
results in a scrupulous way. There are numerous
publications regarding tipping bucket rain gauges;
however, hardly any study is focused on rapid response
drop counting rain gauges. On top of that, this work
can also be considered as a reference for measurement
variation of tipping bucket and rapid response rain
gauges with respect to the disdrometer.

2. Dataset and methodology

2.1. Disdrometer

The disdrometer dataset has been acquired using a
Disdromet Joss Waldvogel Impact Disdrometer RD-
69, installed at Chilbolton facility for atmospheric and
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radio research (51.1445°N, 1.4370°W) and run by the
Chilbolton group of the space science and technology
department at Rutherford Appleton Laboratory. The
data were available from April 2003 to March 2010,
excluding mid-August 2004 to mid-December 2004
and July 2005 to May 2006 because of instrumental
malfunction and nonoperation. The RD-69 disdrome-
ter consists of two units (Distromet, 1997). One of the
units is a sensor, which is exposed to rain and the other
one is a processor for analogue processing and digi-
tizing of the sensor measured information. The sensor
consists of an electromechanical unit, and an ampli-
fier housed in a common case. It works by converting
the vertical momentum of a falling drop into signals.
The output information is voltage amplitude, which
is a measure for the size of the drop that caused it,
and it is allied to the drop diameter with the following
equation (Joss and Waldvogel, 1977; Sheppard, 1990):

VL =k.D" (1)

where D is the drop diameter, V is the output voltage,
and k and n are the calibration constants. The value
for k is usually 0.02586, and n ranges between 3.1 and
4.3. Afterwards, a pulse height analyser, embedded in
the processor unit, classifies the peaks amplitude Vi,
and accordingly, the impacting drop diameters into »;
classes.

The drop size distribution (DSD) at the discrete
instant ¢ (in seconds) can be calculated by (Montopoli
et al., 2008):

n; (t)
Nu(D;, 1) = AdivdD: (2)

where m indicates a measured quantity; D; is the
central drop diameter of the channel ¢; in mm;
N (D;,t) is the number of raindrops per unit of
volume in the channel c¢; at the discrete instant ¢
in units per millimetre per cubic meter; n;(¢) is the
number of drops counted in the ith channel at the
instant 7; A is the sensor area in square meters; df is the
time interval in seconds; v; is the terminal velocities
of raindrops in meters per second; dD; is the ith bin
width in millimetres.

The terminal velocity is assumed as a function of
the particle diameter by Atlas and Ulbrich (1977):

vi = 3.78D2% (3)

Following the computation of N,,(D;, t), the rain rate
R, is calculated through the moments of order 3.67,
as specified by:

R, (1) = 3.78 x % X m (1) (4)

Atmos. Sci. Let. 13: 139150 (2012)
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Figure |. Layout showing the location of the four rain gauges with respect to the disdrometer at the Chilbolton observatory.

where, m3 7(t) is given by:

o0
m37(1) = / D3 x N(D,t) x dD
0

ne
=Y D} X Nuy(Dj, 1) xdD; (5
i=1

At Chilbolton, drop counts are available every 10 s
over 127 bins ranging from 0.3 to 5 mm, and the dis-
drometer sampling area is given as 50 cm?. However,
as the DSD is a function of time interval, intrinsic
noise may occur in the processes. In this study, we
have used one minute as the time interval to derive
DSD, and ultimately rain rates as the final product.
Moreover, we have applied special ‘rain partition fil-
ter’ to separate raindrop spectra from snowfall based
on wet bulb temperature (WBT) observations. WBT is
known as a good separator of rain and snow. In gen-
eral, snow is probable only if ground WBT falls below
2°C and some other atmospheric criteria are satisfied.
In this work, we have used WBT = 3 °C as separator
and discarded all the values below this threshold.

2.2. Rain gauges

The four rain gauges used in this study were colocated
nearby to our disdrometer (RD) at the Chilbolton
observatory within a few meters of each other. A
layout showing the location of the rain gauges with
respect to the disdrometer is illustrated in Figure 1.
Two types of rain gauges are used, three RAL rapid

Copyright © 2012 Royal Meteorological Society

response drop counting rain gauges (denoted as RGl1,
RG3, and RG4 in the figure), and a RW Munro tipping
bucket rain gauge (TBR, denoted as RG2 in the figure).
More specifically, the RG1 is positioned in a pit within
a circular low turf wall enclosure of 3 m diameter on
the ground. Other four instruments are in a square base
at a distance of approximately 8.5 m from the pit. The
sides of the square on which these four instruments
(RD, RG2, RG3, and RG4) sit are approximately
1.6 m in length. Generally speaking, special care is
taken by the Chilbolton staff to make sure that the
data quality of the rain gauges is up to the highest
standard.

The TBR rain gauge is the one, which is most
common and widely accepted as a standard type for
rainfall measurements. It measures rainfall in incre-
ments of one tip (0.2 mm). On the other hand, the
rapid response drop counting gauges give readings by
individual drops rather than giving tip counts with a
known constant volume as they pass an optical sensor.
That means a single drop is equivalent to a known con-
stant volume of precipitation, compared to the standard
tipping bucket gauge, which produces 0.2 mm accu-
mulations per tip. Among the rapid response gauges,
RGI1 and RG3 use standard size 150 cm? collectors
having 0.004 mm as a known constant volume of sin-
gle drop. Whereas, the RG4 uses a larger collector
of 324 cm?, thus providing better resolution at low
rain rates with 0.00185 mm accumulation of precipi-
tation. For clarity, the working principle of the rapid
response rain gauge is somewhat different from the
disdrometer. The rapid response rain gauge counts

Atmos. Sci. Let. 13: 139-150 (2012)
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Figure 2. Scatter plots of hourly rain accumulations between disdrometer and four rain gauges (RGI, RG2, RG3, and RG4) for

the entire available dataset (2003-2010).

drops of a specific volume, while disdrometer counts
actual rain drops instead. Regarding that, the rapid
response rain gauge systems are specially designed and
developed by the Chilbolton facility, and the design
principle can be found in Norbury and White (1971).
The readers may also refer to the technical specifica-
tions of the Chilbolton rapid response rain gauges in
http://www.stfc.ac.uk/Chilbolton/resources/PDF/Drop
CountingRaingauge.pdf

2.3. Meteorological data

The meteorological data, that is, the wet bulb temper-
ature and the wind speed, have been used in this work
for the separation of snowfall conditions and under-
standing wind speed effects on the assessment (see
next section). The datasets are taken from the near-
est Met Office — MIDAS Land Surface Observation
Station to the instruments, located in Middle Wallop
(51.1493°N, 1.5685°W).

3. Results and discussion

To check the agreement, the disdrometer derived rain-
fall estimates are assessed in terms of hourly accumu-
lations, time series accumulative rainfall, and rain rates
using four rain gauges as references. Mainly, three sta-
tistical parameters are used as performance indicators
for the assessment: the coefficient of correlation (r),
mean absolute error (MAE), and normalized mean bias

Copyright © 2012 Royal Meteorological Society

(NMB). The coefficient of correlation, mean absolute
error, and normalized mean bias are given as follows:

> (Rg —R)(Rp — Rp)

r= (6)
\/ > (Re— @2\/ Y . (Rp —Rp)?
1 n
MAE = — ; IRp — Rg| @)
1 n
” > (Rp — Rg)
NMB = —=! ®)

DI

where n is the number of samples, Rz and Rp
represent rain gauge and disdrometer measurements,
respectively. In this work, the MAE is given in mm
and the NMB is given in percentage unless otherwise
stated.

3.1. Hourly rain accumulations

Figure 2 shows the scattergram of hourly rain accumu-
lations obtained from the disdrometer compared to the
four different rain gauges (RG1, RG2, RG3, and RG4)
for the period of 2003-2010. This figure is accom-
panied by Table I, in which, yearly statistical rela-
tions are given as well. The statistics indicate that the

Atmos. Sci. Let. 13: 139-150 (2012)
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disdrometer derived hourly rain accumulations agree
quite well with those measured by the rain gauges.
According to yearly statistics, the Pearson coefficients
of correlation are identified in the range of 0.89-0.99,
and mean absolute errors are noted between 0.10 and
0.45 mm. The correlations obtained herein are quite
consistent throughout the study period, and very simi-
lar to those obtained by Radhakrishna and Rao (2010)
in cyclonic storm cases. Particularly, the data points
between the RG2 and RD are close to the ‘true line’,
reflecting very good agreement between the instru-
ments with r = 0.95, MAE = 0.23 mm, and NMB
= 3.02%. On the other hand, the respective corre-
lations for RG1, RG3, and RG4 are found as 0.93
(MAE = 0.29 mm, NMB = —-32.65%), 0.96 (MAE
= 0.24 mm, NMB = —-27.23%), and 0.96 (MAE =
0.18 mm, NMB = —-23.89%). Although, the result-
ing correlations for the rapid response gauges (RGI,
RG3, and RG4) are comparable to the TBR, they give
systematically higher hourly accumulations than the
disdrometer, as the figure shows. It is to be regarded
that the rainfall accumulations from the rapid response
gauges contain the samples having low rain intensities.
However, according to the design of the rapid response
gauges, data during low rain intensities (e.g. less than
1 mm h™!) cannot be reliably used. Therefore, some
of the errors may have encompassed in the hourly
accumulations, resulting in overestimation. Moreover,
although the rapid response gauges collocate to the
disdrometer within a few meters, additional discrep-
ancies could be due to random instrumental errors
(Ciach, 2003). Indeed, the inter-comparison scatter
plots between the rapid response rain gauges illustrated
in Figure 3 confirm the random errors and small scale
spatial variability, especially when associating RG1
with RG3 and RG4, which is relatively far placed in
the pit. Such errors may originate from several sources,
for instance, discrete time effect on samples collection,
effects of turbulent airflow surrounding the gauges.

3.2. Time series accumulative rainfall

Time series of accumulative rainfall plots from the
disdrometer and four rain gauges for the year of
2003-2010 are presented in Figure 4. To maintain
the time series, the missing and discarded (applying
raindrop filter) data are allocated as non-rainy cells
(zero value), and shown as missing values (MV) in
the abscissa. Numerical accumulations with differ-
ences between rain gauges and disdrometer are given
in Table II. Taking disdrometer derived rainfall as ref-
erence, positive difference indicates overestimation of
the rain gauge values, while negative difference repre-
sents underestimation. Note that during the MV period,
all the data points from all five instruments have been
removed. If we consider the best rain gauge accumu-
lation analogous (least difference) to the disdrometer
accumulations for each individual year (shown bold
in the Table II), we can conclude that the disdrom-
eter and best corresponding gauge rain totals are in

Atmos. Sci. Let. 13: 139150 (2012)
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Figure 3. Inter-comparison scatter plots between the rapid response drop counting rain gauges for the entire available dataset

(2003-2010).

excellent agreement. The ‘best in agreement’ rain dif-
ferences over yearly timescales are found in the range
of 1.12% (year 2003) to —13.97% (year 2008). Several
researchers have shown that event rain total varia-
tion between disdrometer and rain gauge lies within
10-20% (Hagen and Yuter, 2003; Tokay et al., 2003).
Manufacturer also claims that rainfall event measure-
ment by JW disdrometer over 5—10 mm accumulation,
should not fluctuate by more than 15% as those mea-
sured from rain gauges (Tokay et al., 2005). In our
case, the rain accumulations are calculated for the
entire available yearly dataset, and the ‘best in agree-
ment’ rain totals are within 15% difference. However,
we cannot strongly comment which of the rain gauges
demonstrates better agreement in terms of cumula-
tive rainfall. The bias between different rain gauges
respective to the disdrometer is not systematic, but
variable between years. In 2006 and 2007, the RG4
has displayed better match, while RG2 has shown
good agreement in other years. In view of the entire
available data (2003-2010), the RG2 has shown very
good agreement measuring 2981.60 mm rain accumu-
lations as opposed to the disdrometer accumulations of
3348.87 mm with only 10.97% difference. Moreover,
the performance of the tipping bucket rain gauge RG2
throughout all the years is also stable showing differ-
ences of 1.12 to —21.01% only, which are within the
range of error studies for tipping bucket rain gauge
as those found by other authors (Tokay et al., 2002;
Wang et al., 2008). In contrast, relatively, inconsisten-
cies are found in rapid response rain gauges. From
the statistics, it is apparent that rapid response gauges
have generally overestimated the rain totals, whereas a

Copyright © 2012 Royal Meteorological Society

small underestimation is shown for the tipping bucket
rain gauge. It can be seen that such overestimation
by the rapid response gauges can be as high as over
100%, as for RG3 in 2003. In fact, the differences
in some years are considerably large. This might be
due to the fact that the rapid response gauge assumes
a constant drop size while in the real case, the rain-
drop sizes are widely variable. As shown in Figure 3,
local random errors may also have contributed dispar-
ities to the results. It is also to be remembered that
the datasets from the rapid response gauges consist of
samples with low rain intensities, which would have
resulted in further errors.

3.3. Rain rates

The investigation now focuses on rain rate estimation
by the JW disdrometer in comparison with the rain
gauges. The investigations are carried out considering
different integration periods, against wind speed, and
for stratiform and convective rain clusters.

a. Different integration periods

As sampling integration period influences the rain rate
estimates by the sensors, the comparisons are con-
ducted for five different integration periods (1, 5, 15,
30, 60, 120 min). Figure 5 presents the disdrometer
intended statistical measures r, MAE and NMB against
four rain gauges as a function of integration periods.
As highlighted by the figure, there is a little impact on
sampling integration period for disdrometer derived
rain rate estimates when comparing with the rapid
response gauges RG1, RG3, and RG4. There is a good

Atmos. Sci. Let. 13: 139150 (2012)
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Figure 4. Time series diagram of accumulative rainfall from JW disdrometer and four rain gauges for the period of 2003—-2010.
The black lines on the abscissa denote missing and discarded cells.

agreement between disdrometer and rain gauges. Espe-
cially, RG3 and RG4 show good agreement to the RD
with correlation above 0.9, MAE below 1 mm h~!,
and NMB within —30%. However, as expected, TBR
is sensitive to the integration period and has a poor
performance at short integration periods. Previously,

Copyright © 2012 Royal Meteorological Society

numerous authors have confirmed that increasing inte-
gration period evidently improves the results of TBR
estimates (Habib et al., 2001). In our case, the agree-
ment between the RD and RG2 becomes close and
comparable to the RG1, RG3, and RG4 when using
the integration period of 5 min or more, which is

Atmos. Sci. Let. 13: 139-150 (2012)
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@ The differences between the disdrometer and the rain gauges are also shown, where positive and negative difference indicates overestimation and underestimation of the rain gauge values corresponding to the disdrometer

respectively. The best rain gauge correspondence (least difference) to the disdrometer is shown in bold format.
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similar to those found by Frasson et al. (2011). Inter-
estingly, by further increasing the integration period
(e.g. integration periods larger than around 20 min),
the RG2 gauge outperforms the rapid response gauges
when comparing to the RD. For instance, at or above
10 min integration period, the revealed NMB is close
to 0%.

Considering that the comparison between the dis-
drometer and the rain gauges are exaggerated to rain
intensities as well as integration period, therefore the
calculated NMB are presented in Figure 6 as con-
tour plots as a function of integration period and rain
classes. Note that the rain classes considered herein
represent a wide range of rain intensities (see Table III,
from class 1 to class 8) which are created in such a
manner so that each class contains sufficient samples
for analysis. Remarkably, the contour plots reveal an
underestimation to overestimation trend of disdrometer
estimated rain rates with the increase of rain classes.
This is true when comparing with the all four rain
gauges (RG1 to RG4). Similarly, from the discussion
for Figure 5, no noticeable consequence of the integra-
tion period is observed for the rapid response gauges;
but, TBR significantly overestimates the rain inten-
sities at short integration periods, below 10 min for
example.

b. Wind speed effects

Some of the past studies exhibit that windy conditions
have influence on the measurement accurateness of
the disdrometer (Yuter et al., 2006). Especially in
strong wind conditions, the performance of rain rate
estimation can be degraded. With the intention of
investigating this, the rain rate differences between our
disdrometer and any of the four rain gauges are shown
as a function of wind speed in Figure 7. Note that the
sampling integration period is considered as 15 min.
By examining the negative correlation coefficients,
it is evident that there is no significant association
of wind speed on the rain rate deviations between
the disdrometer and the gauges. The results revealed
here can be related to a recent study of Jaffrain and
Berne (2011), where no effect of wind speed was
found in their experiment. It must also to be accounted
that the rain gauge measurements may also contribute
the wind induced systematic error in the rain rate
estimation. Generally, the wind induced error for rain
gauge measurement is an average of up to 10% (Sieck
et al., 2007). Nonetheless, the wind induced errors for
those rain gauges placed on ground can be considered
somewhat minimal.

c. Stratiform and convective rain clusters

The rain rate estimation performance between the sen-
sors in stratiform and convective rain is of particular
interest. To facilitate this, the disdrometer derived rain-
drop spectra are subdivided into stratiform and convec-
tive rain clusters as per the approach of Bringi et al.
(2003), and Marzano et al. (2010). To summarize, if

Atmos. Sci. Let. 13: 139150 (2012)
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Figure 5. lllustration of changes in Pearson coefficient of correlation r, mean absolute error MAE (mm h~"), and normalized mean
bias NMB (%) calculated for the disdrometer with respect to integration period using the four rain gauges as reference.

the disdrometer rain rate R, at the instant #; satisfies
that time series values from #; — 5 minutes to t; + 5
minutes stay below 10 mm h™! with standard devi-
ation of lesser than 1.5 mm h~!, the corresponding
sample is considered as ‘stratiform’. In contrary, the
sample is considered as ‘convective’ if R, values are
greater than 10 mm h~!. Figure 8 provides the box-
plot distributions of rain rates for the RD, RG1, RG3,
and RG4 in stratiform and convective rain clusters.
Note that the box-plot distributions for the TBR (RG2)
are not shown as TBR is an accumulative device; thus
the use of 1 min temporal resolution for stratiform and
convective raindrop spectra cannot be possible. The
box-plot can be emphasised as a useful way to dis-
play the difference of rain rate distributions among
the disdrometer and the rain gauges, but without any
underlying statistical distribution assumptions. Gener-
ally speaking, six statistical measures are depicted by
the box-plot, namely, 25th and 75th percentiles of the
samples, sample median, upper and lower whiskers,
and outliers. From the figure, it can be stated that,
the observations are concentrated on the low end of
the scale; therefore, the distribution is skewed right.
For stratiform rain, the disdrometer sample medians as
well as the interquartile ranges are almost similar to
those with the rain gauges, agreeing within 1 mm h™!
difference. Besides, the whisker lengths and the out-
liers for the gauge rain rates are relatively more spread
out than that of the disdrometer rain rates. On the other
hand, for convective rain, the disdrometer median rain

Copyright © 2012 Royal Meteorological Society

rate is noted as 15 mm h~!, differing up to 3 mm h~!
when compared to the rain gauges. The differences
between the 25th and 75th percentiles of the sam-
ples are also in the range of 3—4 mm h~!. Similar to
the stratiform case, the range of the rain gauge values
are more spread out as compared to the disdrometer
values.

4. Conclusions

This short article has presented a Joss—Waldvogel dis-
drometer derived rainfall estimation appraisal with rain
gauges, using an extensive raindrop spectra observa-
tion in the period of 2003-2010. Four rain gauges
(one tipping bucket and three rapid response drop
counting devices) are employed for the assessment.
As far as the authors are aware, such long-term study
of a JW disdrometer rainfall estimates has never been
stated in the literature. The assessments are performed
through hourly and yearly rain accumulations between
the disdrometer and the four rain gauges. In addi-
tion, the results related to rain rate assessment in

Table Ill. Binning of the eight rain classes and their range in
rain rates (mm h=").

Class | 2 3 4 5 6 7 8

Rainrate  O.I-1 -5 5-10 10-20 20-30 30-50 50-80 >80

range

Atmos. Sci. Let. 13: 139150 (2012)
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Figure 7. Rain rate difference between the disdrometer and the four rain gauges as a function of wind speed.

view of several associated integrals (e.g. different inte-
gration periods and rain classes, influence of wind
speeds, and in stratiform and convective rain) are
compiled.

It is to be considered that as with any other
measurement device, disdrometer and rain gauge both

Copyright © 2012 Royal Meteorological Society

are subject to different sources of uncertainties. A
large number of articles regarding rain gauge based
rainfall estimation ambiguity have been published
in the literature (Habib ef al., 2001; Wolff et al.,
2005). The notable problems are associated with gauge
calibration, sampling and systematic errors along with

Atmos. Sci. Let. 13: 139-150 (2012)
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Figure 8. Box plot illustrating the rain rate distributions from
(RGI, RG3, RG4) in stratiform and convective rain clusters.

mechanical problems. Estimating rainfall from the JW
disdrometer could also be erratic due to a number of
factors, the assumption of fall velocity for example
(Vulpiani et al., 2009). While comparing between
rain gauge and disdrometer, natural and temporal
variation of rainfall measurement by two instruments
should also to be accounted. Eventually, the rain is
a highly variable phenomenon in space and time,
and the results presented herein provide an idea of
performance agreement between the JW disdrometer
and rain gauges, that will be beneficial in many
meteorological and hydrological fields.
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