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parameters and to better understand the dependency of measured parameters on the w
principles of the instruments. Twenty one rain events of year 2013 pertaining to South
monsoon are considered for this study. The raindrop size distributions measured by the
instruments show good agreement only for medium sized (1–3 mm) raindrops and for m
rain rates (up to 30 mm/h). However, the mutual agreements are not very good in case o
(N5mm) and very small raindrops (b0.5mm) aswell as for very high rain rates (N30 mm/
very high radar reflectivity factor (N40 dB). The radar reflectivity–rain rate relation is also s
using linear regressionmethodwhich shows distinct differences for these instruments, ind
the high sensitivity of Z–R relation on the instrumental measuring principle.
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Information on spatio-temporal variability of rainfall c
teristics is important in view of the increasing numb
extreme rain events worldwide. Rain in one hand can
major importance for socio-economic development of a co
On the other hand extreme rain events can be very haza
can cause severe economic loss, and can even endanger h
safety. Studies of spatial and temporal variability of rai
contribute towardsmicrophysical understanding of precipi
(Ulbrich and Atlas, 2007; Thurai et al., 2012, 2014). Furth
remote sensing of rain using radars is based on the assoc
between ground rain rate (R) and radar reflectivity facto
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numbers of studies, the variability in the Z–R relation as w
drop size distributions (DSDs) is a topic of extreme impor
This is especially true in the case of a tropical region,
the weather conditions are markedly different from t
temperate regions.

There is a dearth of comprehensive ground based ob
tions of tropical rain features. The effective study of s
temporal variations of rain requires an intense netwo
instruments working concurrently. However, the instru
used for this kind of study must be economical and rob
endure weather variability during different seasons (Fr
et al., 2011).

The variability in DSDs comes mainly from instrum
and physical variability like distance and time diffe
between the instruments. If the observations are take
single location and simultaneously by various instrumen
physical variability will be negligible. Thus the variability
measurements will occur due to the instruments worki
different principles and sampling uncertainty.
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Although several studies of instrumental inter-comparison
have been reported using various types of disdrometers and
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Operating Principle Mechanical

Surface type Styrofoam
Sampling area 50 cm2

Temporal resolution 30 s
Drop size range 0.31–5.5 mm
Drop size bins 20
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radars in the temperate region (Campos and Zawadzki,
Tokay et al., 2001; Frasson et al., 2011), such studies are
in the tropical region. Tropical DSDs of some extreme w
conditions like freezing rain and snow stormhave been st
by various researchers (Chen et al., 2011; Zhou et al., 200
and Zhao, 2010) using varied instruments ranging from i
disdrometer, Doppler radar wind profiler, optical disdrom
etc. The seasonal variations of rain DSDs for various loc
have also been studied by researchers (Tokay et al.,
Reddy and Kozu, 2003; Rao et al., 2009). However, no
has yet been made to quantify the instrumental limit
with respect to the variation of raining conditions at tr
locations where rather an extensive study is required.

The aim of the present study is to compare the perform
of three instruments: (i) impact type Joss Wald
disdrometer (JWD, Disdromet RD-80), (ii) laser precipi
monitor (Theis Clima LPM) and (iii) frequency mod
continuous wave (FMCW) Doppler radar (Metek M
The instruments operate on different working princip
an inter-comparison among these instruments can h
understand the instrumental bias in DSD estimation
consequent implications in the Z–R relation. This will a
helpful to identify the valid rain rate ranges of the dif
instruments for radar reflectivity estimation from DSDs,
is a key factor of radar remote sensing.

The present study considers 21 rain events with
duration of 1549min of Indian summermonsoon during
August 2013. The rain DSDs, rain rate and radar refle
factors are studied with the help of the above men
instruments deployed at the Institute of Radio Physic
Electronics, University of Calcutta, Kolkata (22°34′N, 88°
India. The instruments are operated at the same locationw
a distance of 3mand the recording times of the instrumen
accurately calibrated to minimize the spatial and tem
variability of rain. Thus uncertainties in measureme
instruments can come frommainly two causes, 1) Instrum
working principle and 2) Sampling uncertainties (Jaffra
Berne, 2011). However in the present study it is not poss
measure the sampling uncertainty in the absence of a ne
of instruments working with the same principle. Again
distances between the instruments are very small to cr
significant spatial variability, the sampling induced erro
be much less. The error reported here is a summation o
sampling error as well as instrumental working prin
However the results clearly state the range of each instru
to measure rain integral parameters efficiently, thus the r
of our study is well supported.

2. Instrumental details

2.1. Joss–Waldvogel disdrometer

The impact type Joss–Waldvogel disdrometer
Distromet RD-80) is commonly used to measure rain
This electro-mechanical device was primarily designe
estimating the radar reflectivity factor from measured
(Tokay et al., 2001). The instrument transforms themech
impacts of hydrometeors on its sensor to an electric
whose amplitude is a function of the size of the impacting
;
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ranging from 0.3 to 5.5 mm. The intervals of the siz
are not uniform. The JWD measures DSDs with about
accuracy (Tokay and Short, 1996). The specifications ar
listed in Table 1.

There is a significant progress in disdrometer techn
but JWD is still very dependable and a robust instrume
ground based measurements of DSDs, as the instrumen
withstand weather hazards and can be operated continu
(Tokay et al., 2001). Wind and surrounding acoustic
are two sources of errors which can be reduced by p
installation of the instrument in a noise-free environ
Again the ringing of styrofoam cone at high rain rates, k
as dead time error, is another source of error which c
corrected using a correction matrix (Sheppard and Joe, 1
However, the correctionmatrix has a tendency tomodify
At lower rain rates the correction matrix does not impl
any correction to DSDs but it increases the higher mome
DSDs such as rain rate and reflectivity (Tokay and Short,
Tokay et al., 2013). On the other hand at high rain ra
changes DSDs markedly but rain rate and reflectivity fac
not change much (Caracciolo et al., 2006). Thus we use
raw data without applying the correction matrix in our s

The DSD (mm−1 m−3) is normalized using the foll
relation,

N Dið Þ ¼ ni

A:t:v Dið Þ:ΔDi

where, N(Di) is the normalized drop concentration whic
be defined as the number density of drops correspond
size class i per unit volume. ni is themeasured number of
in size class i, Di is the drop diameter of class i, A is the
sectional area (50 cm2 for JWD) of sensor, t is the tem
resolution (30 s), v(Di) is the terminal drop velocity of
and ΔDi is the diameter difference between two conse
classes. The rain rate and radar reflectivity factor ar
calculated using the generalized equations:

R ¼ Π
6
:

Z ∞

0
D3

:v Dð Þ:N Dð ÞdD

Z ¼
Z ∞

0
N Dð Þ:D6dD:

2.2. Laser precipitation monitor

Laser precipitation monitor (LPM) is an optical disdro
which measures precipitation drop size and drop velo
ground level simultaneously. LPM uses a 780 nm in

Table 1
Specifications of JWD.



parallel light beam with a cross section area of approximatel
46 cm2. Every hydrometeor falling through the laser beam
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Table 2
Specifications of LPM.

Operating principle Optical

Sampling area 46 cm2

Wavelength of laser signal 780 nm
Temporal resolution 60 s
Drop size range 0.125–8 mm
Drop size bins 22
Velocity range 0–10 m/s
Velocity bins 20

Date (DD.MM.YY) Time (IST) Highest rain
rate (mm/h)

Event type

15.06.13 10:08–10:32 50 Convective
17.06.13 10:55–11:30 42 Convective
18.06.13 12:59–14:24 75 Convective
19.06.13 9:55–11:30 7 Stratiform
27.06.13 5:37–7:22 25 Mixed
29.06.13 2:42–3:14 22 Stratiform
29.06.13 17:08–19:40 30 Mixed
06.07.13 12:05–12:26 35 Convective
13.07.13 6:02–9:41 3 Stratiform
15.07.13 12:25–12:44 15 Convective
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reduces the signal, and from the amplitude reduction
surements, the diameter of the falling particle can bemea
The fall speed of the particle is estimated from the durat
reduced signal. In the case of our study we have use
minute accumulation mode which yields a 22 × 20 m
each minute containing a summary of all drop concent
recorded. This matrix for eachminute stores information
22 diameter classes ranging from 0.125 to 8 mm, a
velocity classes ranging from 0.2 m/s to 10 m/s. The DSD
velocity class intervals are non-uniform for LPM
The specifications of LPM are also listed in Table 2. Th
DSD data is normalized using Eq. (1). The rain rat
radar reflectivity are then calculated from DSDs usin
relations (2) and (3).

This instrument is useful for all real time applicatio
there is no effective time delay of the output due to the o
working principle of LPM (Lanzinger et al., 2006). Mor
as it is a contactless instrument, errors introduced d
evaporation and retention are absent here. Howeve
instrumental readings are reported to be very much inc
tent inwindy condition (Frasson et al., 2011). It is also rep
that though it measures low rain rates quite efficiently,
over-estimates high rain rates due to misinterpretati
multiple simultaneous drops as a large single drop (Lan
et al., 2006).

2.3. Micro rain radar

Micro rain radar (MRR) is a vertically pointing FM-CW
thatmeasures the evolution of DSD spectra and drop velo
rain above ground. It is a highly reliable system which c
used in remote sensing of extreme environments as it re
minimum maintenance. It transmits 24.1 GHz frequency
50mWpower and the temporal resolution of the instrum
30 s. The device can detect rain DSDs from 0.25 mm to
range. The radar uses Doppler principle tomeasure fall ve

Table 3
Specifications of MRR.
Operating principle Radio wave

Antenna type Offset parabolic
Frequency of wave 24 GHz
Transmit power 50 mW
Beam width 2o

Antenna diameter 600 mm
Temporal resolution 30 S
Drop size range 0.25–5.03 mm
Drop size bins 46
Height resolution 200 m
y
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calculated from measured DSDs using relations (2) an
MRR gives vertical profile of DSDs, rain rate and
reflectivity up to 6 km. The total height is covered in 30
with 200 m resolution. To compare the ground DSDs, rai
and radar reflectivity factor of the above mentioned
instruments, we have taken the 200mheight rangeDSDd
MRR, and calculated the rain rate and reflectivity of that h
The specifications of MRR are also listed in Table 3.

It was reported that wind motion correction in MRR
may degrade the retrieved product (Peters et al., 2005)
the zero vertical wind assumption is taken in deducing
from fall velocity using Gunn–Kinzer relations. An
important consideration in MRR is the attenuation of
strength at 24 GHz due to rain andwater vapor, however
be neglected for path lengths (200 m) considered here.

In addition, we have used this radar data to identify th
type, namely, stratiform and convective. Radar refle
profile indicates the presence of melting layer by a radar
band signature (Das et al., 2010; Peters et al., 2002; Fabr
Zawadzki, 1995). The bright band is signified by an a
enhancement in vertical radar reflectivity profile due
change in dielectric properties ofmelting ice at that level (
andKinzer, 1949; Kain et al., 2000; Sarkar et al., 2014). It i
noted here that, there exist various other methods to c
rain types using rain rate, radar reflectivity factor and
related parameters (Islam et al., 2012; Steiner et al., 1995
have used the bright band signature to classify rain
simplicity. From the presence of melting layer signatur
nature of rain, whether stratiform or convective or mixe
be determined (Fabry and Zawadzki, 1995).

3. Methodology

Wehave considered 21 rain eventswith total 1549mi
from JWD, MRR and LPM. The details of the events studi
given in Table 4. The average DSD values are compared

Table 4
Event specifications.
16.07.13 13:17–13:47 60 Convective
17.07.13 12:41–12:58 50 Mixed
20.07.13 13:03–13:21 90 Convective
21.07.13 12:24–12:45 40 Mixed
22.07.13 14:13–14:34 45 Mixed
23.07.13 8:36–9:02 70 Convective
25.07.13 13:35–14:11 6 Stratiform
26.07.14 3:15–11:05 45 Mixed
27.07.13 3:19–10:37 35 Mixed
03.08.13 8:01–9:10 40 Convective
05.08.13 11:54–12:16 16 Stratiform
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convective, mixed and stratiform rains. Then, the
collection of rain events is grouped into six rain rate c
and the average DSD characteristics are studied. Rain ra
radar reflectivity characteristics are also taken into accou
all the three instruments to study the performances of
instruments in a statistical basis. Furthermore, the Z–R rel
obtained from the three instruments are compared.

4. Results and discussions

4.1. Case studies

The case studies represent three rain events, a p
convective event on 18 June 2013 with highest rain r
150 mm/h, a mixed event on 26 July 2013 with highes
rate of 45mm/h and a purely stratiform eventwith highe
rate of 3 mm/h as recorded on 13 July 2013.

4.1.1. Convective event
The event occurring on 18 June 2013 was a conv

event, which is confirmed from Fig. 1(d), where the MR
rate profile shows no signature of melting layer (Das
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Fig. 1. High rain rate event of 18 June 2013: (a) Ground rain rate, (b) Radar re
(d) Height profile of rain rate in mm/h obtained from MRR.
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time as shown in Fig. 1(a). In this severe rain rate even
shows highest rain rate of 140 mm/h whereas MR
disdrometer showmuch less rain rate (b100 mm/h). The
reflectivity factors in Fig. 1(b) show a difference for dif
instruments, especially for the regions where rain rate i
high. The differences in rain rate and radar reflectivity
of these instruments can be explained in terms of
characteristics obtained from the same instruments as s
in Fig. 1(c), in which the mean concentration values of
per unit volume are plotted at different drop sizes. As
relations (2) and (3) we can see that rain rate and
reflectivity factor are respectively the 3.67th moment (
terminal fall velocity of drops is proportional to 0.67thmo
of DSDs) and sixthmoment of DSDs. Thus the presence o
drops increases R and Z significantly. The effect of large d
more on Z since it is the sixth moment of DSDs; howev
increase in rain rate is more sensitive to the median v
diameter, or shift of themeanDSDs towards large drop si
this particular event, drop size measured by all the
instruments matches for the region 1–3 mm. For large
sizes greater than 3 mm, LPM shows high concentrat
drops than other instruments and estimates some very
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drops of diameter 6–7mmwhichmaynot be realistic. The large
drop size of 6–7mm in case of LPMmay trigger the value of Z to
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be very high. Moreover, the presence of high concentrat
large drops will also shift the mean diameter towards hig
resulting in high rain rates. MRR and JWD measure s
concentration of drops up to 4 mm size. For DSDs lowe
1 mm, MRR and LPM show distinctly higher concentrat
raindrops than JWD, confirming the inability of impac
disdrometer to measure very small drops in high rain
events. This is due to the fact that during high rain rate
styrofoam cone diaphragm of JWD suffers from ringing d
the impact of large raindrops and the impact of small dro
submerged in the noise level of the instrument.

4.1.2. Mixed event
The next event, occurring on 26 July 2013, is a mixed

with duration of 8 h. Fig. 2(d) shows the rain rate height p
obtained from MRR. During 3–6 h and 8–11 h, the prese
melting layer is observed at the height of 5 km, confirmin
occurrence of stratiform rain (Fabry and Zawadzki, 1
However, during 6–8 h, the absence of melting layer con
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Fig. 2.Medium rain rate event of 26 July 2013: (a)Ground rain rate, (b) Radar r
(d) Height profile of rain rate in mm/h obtained from MRR.
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all the instruments are in quite good agreement wit
another. The low rain rate stratiform part with rain rate
10 mm/h also shows good agreement among all the i
ments. However in the case of radar reflectivity factor sho
Fig. 2(b), MRR shows somewhat higher value than JW
almost matches with LPM. The similarity in Z for LPM and
can be explained by the presence of large drops (6mm) in
cases. However as JWD does not measure drops larger
4 mm, the Z value calculated from the DSDs data of JW
somewhat less than that of the calculated value from DSD
of MRR and LPM. As already mentioned, LPM overesti
drops larger than 4 mm compared to that observed by
Fig. 2(c) shows good agreement between DSDs for a
instruments between 1 and 3 mm. For lower than 1 mm
the drop concentration in JWD is considerably less than
and MRR. In this case also, very small drops (b0.5 mm) in
is under estimated. The presence of 7 mm drop can be s
case of LPMwhich should be an erroneous value for the r
already pointed out (Lanzinger et al., 2006) in Section 2.
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4.1.3. Stratiform event
The third event, recorded on 13 July 2013 with duration of
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3.5 h, is a purely stratiformeventwith strongpresence ofm
layer at 5 km as shown in Fig. 3(d). The rain rate of the
never exceeded 4 mm/h. Here also the agreement of rai
measurements shown in Fig. 3(a) is very good for JWD,MR
LPM. Nevertheless, in this case also the radar reflectivity
shows higher values for MRR than for LPM and JWD. The
can be explained from Fig. 3(c), where MRR records large
of 6mmwhereas LPM records drop size of 5mmand JWD
Due to the presence of large drops in the case ofMRR the Z
is greater than that obtained from LPM and JWD
observations of DSDs in the size range of 1–3 mm are in
agreement for all the instruments as shown in Fig. 3(c).

4.2. Statistical results

4.2.1. DSD comparison for different rain types
All the events categorized in three rain types are gr

and the statistical pictures of average DSDs' variation f
rain types are shown in Fig. 4. Fig. 4(a) shows the averag
concentration with drop diameter in case of convective e
Fig. 4(b) summarizes the DSD variations in the three i
ments for mixed rain regimes and Fig. 4(c) shows the
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Fig. 3. Low rain rate event of 13 July 2013: (a) Ground rain rate, (b) Radar re
(d) Height profile of rain rate in mm/h obtained from MRR.
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good in the range of 1–3 mm drop size. However for
than 1 mm drop size LPM and MRR show significantly
concentration of drops than recorded by JWD. For
larger than 3 mm, LPM shows the highest concent
and MRR shows the lowest concentration among all
instruments.

4.2.2. DSD comparison for different rain rates
For the purpose of studying the DSD variability by the

instruments, the total dataset has been grouped in six
from very low rain rate regime (b1 mm/h) to very hig
rate (N20 mm/h) and average DSDs are computed for
part. The results are shown in Fig. 5.

From this statistical analysis, we can point to
important aspects of the instruments under different r
conditions. From Fig. 5, we can see that irrespective of ra
variations, the contribution of medium sized (1–3
raindrops from all the instruments is in close proximit
also evident from the study that, for every rain rate clas
gives lower concentration of very small (b0.5 mm)
compared to other instruments indicating lesser sensitiv
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size measurements. The peak of the DSDs is just below 1 mm
(Fig. 5(a–d)) in JWD, which shifts towards higher drop size
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Fig. 4. Ground DSDs' concentration for different drop diameters: (a) Convective events, (b) Mixed events and (c) Stratiform events.
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(~2 mm) at high rain rates. Fig. 5(e) and (f) confirm
especially for very high rain rates, the ability of JWD dec
in sensing small drops. The ringing of the sensor diaph
due to large raindrops impactsmay be the reason of shad
the information of the presence of small drops. This find
also supported by Tokay et al. (2001) and Caracciolo
(2006). On the contrary, due to optical sensing, LPM is
capable of detecting very small drops (b0.5). In each
irrespective of rain rate intensity LPM measures very
concentration of small drops. Moreover LPM can detec
large drops N5.5 mm as shown in Fig. 5(d) and (f).

For low rain rates, below 2 mm/h, as shown in Fig. 5(
(b), the MRR observation overestimates both JWD and
data above 1 mm drop size range. MRR ground level is ta
a height range of 200 m but LPM and JWD disdro
observations are taken near ground. In the case of very
rain rate, small to medium size DSDs contribute more an
are very vulnerable to weather parameters. The drop evo
mechanism via evaporation, break up and coalescence a
wind motion may be the cause of underestimation o
t
s

g
s
l.
y
,

y

t
r
t
y

l

In this rain rate regime though MRR and LPM observe D
large as 5 mm, JWD does not show any drop beyond 4 m

Fig. 5(c)–(d) shows the DSD concentration var
for medium rain rate range (b10 mm/h). A good match
JWD, MRR and LPM is observed for 1–4 mm drop size
However in this range of rain rate, LPM and MRR show a
agreement for large drop size values up to 6 mm drop siz
JWD shows drop sizes only up to 4 mm.

Similarly, the matching among the instruments is s
cant only in the range of 1.5 mm to 3 mm at rain events
10mm rain rate as the DSD peak shifts towards the high
The MRR and LPM show similar values of drop concent
up to 5.5 mm, but the matching with JWD is poor at both
The matching with JWD and other two instruments is
worse in case of rain rate above 20 mm/h for large drop
(N3.5 mm) as shown in Fig. 5(f).

4.2.3. Rain rate comparison
The rain rate comparisons are shown in Fig. 6. Fig

gives the scatter plots of rain rates measured by the p
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instruments. The comparison shows better agreement between
LPM andMRR rather than JWD andMRR or LPM and JWD.MRR

up t

around 50 mm/h, beyond this rain rate range MRR tends to
observe higher rain rates. However LPM observation matches

serves
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Fig. 5.DSD concentration vs. drop diameter for rain rates (a) Below1 mm/h, (b) 1–2 mm/h, (c) 2–5 mm/h, (d) 5–10 mm/h, (e) 10–20mm/h and (f)Greater than20 mm/h.

22 T. Sarkar et al. / Atmospheric Research 160 (2015) 15–27
and JWD recorded rain rates show a good agreement
 o well with MRR up to 80 mm/h rain rate range. LPM ob
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higher rain rates beyond the range of 50mm/hwhen compared
with JWD.
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difference between RMSE and MAE thus indicate the variance
of data points. From RMSE and MAE values of Fig. 6(a) we can
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From the performance indicators we can observe th
both rain rate measurements the R2 values are more th
indicating high correlation among the measurements fro
three instruments.

The MAE represents the average magnitude of the
where individual differences are weighted equally wh
the RMSE gives a relatively high weight to large error
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observe that the variance of data points for rain rate d
maximum for LPM and JWD and minimum between JW
MRR.

To better understand the inter-comparison amon
instrumental measurements for rain rates, the probab
values of different quantiles are compared in Fig. 6(b). Qua
refer to the fraction of data points below a given value
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quantile–quantile plot can provide useful information as to
what extent the distributions of the two data sets is similar. The

enta

observations of each instrument. The dotted line indicates the
equal probability of two sets of observational data from the

utions
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probability distributions are estimated from the experim
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are of the same type. Up to 40 mm/h rain rates both MRR and
JWD disdrometer show the same probability of detecting rain
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and minimum for JWD and MRR. Here also the R2 values are
greater than 0.5, which shows high correlation among data
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4.2.5. Z–R relation comparison
The inter-comparison of Z–R relationship is shown in
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rates, whereas beyond this range MRR is more prone to
high rain rate in comparison to JWD. LPM and MRR prob
matches up to 60 mm/h and beyond this value LPM h
largest probability of showing higher rain rates compa
that measured by MRR. However JWD has less probabi
measuring high rain rates compared to LPM beyond 30 m

4.2.4. Radar reflectivity factor comparison
A statistical comparison of radar reflectivity facto

all three instruments is shown in Fig. 7. One on one compa
between the instruments show the best agreement in calcu
Z between LPM and JWD. It is evident from Fig. 7(a) th
data scattered much less for LPM and JWD compared
other two comparisons. The largest variability in Z is obs
in the case of LPM andMRRmeasurements. However JW
MRRmatching is also quite good especially for higher Z v
As observed from theRMSE andMAE in Fig. 7(a) the varia
data points for radar reflectivity is maximum for LPM and
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Fig. (8) which is very much dependent on instruments a
as regression methods to determine the relationship (Ca
and Zawadzki, 2000; Tokay et al., 2001). Campos and Zaw
(2000) showed that the linear and non-linear regr
methods give different results. In our case we have only
linear regression, as our main objective is to differe
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derived from the full data setwithout stratiformand convectiv
classification for different instruments separately.
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Table 5
The values of ‘a’, ‘b’ and chi-square test.

Instrument ‘a’ ‘b’ χ2 error

JWD 256 1.279 344.6487
LPM 385 1.365 702.9587
MRR 370 1.251 645.5096
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In implementing linear regression, the relation, Z =
expresses as follows:

log10 Zð Þ ¼ log10 að Þ þ blog10R:

The values of ‘a’ and ‘b’ are calculated from the data
linear regression. The parameters ‘a’ and ‘b’ and associat
value of the fitting is shown in Table 5. The χ2 error statis
defined as the sum of the square of difference betw
calculated from experimental values and Z calculated fro
linear regression.

It can be observed from χ2 values in Table 5 that LP
highest dispersion in data points than the fitted curve, wh
the spread associated with JWD is the least. Although
expected to be less dispersed in case of MRR due to
sampling volume (Campos and Zawadzki, 2000), howev
findings show larger χ2 value for MRR in comparison
JWD. These results can be explained in accordance t
findings of Zawadzki (1984) and Chandrasekar and
(1987) in which it is shown that a larger error is asso
with larger sampling volumes compared to the instru
with smaller sampling volume which come from the de
ing statistical correlation among data points in larger sam
volume. The ‘a’ value is highest for LPM and lowest for JW
‘b’ is largest for LPM and lowest for MRR.

5. Conclusions

DSD is one of the most important parameters to stud
microstructure of rain. On the other hand, Z–R relat
required for radar remote sensing which can be derived
DSDmeasurements. In this paper an attempt has beenm
evaluate performance of JWD, MRR and LPM. This will h
analyze different drop measuring techniques and assess
advantages and limitations in different rain rate regimes

All these instruments are found to measure simila
rates up to ~30 mm/h. The estimated radar reflectivity fa
in good agreement among all instruments only in the ra
10–40 dB. However, the Z–R relation estimated from dif
instrument showed significant variations. Similar drop co
trations are found to bemeasured by all these three instru
between 1 and 3 mm but this agreement does not hold fo
small or very large drops.

JWD, due to its electro-mechanical working principle,
sensitive in detecting very small drops (b0.5mm) and do
measure drops beyond the range of 5.5 mm. It is a widely
instrument andmeasures rain DSDs quite efficiently, esp
themediumdrop sizes. Thus the instrument is reliable in c
measuring rain rate and radar reflectivity factor for rain e
that are not too low (b0.1 mm/h) or too high (N20 mm/
e
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smallest drops (b0.5 mm) very efficiently. As it erron
senses simultaneously falling drops as one large drop,
give unreasonable high value of drop size for high rai
events.

MRR is a useful instrument, using radio techniqu
getting height profile of rain integral parameters. Howev
ground measurements, especially low rain rate eve
overestimates the drop concentration. For medium to
rain rates, it gives reliable results for drop sizes up to 3 m

We observed that it is not practically possible to me
accurately all sizes of drops with every instrument due
operating principle. However, the present study ide
ranges inwhich reliablemeasurements are possible for dif
instruments.

Other than the working principles mentioned, high
velocity will affect the DSDs' measurements, which ma
some error in results, especially in high convective pheno
The effect of wind in DSD measurements will be
pronounced in the case of LPMmeasurements as the hori
component of windwill affect the number of drops in the
slit of the instrument. However the effect of vertical
motion will be reflected in the measurements of a
instruments mentioned here. Different sampling volum
the instruments can also lead tomismatch in themeasure
parameters by different instruments. LPM has the sm
sampling volume whereas MRR has the largest sam
volume. Further MRR measures the raindrops at some
above the ground, so height evolution of the raindrops ca
alter the DSDs. The error reported here is a combination o
sampling error as well as instrumental working princi
may be noted that, with the present experimental setu
not possible to quantify the individual components of er
the measurements of instruments working with dif
principles. In the present study it is intended to indica
ranges of rainfall parameters in which the instrumen
work with reasonable reliability.
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