
1. Introduction

The raindrop size distribution at surface is
fundamental to the understanding of precipitation
mechanisms at upper levels as well as the development
of the quantitative rainfall forecast model (Caracciolo,
et al., 2006). The observation of the cloud rain intensity
generates important data with which to understand the
formation of a cloud and the physical impact of
raindrop particles (Loffler-Mang and Joss, 2000). In

addition, a more accurate meteorological precipitation
forecast algorithm can be developed by locating the
coexistence of snowfall and rainfall in a cloud, with the
freezing level in the cloud as the reference level, and
by combining it with the wide-area cloud observation
values from a satellite (Yuter et al., 2006).

Observation of the size, phase, Particle Size
Distribution (PSD), and terminal velocity of raindrops
helps explain the quantitative radiation effects of clouds
e.g., the scattering and absorption of particles and
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enables accurate calculation of the cutoff effect of the
radiation energy transfer in the air (Tenorio et al., 2003
and Yuter et al., 2006). It is important to understand the
relationship between the PSD and the particle falling
speed to be able to parameterize the absorption and
cutoff effect of cloud particles that dominate the
radiation effect of the cloud among the physical factors
(Kim et al., 2005).

The Quantitative Precipitation Estimates (QPEs) can
be more accurately obtained by measuring the vertical
distribution of the cloud reflectivity according to the
particle characteristics. That is, the accuracy of the QPE
for the radar observation depends on how accurately
the Z-R relationship, which represents the reflectivity-
precipitation relationship in the meteorological radar,
is derived. In the observation of the precipitation cloud
with the Doppler radar, the vertical particle distribution
cannot be displayed in detail yet in the synoptic scale.
The dual-polarization Doppler radar can observe the
mixture of raindrops, hail, and graupel in a cloud, but
the distinction between the hail and graupel is still at
the primary stage (Zhang et al., 2001). The falling of
raindrops can be tested in a cloud chamber, but the
terminal velocity of the falling raindrops in the natural
condition cannot be easily measured.

In the aircraft observation, the snowfall, as bulky
raindrops (D > 4 mm), is broken by the suction
measurement, so accurate observation cannot be
achieved. The limited flying time in the melting layer
in the cloud, according to the aircraft icing effect, is an
obstacle to the accurate measurement of raindrops. The
optical ground observation of the physical characteristics
e.g., the distribution and terminal velocity of raindrops
explains both rainfall and snowfall in mixed
precipitation, and provides accurate information on the
physical characteristics and development of cloud
particles (Jameson and Kostinski, 2001; Loffler-Mang
and Joss, 2000).

When an aircraft penetrates a convective cloud, etc.,
the impact of the raindrops greatly varies according to

the physical characteristics of the particles. In heavy
rainfall, the collision of the aircraft with graupel or
falling raindrops in the lower layer greatly affects the
crop growth and the aircraft in the air.

In this study, the size distribution and terminal
velocity of the raindrops in the cloud, which are formed
according to the synoptic weather structure and the
topological air condition, were measured in a case of
strong rainfall and snowfall to classify the rain intensity
according to the amount of rainfall and to identify the
physical characteristics of the cloud related to
raindrops.

In a case study, an optical raindrop measurement
instrument and a microwave radar were used to observe
the rain intensity and the vertical PSD in a cloud
according to the raindrop size on the ground, so as to
classify the cloud types according to their physical
characteristics. A prototype optical disdrometer, which
measures the characteristics of raindrops according to
the optical transfer cutoff proposed by Loffler-Mang
and Joss (2000), was used as the optical precipitation
measurement instrument. Micro Rain Radar (MRR), a
vertically point Doppler radar, is a very useful
instrument to measure vertical profiles of precipitation
particle size distributions and structures (Loffler-Mang
and Kunz, 1999). A MRR was used as the direct
Doppler meteorological radar for the vertical PSD of
an Frequency Modulated Continuous Wave (FM-CW)
cloud (Chang, et al., 2007).

The raindrops created by heavy rainfall were
observed at the Daegwallyeong Cloud Observation
Center, where an anabatic convective cloud is
frequently formed in the mountainous terrain with
apparent topographical and synoptic weather
conditions. The data were analyzed by presenting cases.
The particles were comparatively analyzed in terms of
the reflectivity of the precipitation cloud particles and
the synoptic meteorological radar observation values
(Jang et al., 2004).

When heavy rainfall occurs, clouds can be better
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understood by identifying the raindrop size distribution
in the cloud, the terminal velocity according to the
synoptic meteorological structure and the topological
air condition, and the physical characteristics of the
precipitation according to the cloud type. For this
purpose, the precipitation was divided into three types:
light, moderate, and heavy rainfall. A PARticle SIze
and VELocity (PARSIVEL) instrument, which measures
optical precipitation, and an MRR, which is a vertical
cloud radar observation instrument, both of which are
in the Cloud Physics Observation Center of the
National Institute of Meteorological Research (NIMR)
in the Daegwallyeong area, were used to comparatively
analyze the ground and vertical raindrop PSDs with
respect to the cumulative amount of rainfall.

2. Rainfall Observation

1) Observation Point
Fig. 1 shows the rainfall observation points of the

National Institute of Meteorological Research in the
Daegwallyeong Cloud Physics Observation. In the
Daegwallyeong area, stratiform convective clouds are
frequently formed due to the effect of the seasonal
westerlies, and apparent precipitation is formed by
anabatic convective clouds due to the mountain effect
of easterly winds. The areas also often have thick
stratiform clouds, which represent well the
characteristics of raindrop particles under an oceanic
climate. Table 1 shows the topological characteristics
at each observation point. The slope of the mountainous
Daegwallyeong area is divided into the east and west
sides, and the cloud formation greatly varies according
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Fig. 1.  Locations of the observation sites at the DaeGwallyeong Cloud Physics Observation Center.

Table 1.  The discriptions of the Cloud Physics Observation Site (CPOS) at DaeGwallyeong
Daegwallyeong

Administrative Address 1-133 Hoenggye3-ri, Doam-myeon, Pyeongchang-gun, Gangwon-do, Korea.
Location 37°41’N, 128°45’E
Altitude 843 m from seal level.

Geographical Features
Tilted block with a steep east area and a gentle west area, south of mountain top of Seonjaryeong
(1,159 m from sea level) in Daegwallyeong in the Taebaek Mountains. The vegetation shows
mountainous deciduous broad-leaf forests and mountainous coniferous forests, mostly with 2-3 m
tall of Mongolian oak and pine trees.
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Fig. 2.  Time variations of meteorological elements (wind velocity, rain intensity, and accumulated precipitation amounts) in Case 1
(a), Case 2 (b), and Case. 3 (c).

Table 2.  Rainfall amounts and meteorological conditions on each case of the rainy period in 2007
Item Case 1 (KST) Case 2 (KST) Case 3 (KST)

Precipitation period March 4, 14:00
- March 5, 02:00

July 09, 23:30
- July 10, 21:00

Sept. 14, 16:00
- Sept. 15, 14:00

Precipitation starting temperature 4.4°C 15.1°C 16.2°C
Precipitation ending temperature 4.9°C 14.3°C 16.8°C

Average temperature 8.4°C 15.1°C 16.1°C
Average air pressure 1,000.8 hPa 1,002.0 hPa 1,009.3 hPa
Average wind speed 6.0 m/sec 4.9 m/sec 1.9 m/sec

Cloud cover 10/10 10/10 10/10
Cloud form Stratus Stratocumulus Stratocumulus

Rainfall 15.5 mm 76.0 mm 121.5 mm
* KST(LST) : Korean Standard Time (Local Standard Time)

(a)

(b)

(c)



to the wind characteristics.

2) Observation Period
Table 2 shows the observations for the precipitation

analysis conducted by case during the observation
period (total number of observations: 3,360 times, one-
minute data).

The analysis is based on the different weather and
the topological air conditions, as well as the physical
characteristics of the precipitation according to the
cloud type. For this purpose, the precipitation was
divided into three types: light (Case 1), moderate (Case
2), and heavy rainfall (Case 3). The PARSIVEL
instrument, which measures the optical precipitation,
and MRR, which is a vertical cloud observation
instrument, both of which are in the National Institute
of Meteorological Research in the Daegwallyeong area,
were used to comparatively analyze the ground and
vertical raindrop PSDs according to the cumulative
amount of rainfall.

3) Weather Conditions on Each Precipitation
Day
Fig. 2 shows the changes in the weather field on each

precipitation analysis date. Fig. 2 (a), (b), and (c) show
the rain intensity, cumulative precipitation, and wind
speed, respectively, for the observation cases 1, 2, and
3 according to the time lapse. In Case 1, the total
cumulative precipitation was 15.5 mm, and the average
wind speed was 6.0 m/s, which was the strongest
among the observation cases. In Case 2, the total
cumulative precipitation was 76 mm, which is close to
the heavy rainfall standard of 80 mm. At that time, the
average wind speed was 4.9 m/s. In Case 3, the
cumulative precipitation was 121.5 mm, which was the
heaviest rainfall. The average wind speed was lowest
at 1.9 m/s.

Fig. 3 shows the ground weather diagram for each
case. The diagram shows that Daegwallyeong is
located near the center of the low-pressure area. The
central pressure is 997 hPa, which represents the typical
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Fig. 3.  Surface weather on March 4, 21:00, 2007.



east-high- and west-low-type low-pressure precipitation.
The high-pressure area in the east leads to the blocking
of air.

Fig. 4 shows the air condition observed with the
satellite during each observation period. The typical
comma-type low pressure influences the Korean
peninsula. This is a representative case of low-pressure
precipitation, which often occurs in Korea.

Fig. 5 shows the aerological conditions during each
precipitation period. Before and during the precipitation,
the wind veered as the height increased. This indicates
that a warm convective current was being generated
and that the lower air layer was humidified, unlike the
point before the precipitation.

4) Measurement Instruments
a. Particle Size and Velocity (PARSIVEL) Optical
Disdrometer

The PARSIVEL instrument that was used to
measure the raindrops is an optical disdrometer that
uses a laser ray (650 nm). In the case of rainfall and
snowfall, it converts the intensity of the blocked-off
light into electric signals to measure the particle size
and the falling speed. The reflectivity is derived from
the values, and based on it, the rain intensity, raindrop
size, falling speed, visibility, precipitation type, and
water content are calculated. In the PARSIVEL, the
particle size and falling speed are classified into 32
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Fig. 4.  Images of the MTSAT-1R geostationary satellite during the observation periods (March 03, 14:00 - 05, 02:00) in 2007.
(a) March 04, 14:00 (KST), 2007 (b) March 04, 18:00 (KST), 2007

Fig. 5.  Atmospheric vertical structure at the Sokcho meteorological observation site on each rain period, before (a) and in (b) the rain hour.
(a) March 04, 09:00 (KST), 2007 (b) March 04, 21:00 (KST), 2007



types, and the observer can select the observation time
interval from 10 s to 3,600 s.

b. Micro-Rain Radar (MRR)
The MRR in the Daegwallyeong Cloud Physics

Observation Center is an MRR-2 model, which is an
FM-CW radar that modulates medium frequencies of
1.5-15 MHz into the radiofrequency of 24 GHz to
continuously radiate a non-pulsed electromagnetic
wave. The emitted signal is scattered back by the
meteorologically meaningful targets, e.g., raindrop
particles, and is received again by the antenna.
Accordingly, diverse data, including the radar
reflectivity of the raindrop particles and PSDs, can be
obtained. Assuming Rayleigh scattering with particles
smaller than the wavelength with the MRR-2, the area
formed by the backscattering of the particles is directly
proportional to the particle size to the 6th power. The
spectrum power is calculated using the backscattering
section area per volume and radar constant. Because
the radar module of the MRR-2 is not in the pulse
mode, the height of the target cannot be calculated
using the difference between the pulse transmission
time and the echo reception time. Therefore, the height
of the target can be calculated by modulating the
frequency of the electromagnetic wave transmitted
from the MRR-2 into a linearly attenuated form and
calculating its difference from the echo reflected from

the target. The rain Drop Size Distribution by height is
calculated from the terminal velocity of the particles
and the backscattered section area.

The MRR is an FM-CW Doppler radar that uses a
24 GHz electromagnetic wave. It calculates the DSD
and the vertical profile of 30 layers such as the rain
intensity and the water content derived from the DSD.
The observation sensitivity is -10 dBZ/km, which
corresponds to the rain intensity of 0.01 mm/h. The
tipping-bucket rain gauge can detect a small amount of
precipitation that is difficult to measure. The observer
can select the observation time interval from 10 s to
3,600 s, and the observed height resolution can be
selected from 10 to 200 m. The two-way parabolic
antenna has a diameter of 0.6-0.7 m and an effective
angle of 2°. Because the vertical speed of the particles
can be measured using the MRR, the occurrence of the
ascending current can also be identified.

3. Analysis

To understand the characteristics of the precipitation
cloud particles, the PARSIVEL disdrometer and MRR
were used to analyze the observation cases. The single
case analysis was conducted to understand the
observation cases on the characteristics of the weather
field, after which diverse cases were compared with
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Table 3.  Specifications of the Optical Disdrometer and the MRR
Optical Disdrometer MRR

Objective:

Wavelength 650 nm 24 GHZ
Output power 3 mW 50 mW
Averaging interval 10-3,600 s 10-3,600 s
Beam size 180 × 30 nm

Observation parameters Particle size, Falling velocity, 
Concentration of raindrops

Vertical reflectivity, Falling velocity, 
Particle size distribution

Limitations:

Particle size 0.2-5 mm (Fluid) 0.25-4.53 mm
Particle size 0.2-25 mm (Solid) 0.25-4.53 mm
Falling velocities 0.2-20 m/s 0.78-8.97 m/s
Rain intensity 0.001-1,200 mm/h

Hydrometers Drizzle, rain, snow, hail



one another to examine the raindrop particles in the
cloud.

1) Rainfall Analysis
a. Observational Characteristics at the upper level
The MRR vertically emits the electromagnetic wave

(24 GHz) in the air and measures the returned signal
reflected from the water particles in the cloud to
observe the reflectivity and falling speed of the
particles. As for the rain intensity, the water content and
terminal velocity changed with the increase in the
rainfall. The precipitation reflectivity, terminal velocity,
and water contents that were observed using the MRR
showed that the precipitation was concentrated in a
specific period and abruptly decreased when the
precipitation ceased.

The cumulative precipitation was 76 mm in Case 2,
which is close to that of a typical heavy rainfall, and
121.5 mm in Case 3, which is close to that of an
extreme rainfall. The comparative analysis of the rain
intensity and DSD by height for two precipitation dates
is very important to identify the physical characteristic
of the rainfall by height. Therefore, the rain intensity
and DSD according to the cumulative precipitation in
Cases 2 and 3 by height were comparatively analyzed.
As shown in Figure 6, the rain intensity in Case 2 was

highest at 150 m, followed by at 1,050 and 1,500 m.
Thus, the rain intensity increased as the height
approached the ground. On the other hand, the rain
intensity was low at 3,450 m. In Case 3, the rain
intensity was high at the high altitude, but this seems
to have been because the reflectivity increased due to
the melting layer.

Fig. 7 shows the average rain intensity by height for
Cases 2 and 3. The figure shows that the rain intensity
is strong when the rain reaches the ground, and
weakens as the height increases.

Fig. 8 shows the results of the comparative analysis
of the DSD of the cloud by height, which was observed
using the MRR in the Daegwallyeong Cloud Physics
Observation Center. At the height of 150 m, the number
concentration was observed only within the particle size
range of 0-2 mm in Case 1. In Case 2, the observed
particle size range was 0-3 mm, so the particle size was
larger and the number concentration was higher than
in Case 1, which had a cumulative precipitation of 15.5
mm. In Case 3, which had the strongest rainfall, the
number concentration was observed within the particle
size range of 0-4.3 mm. In Case 3, the number
concentration of the 0-1mm particle size was especially
lower in Cases 1 and 2.

At the height of 1,500 m, the particle size was similar
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Fig. 6.  Variations in rain intensities with time with the daily rain amounts of 76 mm (Case 2) and 121.5 mm (Case 3) in Daegwallyeong.



to that at the 150 m height; but in Case 3, which had
much rainfall, the number concentration of the 0-1 mm
particle size was higher than at the height of 150 m. In
addition, in Case 1, the number concentration within

the 1-2mm raindrop size range was higher than on the
other precipitation dates.

Table 4 shows the results of the comparative analysis
of the number concentration according to the particle
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Fig. 7.  Altitudinal variations in rain intensities with the daily rain amounts of 76 mm (Case 2) and 121.5 mm (Case 3) in Daegwallyeong.

Fig. 8.  Size distributions of the rain droplets at each altitude (150 m and 1,500 m), as obtained from the MRR observations at the
Daegwallyeong cloud observation site.

Table 4.  Number density distributions of the rain droplets in Cases 2 and 3 (121 mm) at 150m and 1,500m altitudes
Case 2(76 mm : 22 hours) Case 3(121.5 mm : 22 hours)

Height
Size(mm)

150 m 1500 m 150 m 1500 m
Concentration (m-3mm-1) Concentration (m-3mm-1)

0.2~0.4 342,284 191,708 40,792 397,756
0.5~1.4 25,107 11,861 10,959 12,293
1.5~2.4 190 26 452 148
2.5~3.4 5 0 30 9
3.5~4.5 0 0 2 0



range at the heights of 150 and 1,500 m in Cases 1, 2,
and 3. As in Table 4, the number concentration of the
particles varied according to the height. This indicates
that the physical characteristics of rainfall vary
according to the precipitation volume and height.

In Cases 2 and 3, which had large amounts of
rainfall, the number concentration by particle was
examined on the ground and in the upper layer. Table
4 shows the number concentration at the heights of 150

and 1,500 m, which indicate that the number concentration
at the higher altitude was higher in Case 3 than in Case
2. In the number concentration by particle at the 150
and 1,500 m heights, the number concentration at the
low height was high in all the particle size ranges. In
Case 3, however, the number concentration of small
particles with diameters of 0.2-0.4 mm at 1,500 m was
approximately 10 times higher than in the other cases.
This was because in Case 3, the convection was
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Fig. 9.  Time series of rain intensity for the case 1, 2 and 3 measured by PARSIVEL disdrometer.



stronger than on the other precipitation dates, and there
were many small particles at the high altitude.

2) Observational Characteristics at the ground
level
Fig. 9 shows the precipitation characteristics that

were measured using the optical disdrometer at the
ground level on each precipitation date (Cases 1, 2, and
3). Fig. 9 shows the rain intensity according to the time

lapse, which is the point at which the rain intensity was
strong. In Case 1, the rain intensity repeatedly increased
and decreased on March 5 and abruptly decreased at
24:00. In Case 2, which had much rainfall, the rain
intensity was initially high, but it gradually decreased
with repeated increases and decreases. In Case 3, which
had heavy rainfall, the rain intensity was strong until at
3:00 a.m. on September 15, after which it decreased.

In fig. 10, the radar reflectivity and number
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Fig. 10.  Time series of the radar reflectivity and number concentration for the case 1, 2 and 3 measured by PARSIVEL disdrometer.



concentration were measured using the PARSIVEL
disdrometer for each precipitation. The high parts of
the values were divided into four time sections (a to d)
to analyze their characteristics. In Case 1, the tendencies
of the reflectivity and the number of raindrops were
similar regardless of the rain intensity, and 150 or more
raindrops were observed when the rain intensity was
strong. In Case 2, however, the tendency of the
reflectivity was similar to that of the rain intensity at a
and b among the strong rain intensity points, but the

rain intensity did not affect the number of raindrops at
the strong rain intensity points. In Case 3, which had
the strongest rainfall, the reflectivity and the number of
raindrops at the strong rain intensity points were as high
as the rain intensity; but after 3:00 a.m., when the rain
intensity started to decrease, they did not decrease but
instead, increased.

Fig. 11 shows the DSDs in Cases 2 and 3 for the
strong rain intensity points, (a), (b), (c), and (d). Table
5 shows the quantified results, which indicate that the
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Fig. 11.  Size distributions in cases 2 and 3 for the strong rain intensity points, (a), (b), (c) and (d) measured by PARSIVEL disdrometer.

Table 5.  Rain intensity, rain reflectivity, mean diameter, mean terminalvelocity, and total number density on rainy days in the three
cases (1, 2, and 3)

Category Time Rain Intensity
(mm/h)

Reflectivity
(dBZ)

Mean Diameter
(mm)

Mean Velocity
(m/s)

No. of Rain 
Droplets

Case1

a 16:26:20 4.4 31.95 0.93 0.86 94
b 19:34:00 7.9 39.05 0.87 0.84 77
c 20:55:40 8.3 38.89 0.90 0.81 101
d 00:04:20 7.5 32.77 1.17 1.29 163

Case2

a 01:44:00 46.9 49.65 0.71 0.56 173
b 08:43:40 35.5 48.64 0.73 0.48 196
c 11:58:50 24.0 38.30 0.99 0.79 758
d 17:42:50 14.7 34.09 1.15 1.21 537

Case3

a 17:42:00 49.4 78.60 0.74 0.63 425
b 21:26:20 49.0 88.00 0.76 0.64 535
c 00:37:20 51.0 90.10 0.71 0.56 362
d 03:09:50 52.0 97.60 0.70 0.57 401



measurements with the PARSIVEL disdrometer
properly represent the precipitation characteristics. In
Case 3, which had heavy rainfall, the radar reflectivity
and the rain intensity were 90 dBZ and 50 mm/h,
respectively. The average particle size and the falling
speed were smaller in Case 3, but the total particle
number concentration was high on the average.

4. Summary and discussion

In this paper, we have investigated that the physical
properties of rain such as the DSD, terminal velocity,
and rain intensity were observed with a MRR and a
PARSIVEL optical disdrometer at the Cloud Physics
Observation System(CPOS) site in Daegwallyeong.
The measurements and data analysis were conducted
in three cases: on rainy days with light rain (15.5 mm),
moderate rain (76 mm), and heavy rain (121 mm),
respectively.

In upper level analysis using the MRR, we found that
the rain intensity is strong when the rain reaches the
ground, and weakens as the height increases. This
indicates that the physical characteristics of rainfall vary
according to the precipitation volume and height. In
particular, the convection was stronger than on the other
precipitation dates, and there were many small particles
at the high altitude.

In ground level analysis, we have observed that the
radar reflectivity and number concentration were
measured using the PARSIVEL disdrometer for each
precipitation. We performed that the high parts of the
values were divided into four time sections (a to d) to
analyze their characteristics. We found that the
tendencies of the reflectivity and the number of
raindrops were similar regardless of the rain intensity.
Especially, the average particle size and the falling
speed were smaller in Case 3, but the total particle
number concentration was high on the average.

In this study, the optical disdrometer and the MRR

were used to observe the physical characteristics that
may affect the impact—e.g., vertical distribution of the
raindrops formed by the convective cloud in the
mountain area of the raindrop particles on the ground.
In addition, the method and relationship were derived
to estimate the altitudinal distribution of the particles
of the cloud using only the precipitation observation
data on the ground by comparing the observed results.

Raindrops have different falling speeds according to
the cloud type, terrain, and climatic conditions, and
their impact on the ground has diverse effects. The
raindrop size is determined by the cloud type that can
be generated under the kinetic structure of the weather
and terrain. Identifying the rain intensity that influences
the vertical distribution of raindrops in the cloud and
their falling impact is very important in modeling the
physical impact of the raindrops. Therefore, it is
essential to examine the particle characteristics and
distribution, focusing on the melting layer of the cloud.

The optical approach using the MRR and the
disdrometer is currently utilized to observe raindrops.
In this study, the PARSIVEL disdrometer and MRR
measurements were used to estimate the DSD at the
upper layer and at the ground level. The disdrometer is
a measurement instrument for ground observation, and
the MRR is for remote observation of the DSD by
height. The results of this study showed that the overall
DSDs that were measured using the disdrometer and
MRR coincided well with each other in terms of their
distribution form and number concentration.

This study is meaningful in that it verified that direct
measurement using the advanced instruments can be
used to examine the physical characteristics of
precipitation clouds in Korea, and that the impact of the
collision of falling or floating raindrops in the cloud
with fast-moving objects, e.g., radomes, can be
quantified to provide the technical and basic data
needed to make a practical look-up table for field
participants.
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