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Hallasan Mountain is located at the center of Jeju Island, Korea. Even though the height of the mountain is just 1,950m, the
orographic effect is strong enough to cause heavy rainfall. In this study, a rainfall event, due to Typhoon Nakri in 2014, observed in
Jeju Islandwas analyzed fully using the radar and rain gauge data. First, the𝑍-𝑅 relationship (𝑍 = 𝐴𝑅𝑏)was derived for every 250m
interval from the sea level to the mountain top. The resulting 𝑍-𝑅 relationships showed that the exponent 𝑏 could be assumed as
constant but that the parameter𝐴 showed a significant decreasing trend up to an altitude around 1,000m before it increased again.
The orographic effect was found to bemost significant at this altitude of 1,000m. Second, the derived𝑍-𝑅 relationships were applied
to the corresponding altitude radar reflectivity data to generate the rain rate field over Jeju Island.This rain rate field was then used
to derive the areal-average rain rate data.These data were found to be very similar to the rain gauge estimates but were significantly
different from those derived from the application of theMarshall-Palmer equation to the 1.5 km CAPPI data, which is the data type
that is generally used by the Korea Meteorological Administration (KMA).

1. Introduction

The rain rate in a mountain area is generally higher than that
in a flatland, which is mostly caused by the ascending air
current, called the orographic effect [1–6].HallasanMountain
in Jeju Island, Korea, is also famous for heavy rainfall. With
its height of 1,950m, the heavy rainfall at Hallasan Mountain
is believed to be due to the orographic effect [7]. The rainfall
amount in the mountain area is more than twice that in the
coastal area [8]. It was also shown that the rainfall amount is
linearly increased at Hallasan Mountain proportional to the
altitude [9]. A similar result was also derived by Choi [10],
whereby an analysis of the rain rate data over the 10 years
from 2003 to 2012 shows that the annual rainfall amount in
Jeju Island is generally proportional to the altitude.

However, in general, it is not easy to capture the oro-
graphic effect. It is mainly because the number of rain gauges
available in a mountain area is very limited. Similar situation

is also found in Jeju Island. A total of 24 rain gauges are
being operated in Jeju Island, of which just four are located in
the mountain area with altitudes of 600m or higher [8]. The
reported orographic effect atHallasanMountain [8] is just the
comparison of rainfall data measured at the coastal area and
in the mountain area. Such systematic behavior or change of
rainfall from the coastal area to the mountain area could not
be derived because of the limit of available information from
rain gauges.

In that sense, the radar can be a good tool to provide
valuable information about the rainfall in a mountain area.
Fortunately, two radars are being operated in Jeju Island.
These were introduced mainly to monitor the typhoons that
approach the Korean Peninsula [11]. In fact, two radars were
introduced as Hallasan Mountain causes the severe beam
blockage. As these two radars cover the entirety of Hallasan
Mountain, they can provide valuable information for an
analysis of the rain rate field over the mountain.

Hindawi
Advances in Meteorology
Volume 2017, Article ID 1927012, 12 pages
https://doi.org/10.1155/2017/1927012

https://doi.org/10.1155/2017/1927012


2 Advances in Meteorology

0 200
(km)

400

N

S

W E

Figure 1: Location of the Jeju Island, Korea (the contour lines over the Jeju Island represent the 250m altitude interval).

A radar measures the rain rate within the atmosphere in
the form of radar reflectivity. The relationship between the
radar rain rate (𝑅) and the radar reflectivity (𝑍) is then quan-
tified by the so-called 𝑍-𝑅 relationship.The 𝑍-𝑅 relationship
varies depending on the storm type [12]; for example, Jones
[13] proposed𝑍 = 486𝑅1.37 for thundershowers,𝑍 = 380𝑅1.24
for rain showers, and 𝑍 = 313𝑅1.25 for continuous rain.
Blanchard [14] proposed 𝑍 = 31𝑅1.71 for orographic rain,
and 𝑍 = 300𝑅1.4 was proposed for convective rain [15].
The Korea Meteorological Administration (KMA) uses the
equation proposed byMarshall and Palmer [16],𝑍 = 200𝑅1.6,
which is proper for stratiform rainfall.

As the rainfall at Hallasan Mountain is strongly affected
by the orographic effect, the relationship between the radar
rain rate and the radar reflectivitymay not remain unchanged
over the entire altitudinal range; that is, the 𝑍-𝑅 relationship
may vary at different altitudes. The 𝑍-𝑅 relationship derived
at different altitudes may also represent the orographic effect
at Hallasan Mountain. To prove this hypothesis, this study
is going to analyze the radar data collected over Jeju Island
when Typhoon Nakri passed the island in 2014. In particular,
the 𝑍-𝑅 relationships will be derived and compared at
different altitudes using the AWS rain gauge rain rate data
and the radar reflectivity data. Additionally, the areal-average
rain rate data estimated by the Marshall-Palmer equation,
currently used in Korea, will be compared with the new 𝑍-𝑅
relationships that are derived at different altitudes.

This manuscript is composed of six sections as follows.
In addition to Introduction and Conclusion, an explanation
of Hallasan Mountain and Typhoon Nakri is covered in
Section 2; Section 3 covers the explanation of the radar and
rain gauge data; Section 4 explains the derivation of the
𝑍-𝑅 relationships at different altitudes and their comparison;
and, lastly, Section 5 covers the comparison between the
total rainfall amounts estimated using the Marshall-Palmer

equation and the 𝑍-𝑅 relationships derived at different
altitudes over the Hallasan Mountain.

2. Study Area and Rainfall Event

2.1. Jeju Island and Hallasan Mountain. Jeju Island is the
biggest island in Korea and is located in the southernmost
region of the Korean Peninsula. Jeju Island is composed of
a main island, eight inhabited islands, and 55 uninhabited
islands. The shape of the island is elliptical, comprising a
major axis length of 73 km along the east-west direction and
a minor axis length of 31 km along the north-south direction.
The total area of Jeju Island is 1,848 km2, and the coastal area
with an altitude less than 200m above the sea level covers
55.3% of the island’s total area. Figure 1 shows Jeju Island and
its administrative districts.

Hallasan Mountain is located at the center of Jeju Island.
The height of the mountain is 1,950m. Hallasan Mountain
has a gentle slope of approximately 3∘ along the east-west
direction and a steeper slope of approximately 5∘ along the
north-south direction (Jeju Special Self-Governing Province,
http://www.jeju.go.kr).

2.2. Typhoon Nakri. The rainfall event considered in this
study is Typhoon Nakri, the 12th typhoon of 2014. Typhoon
Nakri was generated in the PacificOcean near the Philippines
on July 30, and it arrived at Jeju Island on August 1 [17].
Originally a mid-sized typhoon, Typhoon Nakri had become
very weak during its approach toward Jeju Island, and it was
downgraded to a tropical depression after it passed the island;
however, the impact of Typhoon Nakri was huge, especially
regarding Jeju Island. When the typhoon arrived at Jeju
Island, its central pressure and maximum wind velocity were
980 hpa and 25m/s, respectively. Figure 2 shows a composite
radar image over the Korean Peninsula.

http://www.jeju.go.kr
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Figure 2: Synthetic radar image around the Korean Peninsula during the Typhoon Nakri in 2014.
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Table 1: Major specification of the Gosan and Seongsan radars.

Radar type Gosan radar Seongsan radar
S-band S-band

Transmitter
Transmitting tube Klystron Klystron
Frequency 2,825MHz 2,755MHz
Peak power 750 kW 750 kW

Receiver
Pulse width

Short 1.0 𝜇s 1.0 𝜇s
Long 4.5𝜇s 4.5 𝜇s

PRF
Short pulse 250∼1,200Hz 250∼1,200Hz
Long pulse 250∼350Hz 250∼350Hz

Occupied bandwidth 8MHz 8MHz
Antenna

Dynamic range 95 dB 95 dB
Intermediate frequency 10MHz 10MHz
Antenna diameter 8.5m 8.5m
Beam width 1.0∘ 1.0∘

Antenna gain 45 dB 45 dB

3. Rainfall Observation

3.1. Radars. For the purpose of typhoon tracking, the KMA
operates two radars on Jeju Island, the Gosan and the
Seongsan radars.The Gosan radar, originally a C-band radar,
was introduced in 1991 but was replaced by an S-band radar
in 2006. The Seongsan radar, also an S-band radar, was
introduced in 2006 to supplement the Gosan radar with the
particular purpose of the removal of the blind spot caused
by Hallasan Mountain. Both radars have been designed with
an observation radius of 240 km × 240 km and a resolution
of 1 km × 1 km. The major specifications of the Gosan and
Seongsan radars are summarized in Table 1.

The locations of the Gosan and Seongsan radars are
shown in Figure 3. Figure 3 also shows the radar beam
blockage, as an example, for the 1.5 km CAPPI at 07:00 on
August 2, 2014. Using both radars, it is possible to observe
the entire island including Hallasan Mountain.

3.2. Rain Gauges. In 1990, the KMA started to introduce
the AWSs onto Jeju Island [10], and 24 AWSs are currently
operated on the island [18]. Among them, a total of 16 rain
gauges are located in the coastal area with an altitude less than
250m above the sea level, four are located between 250m
and 500m, two are located between 750m and 1,000m, one
is located between 1,250m and 1,500m, and one is located
at 1,500m or higher. The locations of the rain gauges are
presented in Figure 4. As can be seen from this figure, the
rain gauges are well distributed across Jeju Island. More than
half of the total rain gauges are located in the coastal area
(0m to 250m), and relatively less are in the mountain area.
Also, more rain gauges are located on the northern slope of
Hallasan Mountain than on the southern slope, which is due
to the steepness of the latter.

4. Decision of 𝑍-𝑅 Relationships
at Different Altitude Zones

4.1. Preparation of Radar Reflectivity Data. This study used
the composite radar reflectivity data arising from both the
Gosan and Seongsan radars. A total of eight composite radar
reflectivity fields were prepared from an altitude of 250m
to 2,000m at intervals of 250m. From each radar, 0.25 km
CAPPI, 0.50 km CAPPI, 0.75 km CAPPI, 1.00 km CAPPI,
1.50 km CAPPI, 1.75 km CAPPI, and 2.00 km CAPPI data
were prepared and utilized to create the composite field
at each altitude. When the data from both radar systems
were available, their arithmetic mean was calculated to
compute the representative reflectivity. In case that the radar
reflectivity from only one radar is available, this reflectivity
was assumed to be the representative value in this study.

Every 10min, eight composite radar reflectivity fields
were prepared and used to generate the composite field
for the entirety of Jeju Island, and Figure 5 shows how it
was constructed. As the altitude increased, a much smaller
toroidal radar composite data field was selected. Lastly, by
combining these donut-shaped fields, the full composite
radar reflectivity field for the entire island could be created.
The right-hand-side panel in Figure 5 shows the resulting
composite radar reflectivity field of the entire island; so, the
radar reflectivity in this figure represents that near the ground
with a maximum altitude difference of 250m.

4.2. Parameter Estimation of 𝑍-𝑅 Relationship
4.2.1. 0m to 250m. The 𝑍-𝑅 relationship is used to convert
the radar reflectivity into the rain rate [19]. Radar measures
the intensity of the echo generated from the raindrops in



Advances in Meteorology 5

GSN weather radar SSP weather radar

0 30
(km)

60

N

S

W E

Figure 3: Location of the Gosan and Seongsan radars and their radar beam blockages for the 1.5 km CAPPI data (during the Typhoon Nakri,
07:00 Aug. 2, 2014).

the air, which is the radar reflectivity (𝑍). That is, 𝑍 can be
expressed as follows:

𝑍 = ∫𝑁 (𝐷)𝐷6𝑑𝐷, (1)

where 𝐷 represents the diameter of a raindrop and 𝑁(𝐷) is
the number of raindrops with diameter (𝐷 ∼ 𝐷 + 𝑑𝐷) in the
unit volume. 𝑍 has the unit of mm6/m3. It is also possible to
express the rain rate (𝑅, mm/h) as follows:

𝑅 = 𝜋6 ∫𝑁 (𝐷)𝐷
3𝑉 (𝐷) 𝑑𝐷, (2)

where𝑉(𝐷) is the vertical speed of a rain drop. By combining
(1) and (2), one can derive the 𝑍-𝑅 relationship:

𝑍 = 𝐴𝑅𝑏, (3)

where 𝐴 and 𝑏 are parameters to be estimated using the
observed data. Using this relationship, one can estimate the
rain rate for given radar reflectivity.

In this study, the 𝑍-𝑅 relationship was derived indepen-
dently for each altitude zone; therefore, the 𝑍-𝑅 relationship
at one altitude zone (e.g., 0m to 250m) can differ from that at
another (e.g., 750m to 1,000m). To determine the parameters
(i.e., 𝐴 and 𝑏) of the 𝑍-𝑅 relationship, the radar data and the
rain gauge data were compared, as shown in Figure 6.

As can be seen in Figure 6, 13 rain gauges are located
at the altitude zone of 0m to 250m. Among them, two
rain gauges (#185 and #188) were excluded in the analysis

because the radar reflectivity data were not available. Most
of the scatter plots between the radar reflectivity and the
rain gauge rain rate showed that strong linearity exists on
a log-log paper, with some exceptions like #328, #781, and
#885. Also, at location #779, the trend was not obvious as
only a few data were available. In this study, a total of nine
rain gauges were therefore considered for deriving the 𝑍-𝑅
relationship. The parameters of the 𝑍-𝑅 relationship were
estimated based on the least squares method (LSM). The
resulting𝑍-𝑅 relationship is compared in Figure 7(a) with the
observed data used for its estimation. The Marshall-Palmer
equation, 𝑍 = 200𝑅1.6, is also compared in Figure 7(a).

As can be seen in Figure 7(a), even though the 𝑍-𝑅
relationship was determined based on the LSM, its slope did
not seem to fit what was observed; rather, the slope of the
Marshall-Palmer equation seemed to be more suitable. In
this study, the𝑍-𝑅 relationship was therefore estimated again
after its slope was fixed to 1.6, just like the adjustment regard-
ing theMarshall-Palmer equation (Figure 7(b)). Interestingly,
the newly derived 𝑍-𝑅 relationship seemed to be much more
suitable than the other two, and this was also the same for
the other altitude zones. As a result, the 𝑍-𝑅 relationship
for the altitude zone of 0m to 250m was determined to be
𝑍 = 11.4𝑅1.6.
4.2.2. Other Altitude Zones Where Rain Gauges Are Available.
Just four rain gauges were available at the altitude zone
of 250m to 500m. The linear relation between the radar
reflectivity and the rain gauge rain rate was strong at two
rain gauge stations (#727 and #751); however, at two other
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Figure 4: Rain gauges over the Jeju Island (184 (ID number), Jeju (place name), 185, Gosan, 188, Seongsan, 189, Seogwipo, 328, Jungmun,
329, Ara, 330, Hawon, 725, Udo, 727, Yusuam, 751, Seonheul, 752, Seogwang, 753, Eorimok, 779, Hallim, 780, Namwon, 781, Gujwa, 782,
Seongpanak, 792, Pyoseon-myeon, 793, Moseulpo, 855, Gapado, 870, Jindallebat, 871, Witse Oreum, 885, Typhoon Center).
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Figure 5: Construction of radar reflectivity field over the Jeju Island using the radar CAPPI data (radar data observed at 2014/08/02/05:00).

rain gauge stations (#329 and #330), no obvious trend could
be detected. In this altitude zone, only two rain gauges, #727
and #751, were therefore considered for the determination of
the 𝑍-𝑅 relationship. The resulting 𝑍-𝑅 relationship is 𝑍 =
7.4𝑅1.6.

Only two rain gauges (#753 and #782)were available at the
altitude zone of 750m to 1,000m. A linear trend was obvious
at these two rain gauge stations, both of which could be used
for the determination of the 𝑍-𝑅 relationship. The resulting
𝑍-𝑅 relationship is 𝑍 = 1.8𝑅1.6.

At the altitude zone of 1,250m to 1,500m, only one rain
gauge (#870) was available, for which a linear trend could be

found between the radar reflectivity and the rain gauge rain
rate. The resulting 𝑍-𝑅 relationship is 𝑍 = 4.56𝑅1.6.

At the altitude zone of 1,500m to 1,750m, only one rain
gauge (#871) was available, for which a linear trend could be
found between the radar reflectivity and the rain gauge rain
rate. The resulting 𝑍-𝑅 relationship is 𝑍 = 31.12𝑅1.6.
4.2.3. Interpolation for Those Altitude Zones Where No Rain
Gauge Is Available. As rain gauges were not available at
some altitude zones, it was impossible to determine the 𝑍-𝑅
relationship by solely relating the radar reflectivity and the
rain gauge rain rate. Among the eight altitude zones, the
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Figure 6: Scatter plots of rain gauge rain rate and radar reflectivity at AWS locations within the 0–250m altitude zone.

𝑍-𝑅 relationships were determined directly by analyzing the
observed data. Figure 8 compares the 𝑍-𝑅 relationships with
respect to the altitude. For those altitude zones in which rain
gauges were not available, the parameter 𝐴 was estimated by
considering the trend of the𝐴 values from five altitude zones.
The estimated parameter 𝐴 for the altitude zones of 500m to
750m, 1,000m to 1,250m, and 1,750m to 2,000m is 5.0, 3.2,
and 57.7, respectively.

4.2.4. Change of 𝑍-𝑅 Relationships and Orographic Effect. As
can be seen in Figure 8, the 𝑍-𝑅 relationships derived for
each altitude zone during Typhoon Nakri differ dramatically.
Also, in all cases, the parameter 𝐴 is much smaller than
the parameter of the Marshall-Palmer equation. This result
indicates that the rain rate is much higher compared to the
strength of the radar reflectivity.

It was also found that the parameter 𝐴 of the 𝑍-𝑅
relationship was recorded the least at an altitude around
1,000m and the highest at an altitude around 1,750m. That
is, the parameter 𝐴 from the coastal area (low altitude zone)
to the mountain area (high altitude zone) did not show any
consistent increasing or decreasing trends. The parameter 𝐴

was decreased beyond the coastal area, showing a minimal
value at an altitude around 1,000m before it increased again.

As the change of the parameter 𝐴 is so large, from
11.4 to 1.8 and then up to 31.1, it cannot be regarded as a
problem from the observed data or the parameter estimation.
Alternatively, the decrease of the parameter 𝐴 in the low
altitude zone may be explained by the sea breeze front [20],
which generally occurs in the coastal area. As the sea breeze
includes the ascending air current, a convective cloud can be
developed easily when the humidity is high. The orographic
effect may be a reason to increase the parameter 𝐴 in the
high altitude zone. The rain rate can be increased due to the
ascending air current that follows themountain slopes, which
can also be strengthened when both the humidity and the
wind velocity are high [1–6].

The above results are also well supported by the com-
parison result of the drop size distribution (DSD) [21]. In
their study [21], the DSD data were measured from 14:20
to 16:20, July 1, 2012, using seven PARSIVEL (PARticle SIze
and VELocity) disdrometers from the altitude 200m to
1,000m. Their observed data were summarized by the DSD
distributions, which were different at each altitude. In fact,
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theirDSDdistributions can be used to estimate the parameter
𝐴 of the 𝑍-𝑅 relationship [16]. As the DSD distributions are
all very similar to the exponential distribution, their decay
patterns can be used to compare the parameter 𝐴 of the 𝑍-𝑅
relationship. For example, at the altitude 200m, the DSD
distribution shows a fast decay pattern but a slow one for the

altitude 1,000m. This difference indicates that the parameter
𝐴 of the𝑍-𝑅 relationship is higher for the altitude 200m than
that for the altitude 1,000m.This result is well coincident with
that of this study.

4.2.5. Possible Difference between Upslope and Downslope
Sides. Additionally, authors tried to derive and compare the
𝑍-𝑅 relationship for the upslope and downslope sides of the
Hallasan Mountain considering the storm movement during
Typhoon Nakri. However, due to the limit of rain gauges
available, the 𝑍-𝑅 relationship could be derived at only two
altitude zones, 250m and 1,000m (see Figure 9). In this
figure, the northern part indicates the downslope side and the
southern part the upslope side.

Before all, it should be mentioned that the newly derived
𝑍-𝑅 relationships are found a bit different from those for
the entire data. This result indicates that the rainfall char-
acteristics at the upslope side were different from those at
the downslope side. In this special case, the difference was
smaller at the high altitude zone. It is also interesting to note
that the positions of the newly derived𝑍-𝑅 relationships were
different at the two altitude zones. At the low altitude zone,
the newly derived 𝑍-𝑅 relationship for the upslope side was
located higher than that at the downslope side. However, at
the high altitude zone, the newly derived𝑍-𝑅 relationship for
the upslope side was located lower.

The above results are very interesting and well correspon-
dent to the other studies [22, 23]. However, in this study, these
results could not be generalized as only limited cases were
available. Also, the difference observed in the upslope and
downslope sides did not seem to be so significant compared
with the difference found at different altitude zones. Thus,
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Figure 9: Comparison of the 𝑍-𝑅 relationships derived for northern and southern parts of the Jeju Island. In this figure, the solid line
represents the 𝑍-𝑅 relationship derived using all the data available and the dotted lines for northern and southern parts only.

in this study, further analysis was done using only the 𝑍-𝑅
relationship derived at each altitude zone.

5. Areal-Average Rain Rate over Jeju
Island during Typhoon Nakri

In Korea, the 1.5 km CAPPI data is generally used to generate
the rain rate data. The altitude of 1.5 km was determined

to minimize the beam blockage by considering the radar
network and the topography over the Korean Peninsula. The
effects of the bright band and ground echo could also be
avoided by adopting this altitude as the standard for the
use of the radar data [24]. The Marshall-Palmer equation is
generally used to convert the 1.5 km CAPPI radar reflectivity
data into the radar rain rate [25]. In this study, an additional
𝑍-𝑅 relationship was determined using the 1.5 km CAPPI
radar reflectivity and rain gauge data for the entirety of Jeju
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Figure 10: Comparison of (a) areal-average rain rates estimated by rain gauge, 𝑍-𝑅 relationships at difference altitude zones, 1.5 km CAPPI
𝑍-𝑅 relationship and Marshall-Palmer equation, and (b) their accumulations.

Island during Typhoon Nakri.The resulting𝑍-𝑅 relationship
is 𝑍 = 4.44𝑅1.6.

The 𝑍-𝑅 relationships that were determined at different
altitude zones were applied to each altitude of the CAPPI
data, and the 𝑍-𝑅 relationships determined with the 1.5 km
CAPPI data were applied to the 1.5 kmCAPPI data to convert
the radar reflectivity into the radar rain rate. The Marshall-
Palmer equation was also applied to the 1.5 km CAPPI radar
reflectivity data. The radar rain rate data were then used to
estimate the areal-average rain rate over the entirety of Jeju
Island. The results are compared in Figure 10. The areal-
average rain rate that was estimated using the rain gauge data
is also compared in the same figure.

As can be found in Figure 10(a), the areal-average rain
rate that was estimated using the radar rain rate with the
𝑍-𝑅 relationships at different altitudes is most similar to
the estimate for which the rain gauge data were used. The
areal-average rain rate that was estimated using the 1.5 km
CAPPI 𝑍-𝑅 relationship shows a slightly higher peak rain
rate, while the Marshall-Palmer equation seems to under-
estimate the rain rate. This difference was also found in
the comparison of the accumulated areal-average rainfall
depth (Figure 10(b)). Particularly, the accumulated rainfall
depth during the typhoon which was estimated using the
1.5 km CAPPI 𝑍-𝑅 relationship was 2,633.8mm, which was
approximately 40% higher than that for which the rain gauge
data was used (1,896.4mm). The accumulated rainfall depth

that was estimated using the 𝑍-𝑅 relationships at different
altitudes (2,582.5mm) was also similar to that for which the
1.5 km CAPPI 𝑍-𝑅 relationship was used. As the ground rain
gauge could not sufficiently capture the orographic effect, it
is believed that the accumulated rain rate estimated by the
ground rain gauge was a slight underestimate; alternatively,
the estimate for which the Marshall-Palmer equation was
applied was approximately 250.5mm, which was just one-
tenth of the other estimates. The peak times of the areal-
average rain rate of the three estimates were all found to be
similar.

Finally, Table 2 compares the maximum rainfall depths
for rainfall durations of 10 minutes and 1 hour; for example,
the 10-minute maximum areal-average rain rates are 5.1mm
for the rain gauge estimate, 3.7mm for the 𝑍-𝑅 relationships
at corresponding altitude zones, 7.9mm for the 1.5 kmCAPPI
𝑍-𝑅 relationship, and just 0.7mm for the Marshall-Palmer
equation. The estimates of the one-hour maximum areal-
average rain rates are 170.8mm for the rain gauge estimate,
125.8mm for the 𝑍-𝑅 relationships at corresponding altitude
zones, 251.9mm for the 1.5 km CAPPI 𝑍-𝑅 relationship, and
just 23.3mm for the Marshall-Palmer equation.

6. Summary and Conclusions

This study analyzed the radar data for the entirety of Jeju
Island which were measured when Typhoon Nakri passed
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Table 2: Comparison of maximum areal-average rainfall depth recorded by rain gauge and radar for several rainfall durations.

10 minutes 1 hour
Total depth

(mm)Depth
(mm)

Time of
occurrence

Depth
(mm) Time of occurrence

Rain gauge 5.1 2014/08/02/06:30 170.8 2014/08/02/07:00 1896.4
𝑍-𝑅 relationships at corresponding altitude zones 3.7 2014/08/02/06:40 125.8 2014/08/02/07:00 2582.5
1.5 km CAPPI 𝑍-𝑅 relationship 7.9 2014/08/02/06:30 251.9 2014/08/02/07:00 2633.9
Marshall-Palmer equation 0.7 2014/08/02/06:30 23.3 2014/08/02/07:00 250.5

the island in 2014. First, the 𝑍-𝑅 relationship to convert the
radar reflectivity data into rain rate data was developed for
each altitude zone (eight altitude zones from 0m to 2,000m
with 250m intervals), and they were compared to consider
the possible orographic effect at Hallasan Mountain in Jeju
Island. Second, the derived𝑍-𝑅 relationships were applied to
the corresponding altitude radar reflectivity data to generate
the rain rate field over Jeju Island. This rain rate field was
used to derive the areal-average rain rate data for the entirety
of Jeju Island, which were also compared with those that
were estimated from the application of the Marshall-Palmer
equation to the 1.5 kmCAPPI data, which is generally used in
Korea. The results can be summarized as follows.

First, the𝑍-𝑅 relationships derived for each altitude zone
during Typhoon Nakri show that the exponent 𝑏 could be
assumed as constant; however, the parameter 𝐴 showed a
decreasing trend after the coastal area was passed, with the
minimal value shown at an altitude around 1,000m, followed
by another increasing trend. The orographic effect seems to
be highest around this altitude.

Second, the areal-average rain rate estimated using the
𝑍-𝑅 relationships at corresponding altitudes was found to be
most similar to that estimated using the rain gauge data; how-
ever, the areal-average rain rate estimated using theMarshall-
Palmer equation was found to be significantly smaller than
that based on the rain gauge data. The accumulated rainfall
depth during the typhoon estimated using the Marshall-
Palmer equation was found to be just one-tenth of the other
estimates.

In this study, it was confirmed that the orographic effect at
amountain can be effectively observed by a radar. AtHallasan
Mountain, the orographic effect seems to be highest around
the altitude of 1,000m. While generating the radar rain rate
field, it was also confirmed that the proper 𝑍-𝑅 relationship
should be used. However, as this study is just one example
of an orographic effect analysis, a generalization of the result
may be possible with the inclusion of additional cases.
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