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여름철 제주도 북서지역에서 관측된 강수시스템의 

발달 메커니즘

이 근 옥

부경대학교 환경대기과학과

요   약

지역적으로 고립적인 형태를 나타낸 강수시스템의 발달 메커니즘을 규명하는데 

그 목적을 두고, 도플러 레이더 자료 분석과 고해상도 구름 모델(Cloud Resolving Storm 

Simulator: CReSS)을 이용한 수치적 실험을 통하여 제주도 지역에서 발생하는 지형성 강우의 

생성 및 발달 그리고 소멸에 관한 사례 분석을 수행하였다. 

2006년 6월 30일, 장마전선이 제주 지역을 지나면서 약 1시간 40분 동안 100 mm가 

넘는 강한 강수가 북서지역에 기록되었다. 동 시간에 제주 동부지역에는 20 mm 이하의 

비교적 낮은 강수량이 기록되었으며, 지역적으로 큰 강수량 차이를 보였다. 일기도 분석 

자료와 고층 관측 자료를 이용하여 기상 상태와 강수 시스템의 발달 조건 등을 살펴본 결과, 

상당 포화된 공기(~ 95%)가 지표면에서부터 700 hPa 고도에 분포하고 있었고, 상승응결고도 

(Lifting condensation level)는 951 hPa에 위치하였다. 도플러 레이더 자료 분석을 통하여, 

동진하는 강수 시스템이 제주 서부지역에서 북동부 지역으로 북동진하고, 그 반사도 값은 

제주 북서부 지역에서 수평 및 수직적으로 크게 발달하는 것을 알 수 있었다. 지형의 영향

(Froude number ≤ 0.55)으로 형성된 저층 바람 수렴 지역(7 × 10-4 s-1)은 반사도 값이 증가

하는 영역에서 관측되었다. 강수시스템에 미치는 지형의 영향과 장마철 습윤한 대기의 

영향을 규명 하고자 고해상도 구름 모델을 이용하여 수치 실험을 수행한 결과, 레이더 

분석 결과와 유사하게, 제주 북서지역에서의 강하게 발달한 강수시스템으로 지형을 감싸는 

저층 바람분포와 수렴지역(1.6 × 10-3 s-1)이 나타났다. 또한, 발달된 강수시스템은 제주 북동지역

을 지나면서 쇠퇴하였고, 그 지역에 비교적 낮은 상대습도(≤ 88%)가 분포하였다. NOTR(지형 

불포함 실험)에서는 지형을 넘는 저층 바람이 형성되었고, 저층 수렴지역이 나타나지 

않았다. NOTR 실험 분석결과, 지형을 고려한 CNTL실험에서 30.6%의 강수량이 제주 북서
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지역에 더 생성된 것을 알 수 있었다. 저층 상대습도를 단계적으로 감소시킨 수치 실험의 

분석 결과, 장마철 높은 저층 상대습도가 강수량의 강도에 직접적인 영향을 가져오는 것을 

확인할 수 있었다. 상대습도를 2% 감소시킨 실험에서는 CNTL 실험에 비해 약 20.8%의 

강수량이 덜 생성되었다. 따라서 수평적으로는 작고 좁은 규모의 섬일지라도 높은 경사도에 

의해 여름철 습한 대기 조건하에서 발생하는 강수시스템의 강도와 발달하는 지역에 크게 

영향을 미칠 수 있다는 것을 알 수 있었다.    
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1. INTRODUCTION

Orography plays an important role in controlling the formation of clouds 

and the amount and distribution of associated precipitation (Lin, 2007). For 

several decades, orographic precipitation systems have been studied to understand 

their formation mechanism, which cause severe disasters such as flooding and 

landsliding. Indeed, the orographically-enhanced regional intense precipitation 

system analyzed in the present study (> 80 mm of rainfall in 100 min) caused damage 

in the vicinity of the central mountain (Mt. Halla) upon Jeju Island, southern 

Korea on 30 June in 2006. The precipitation system was recorded as the most 

heavy daily rainfall amount (＞ 200 mm) in 2006. A comprehensive understanding 

of such severe regional precipitation is required for accurate forecasting and 

the mitigation of damage arising from flooding and landslides.

With the aim of understanding the formation mechanism of 

orographically induced precipitation systems, previous studies have examined 

factors such as low-level wind convergence, the degree of wind blocking (as 

measured by the Froude number, Fr), ambient wind direction and speed, 

steepness of the topography, environmental stability, and latent heating and 
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cooling processes, based on both observations and numerical experiments 

(Smith,1979; Smolarkeiwicz and Rotunno, 1989; Doswell et al., 1996; Chiao and 

Lin, 2003; Lin et al., 2005). Although the results of previous theoretical 

studies provide guidance regarding estimates of the amount of rainfall in 

intense orographic precipitation systems and although these studies addressed 

the important role of orography in generating intense precipitation, it remains 

necessary to study the controls on spatial and temporal variations in orographic 

precipitation (Chiao and Lin, 2003). In addition, Yu et al. (2007) suggested that 

precipitation processes that occur over real topography are generally beyond the 

scope of theoretical frame works. Therefore, additional observational studies are 

required in various domains and environments to extend our understanding of 

the various formation mechanisms of orographically-enhanced intense precipitation 

systems.

In East Asia, most intense precipitation systems occur during the rainy 

season (June to mid-July), when low-level warm and humid air passing around 

the Pacific high-pressure zone flows into the frontal zone (Kato et al., 2003). 

A previous observational study in Taiwan found that high and steep 

topography (maximum altitude of 4 km, width 120 km, and length 320 km) 

may play an important role in determining the timing and location of localized 

rain showers (Li et al., 1997). The authors reported that the heaviest rainfall 

occurred along the northwestern coast (windward side) of Taiwan, with a 

maximum rainfall of 107 mm in 2 hours on 25 June 1987, related to a strong 

low-level convergence zone caused by orographically modified airflow. Similar 

phenomena were observed over Yaku-shima Island in southern Kyushu, Japan 

(Kanada et al., 2000). Compared with the topography of Taiwan, Yaku-shima 
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Island was relatively small (maximum altitude of 2 km, radius of 15 km), 

and orographically-enhanced rainfall (> 32 mmh
–1) was concentrated on the 

downwind side of the island on 22 June 1996. These studies indicate that the 

low-level convergence zone is an important control on orographically induced 

precipitation systems in moist environments during the rainy season in East 

Asia.

Numerical simulations are useful in gaining an understanding of the 

enhancement mechanism of orographic precipitation systems. For example, 

Jiang (2003) conducted ideal numerical experiments to investigate the effect of 

topographic steepness on the distribution of precipitation around a small, 

isolated Gaussian-shaped circular mountain in a moist environment (relative 

humidity (RH): 95%). The author found that a small but steep topography 

(maximum altitude of 3 km, radius 20 km) could block incoming low-level 

airflow, thereby concentrating heavy precipitation in the region surrounding the 

mountain. Jiang (2003)’s enhancement mechanism of heavy precipitation over a 

small island in a moist environment might be applicable to heavy rainfall 

events upon Jeju Island, which has a high central mountain (Mt. Halla; height 

1,950 m), during the rainy season. Jeju Island is a suitable site for studying 

the orographic enhancement of precipitation, as the island is an isolated feature 

with a simple topography of small horizontal scale (width 78 km, length 35 km; 

Figure 2.1), and with a moist environment during the rainy season.

The Korea Meteorological Administration (KMA) operates an S-band 

Doppler radar collecting data at 10-min intervals at Gosan, Jeju Island. The 

radar observed an orographically enhanced regional-scale intense precipitation 

system on 30 June 2006. The objectives of the present study are as follows: 
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1) to reveal the enhancement mechanism of the regional intense precipitation 

system around Jeju Island on 30 June 2006, and 2) to understand how the 

topography and low-level moist condition during the rainy season (the Changma/ 

Meiyu/Baiu front) contributed to the system. In this case study, we seek to 

investigate the degree to which topography and the low-level moist 

environment are important factors in controlling localized precipitation systems 

over small topographic features such as Jeju Island.
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2. MATERIAL AND METHOD

To identify the enhancement mechanism of the localized intense 

precipitation system observed over Jeju Island on 30 June 2006, we analyzed 

S-band Doppler radar data and performed numerical experiments at a resolution 

of 500 m.

2.1 Observation data and analysis method

To determine the horizontal distribution of rainfall amount over Jeju 

Island, we used rain gauge data collected by KMA at 1-min intervals at 19 

sites across the island (dots in Figure 3.4).

As shown in Figure 2.1, the operational S-band Doppler radar operated 

by KMA is located at Gosan (GSN). KMA also conducts upper-air soundings 

at GSN (same site as the radar). The Doppler radar which is covering a 

radius of 250 km around Jeju Island, records sets of volume scans of reflectivity 

and Doppler velocity every 10 min. The sampling resolution of the radar data is 

500 m in the radial direction and 1.0° in the azimuthal direction. Each volume 
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scan consists of 15 elevation angles (0.5°, 0.6°, 0.8°, 1.0°, 1.5°, 2.0°, 2.5°, 

3.5°, 4.5°, 6.0°, 7.8°, 10.5°, 13.7°, 18.1°, and 24.0°), although the volume 

scans obtained before 1330 local standard time (LST; = UTC + 9 h) on 

June 30 consisted of 13 elevation angles (0.5°, 1.5°, 2.5°, 3.5°, 4.5°, 5.5°, 6.5°, 

7.5°, 8.5°, 10.0°, 12.0°, 15.0°, and 19.5°). The Doppler radar data were 

interpolated in a Cartesian coordinate system with vertical and horizontal grid 

intervals of 0.5 and 1.0 km, respectively. A Cressman-type weighting 

function was used for the interpolation in the present study. 
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Figure 2.1 Elevation map of Jeju Island and observation range (100 km) of 

the S-band Doppler radar (large circle) installed at Gosan (GSN). Upper-air 

soundings were recorded at the radar site. 
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Figure 2.2 Domain considered in numerical simulations using a cloud-resolving 

storm simulator (CReSS) with a resolution of 500 m. Dashed contours show 

topographic height, and the dashed square indicates the region shown in Figure 2.1.
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To determine the horizontal wind field, we used a simplified VVP 

(velocity volume processing) method (Tatehira and Suzuki, 1994) that can directly 

calculate the horizontal component of wind within a volume based on the 

spatial wind-velocity distribution in the radial direction. The VVP calculation 

was conducted in a region with a size of 10 km in the radial direction and 

25° in the azimuthal direction, using PPI data at an elevation angle of 0.5° 

and the following equation:

              (1)

where Vr is the radial velocity, u0 is the x-component of velocity, and v0 is 

the y-component of velocity. Using the horizontal wind components, we 

calculated horizontal wind convergence at 5-km grid intervals.

Based on the upper-air sounding data recorded at GSN (Figure 2.1), we 

calculated several environmental parameters, including precipitable water (PW) 

from the surface to 300 hPa, surface relative humidity (RH), and the level of 

free convection (LFC). Fr was calculated using averaged wind velocity 

obtained from upper-air sounding data (see Table 2.1). Fr, which is 

proportional to the square root of the ratio of kinetic energy of the upstream 

parcel to the energy required to lift the fluid element over a terrain, is a 

dimensionless parameter calculated as follows:

              (2)

where U0 is the averaged wind speed under the height of the terrain, N is the 
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Brunt–Vaisala frequency, and h is the central height of the mountain (1,950 m 

in the present case). U0 and N are representative of the environment in the 

interval from the ground surface to the height of Mt. Halla. A vertically 

propagating wave pattern is generally observed for large Fr (> 0.6), whereas the 

flow of the air stream is near-horizontal for small Fr (> 0.5), meaning that it 

detours around any obstacle (Smolarkeiwicz et al., 1988).
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Parameter Value

LCL 951 hPa

LFC 724 hPa

RH 92%

PW 63.5 kg m–2

CAPE 33.2 J kg–1

N 1.39 10
–2

s
–1

Fr 0.55         

Table 2.1. Environmental parameters determined from upper-air sounding data. 

Lifting convection level (LCL), level of free convection (LFC), and surface 

relative humidity (RH) are shown. Calculated precipitable water (PW) from the 

surface to 300 hPa and convective available potential energy (CAPE), Brunt-vaisala 

frequency (N), and Froude number (Fr) are shown.
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Model feature Description

Basic equation Quasi-compressible nonhydrostatic Navier–Stokes 

equations with a map factor

Projection Lambert conformal conic

Vertical coordinate Terrain-following 

Grid Staggered Arakawa C type in the horizontal and 

Lorenz type in the vertical

Advection scheme Antiflux form with fourth-order central differential

Diffusion scheme Fourth-order central differential method

Turbulent closure 1.5-order closure scheme

Time splitting Horizontally explicit and vertically implicit for 

sound waves

Precipitation scheme Bulk cold-rain scheme (predicting qv, qc, qr, qi, qs, qg, 

Ni, Ns, and Ng)

Surface layer Bulk method similar to Segami et al., (1989)

Lower boundary Rigid; temperature is forecast using a 30-layer 

one-dimensional model

Upper boundary Rigid lid with absorbing layer

Lateral boundary Radiative nesting boundary condition

Table 2.2. Specifications of CReSS
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2.2 Model description

To clarify the enhancement mechanism of the orographically induced 

localized intense precipitation system, and to investigate how the topography and 

low-level moist condition during rainy season contributed to the system, we 

performed numerical simulations using a cloud-resolving storm simulator 

(CReSS) with 500 m resolution.

CReSS is a three-dimensional non-hydrostatic model developed by the 

Hydrospheric Atmospheric Research Center (HyARC) of Nagoya University, 

Japan (Tsuboki and Sakakibara, 2002). The model uses the quasi-nonelastic 

Navier–Stokes equations and includes a bulk cold rain parameterization and a 

1.5-order closure with a turbulent kinematic energy prediction (Tsuboki and 

Sakakibara, 2001). The prognostic variables are the three components of wind 

velocity, perturbations of potential temperature and pressure, subgrid-scale 

turbulent kinetic energy, and the mixing ratios of water vapor (qv), cloud 

water (qc), rain (qr), cloud ice (qi), snow (qs), and graupel (qg).

The microphysics in CReSS is based on Lin et al. (1983), Cotton et al. 

(1986), Murakami (1990), Ikawa and Saito (1991), and Murakami et al. 

(1994). The model considers six species (water vapor, cloud, ice, rain, snow, 

and graupel) in the microphysical process of precipitation (see Table 2.2 for a 

detailed description of the model). 

For the initial and lateral boundary conditions of the numerical 

simulations, we used the outputs of the Meso-scale Spectral Model (MSM) 

developed by the Japan Meteorological Agency (JMA). The JMA-MSM has a 

horizontal resolution of 5 km with 253 × 241 grid points and 16 vertical σ levels. 
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The domain of the CReSS simulation is shown in Figure 2.2. It was forward- 

integrated in time using the JMA-MSM output data at 1200 LST on 30 June 

2006 as initial data. For the simulation, the horizontal grid size was 500 m 

and the vertical grid contained 85 levels with variable grid intervals (∆z = 50 m 

near the surface and 290 m at the top level, at 12.7 km). The horizontal 

domain had 600 × 600 grid points, with a time step of ∆t = 1 s. 

We performed three numerical simulations to investigate the influence of 

orographic effects and a moist environment on localized strong precipitation. 

First, for the control simulation (CNTL), we ran CReSS with a full physical 

model containing topography. Second, we ran an experiment without 

considering terrain (NOTR), in which topography throughout the model domain 

was assigned the elevation of sea level (Chiao and Lin, 2003). Third, we 

performed low-level RH-controlled numerical experiments in which RH from the 

surface to 700 hPa in all regions within the initial JMA-MSM output data, 

since relatively high relative humidity (> 90 %) was concentrated under 

700 hPa from the surface over Jeju Island (not shown). Hence three kinds of 

the sensitivity experiments were designed to reduce by 10% (experiment D10), 

5% (experiment D05), or 2% (experiment D02); other conditions were the 

same as in the CNTL experiment.
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3. RESULTS  

3.1 Observation results

3.1.1 Environmental description

At Figure 3.1 shown in a surface weather map of East Asia at 0900 LST 

on 30 June 2006, revealing a stationary front (the Changma/Baiu/Meiyu front) 

located around Jeju Island. During the rainy season (mid-June∼mid-July) in 

2006, relatively high surface relative humidity was recorded, compared to other 

seasons (Figure 3.2). Values of monthly averaged RH on June and July was 

recorded as 90 and 89% at Seongsan (East) and Gosan (West) sides of the 

island, respectively. Simultaneously values of the monthly averaged RH was 

recorded as around 84 % at Seogwipo (south) and near 75 % at Jeju (north) 

upon the island. Table 2.1 lists the environmental parameters obtained from an 

upper-air sounding performed at GSN several hours before the precipitation 

system developed. A near-saturated layer (RH of ~95%) was observed from 

the surface to 700 hPa, with strong southwesterly winds (~15 ms–1: Figure 3.3). 

The lifting condensation level (LCL) was high (951 hPa) and surface RH was 

92 %. The convective available potential energy (CAPE) was calculated to be 

33.2 J Kg–1 (Table 2.1), indicating as small possibility of the development of 
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an intense convective system. Fr was calculated to be 0.55, indicating that the 

airflow was unlikely to override the mountain and that it would be affected by 

the triggering of lee-side convection due to the influence of Mt. Halla 

(Yoshizaki et al., 2000).

Figure 3.4 shows the surface accumulated rainfall recorded by 19 rain 

gauges located adjacent to Jeju Island from 1320 to 1500 LST on 30 June 

2006. More than 80 mm (maximum 84 mm) of accumulated rainfall was 

recorded on the northwestern side of Mt. Halla, making the heaviest rainfall 

event on 2006. Low rainfall (≤ 20 mm) was recorded on the western and 

northeastern sides of the island. Although the island is small in size (width 

78 km and length 35 km), we observed distinct geographic variations in 

rainfall amount, with heavy rainfall (> 80 mm in 100 min) recorded on the 

northwestern side of the island.
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Figure 3.1 Surface weather map of East Asia at 0900 LST on 30 June 2006.

Figure 3.2 Monthly averaged RH on the eastern (Seongsan), western (Gosan), 

southern (Seogwipo) and northern (Jeju) sides over Jeju Island in 2006. 
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Figure 3.3 Vertical profiles of temperature (thick line), dew-point temperature 

(thick dashed line), and wind speed and direction (right side of the figure) 

on a Skew T–log p diagram. Data are sounding data obtained at GSN at 0900 LST 

on 30 June 2006. One pennant, full barb, and half barb denote wind speeds 

of 25, 5, and 2.5 m s–1, respectively.
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Figure 3.4 Accumulated rainfall amount recorded by 19 rain gauges (dots) 

adjacent to Jeju Island from 1320 to 1500 LST on 30 June 2006. Thin contour 

lines show topography (contour interval: 200 m).
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3.1.2 Doppler radar analysis

To determine the enhancement mechanism of the precipitation system 

observed over Jeju Island on 30 June 2006, we analyzed the reflectivity and 

wind distribution of the system using GSN radar data, focusing on its 

enhancement stage and movement direction. The system was observed by GSN 

radar from 1230 to 1450 LST on 30 June 2006, as it passed from the western 

to eastern sides of the island. 

Figure 3.5 shows the horizontal reflectivity distribution at 2 km above 

sea level (ASL) and the low-level wind distribution from 1300 to 1440 LST. 

At 1300 and 1310 LST (Figure 3.5a and b, respectively), the convective region 

(area with reflectivity > 45 dBZ) within the precipitation system was 

approximately located to 40 km west of the island. At these times, low-level 

wind blew mainly from the west at a velocity of around 10 ms–1, although a 

region of wind convergence was observed at the northwest of the island. This 

low-level convergence can be explained by the confluence of northwesterly and 

southwesterly winds and the occurrence of strong winds (> 10 ms–1). As shown 

in Figure 3.5c (at 1320 LST), the region of intense convection moved 

eastward, being located approximately 20 km west of the island. VVP 

calculations revealed southwesterly wind (~10 ms–1) associated with the 

convergence region located at the northwest of the island, corresponding to the 

southwesterly wind (10 ms–1) at around 1,000 hPa observed by upper-air 

sounding at GSN (Figure 3.3). 
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Figure 3.5 Horizontal distribution of reflectivity at 2 km ASL and low-level 

wind vectors for (a) 1300 LST, (b) 1310 LST, (c) 1320 LST, (d) 1330 LST, 

(e) 1350 LST, (f) 1400 LST (left bottom), (g) 1410 LST, (h) 1420 LST, (i) 

1430 LST, and (j) 1440 LST on 30 June 2006. The lines A–A' in i and B-B' 

in j show the locations of the vertical cross-section of reflectivity shown in 

Figure 3.6.
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From 1330 to 1350 LST (Figure 3.5d–e), the eastward-moving convective 

region moved from the offshore region west of the island to the northwestern 

side of the island; in addition, the convective region over the northwestern 

island increased in size from 1330 to 1350 LST. At 1400 and 1410 LST , the 

enlarged area of high reflectivity moved toward the northern side of the island 

(Figure 3.5f–g). At 1420 LST (Figure 3.5h), when the convective region was 

located at the around the northeastern side of the island, the reflectivity 

intensity of the convective region dissipated. At 1430 LST (Figure 3.5i), the 

dissipated convective region was located at the northeast of the island and a 

convective region was barely discernable within the precipitation system. A 

further-dissipated horizontal area of convection was observed to the northeast of 

the island at 1440 LST (Figure 3.5j). 
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Figure 3.6 Vertical cross-sections of reflectivity (along A–A' in Figure 3.5i) for 

(a) 1320 LST (left upper), (b) 1330 LST, (c) 1350 LST, (d) 1400 LST, (e) 

1410 LST (right upper), (f) 1420 LST, and (g) 1430 LST, and vertical cross–

section (along B–B' in Figure 3.5j) for (h) 1440 LST on 30 June 2006.
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The enhancement and dissipation process of the convective region is 

evident not only in the area of the convective region, but also in the echo-top 

height. Figure 3.6 shows vertical cross-sections of reflectivity along the line A–A' 

(see Figure 3.5i) from 1320 to 1430 LST on 30 June 2006, and along the 

line B–B' (see Figure 3.5j) for 1440 LST on the same day. Before 1330 LST 

(Figure 3.6a–b), the height and maximum horizontal width of 45 dBZ 

reflectivity were ~2.3 km ASL and 6.5 km, respectively, and the maximum 

width was found near the surface. At 1350 LST (Figure 3.6c), the height and 

maximum width had increased to 5.5 km ASL and 11.5 km, respectively, and 

the maximum width was found above 2.9 km ASL. From 1320 to 1350 LST, 

we observed large increases in the height and horizontal width of 45 dBZ, 

associated with the convective region moving onshore (Figure 3.5c–e). The 

height of 45 dBZ increased to 6.8 km ASL at 1420 and 1430 LST 

(Figure 3.6f–g), and the height of 39 dBZ was observed at around 8.4 km 

ASL. At 1420 LST, the maximum width of 45 dBZ increased to 16 km at 

around 2.7 km ASL. At 1440 LST (Figure 3.6h), when the convective region 

was located northeast of the island (Figure 3.5j), the height of 45 dBZ 

reflectivity decreased to approximately 6.2 km ASL and the height of 39 dBZ 

decreased to 6.8 km ASL. At this time, the maximum width of 45 dBZ had 

decreased to 6.5 km, located above 2.2 km ASL.

The observation data reveal that on 30 June 2006, localized heavy 

rainfall (> 80 mm) occurred on the northwestern side of Jeju Island due to 

moist environmental conditions (low LCL of 951 hPa and relatively high average 

RH of 95% from the surface to 600 hPa) (Table 2.1). Although the 

precipitation system passed over the topography with westerly movement, the 
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convective region with reflectivity above 45 dBZ within the precipitation 

system passed northwestward (Figure 3.5d–f) around the central mountain, 

probably affected by the high terrain with relatively low Fr (0.55). 

Corresponding to the passage of the convective region, the precipitation system 

showed a marked enhancement on the northwestern lateral side of Mt. Halla 

and a subsequent dissipation of reflectivity intensity on the northeastern 

(downwind) side (Figure 3.5). Associated with enhancement of the convective 

region, the region of low-level wind convergence (7 × 10
–4 s

–1), which was 

probably induced by orographic blocking, was observed continuously from 

1300 to 1430 LST (Figure 3.5a–i) northwest of the island. After passing over 

the low-level convergence region, the convective region started to dissipate in 

intensity (both horizontally and vertically) over the lee-side of the island 

(Figures 3.5 and 3.6). This time evolution of the convective region corresponds 

well with the distribution of rainfall amount recorded by rain gauges (Figure 3.4). 

The convective region caused localized heavy rainfall (> 80 mm) on the 

northwestern lateral side of the island (Figure 3.4), where the convective region 

was enhanced (Figure 3.5d–e), whereas relatively low rainfall (≤ 30 mm) 

occurred on the windward side and lee-side of the island (Figure 3.4), where 

the enhanced convective region dissipated (Figure 3.5h–j). It appears that the 

horizontal and vertical expansion of the convection region over the 

northwestern island was triggered by the moist environment during the rainy 

season and terrain-induced low-level convergence. Consequently, heavy rainfall 

was concentrated on the northwestern lateral side of the island, thereby 

determining the regional distribution of rainfall over the small island.
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3.2 Results of numerical modeling 

To investigate how the topography and low-level moist environment 

contributed to the development of localized heavy precipitation on the 

northwestern lateral side of Jeju Island, we conducted numerical experiments 

using CReSS with a resolution of 500 m. We compared the precipitation 

system simulated by the control run (CNTL) with that observed by GSN 

radar. Based on the CNTL experiment, with some modifications, we carried 

out a series of experiments to assess the sensitivity of the precipitation system 

to topography (NOTR) and low-level moisture (D10, D05, and D02).
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Figure 3.7 Distributions of simulated horizontal reflectivity (grey scale) and 

wind (vectors) within the convective system simulated by the CNTL 

experiment at a height of 2,085 m from 50 to 225 min running time 

(integration every 25 min). White contours show reflectivity of 45 dBZ.
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3.2.1 Results of the CNTL experiment

Figure 3.7 shows the horizontal reflectivity and wind distribution at a 

height of 2,085 m, as simulated by CNTL. We then compared the simulated 

reflectivity distribution with the reflectivity distribution observed at 2 km ASL 

by GSN radar (Figure 3.5). Figure 10 shows the horizontal wind distribution 

at a height of 50 m, as simulated by CNTL; this distribution was then 

compared with the low-level wind distribution observed by GSN radar 

(Figure 3.5). As shown in Figure 3.7a, the convective region (area with reflectivity 

> 45 dBZ) within the precipitation system approached the western side of the 

island at 50 min running time. At the same time, low-level wind blew around 

the mountain and a southwesterly wind blew toward the western side of the 

island (Figure 3.8a), where the convective region was located (Figure 3.7a). 

Associated with the go-around wind (Figure 3.8a), the model produced 

low-level wind convergence (≥ 1.6 × 10–3 s–1) over the northwestern island; 

the southwesterly wind and low-level convergence region over the northwestern 

island are in good agreement with those observed at 1320 LST (Figure 3.5c). 

The convective region moved northwestward over the north western island at 

100 min running time (Figure 3.7c), with an enlargement of the horizontal 

extent of the convective region compared with the previous time step (Figure 3.7b). 

This enlarged convective region corresponds to that observed from 1330 to 

1350 LST (Figure 3.5d–e). As shown in Figure 3.8c, the low-level convergence 

region remained over the northwestern side of the island, in a similar position 

to that at 50 min. The horizontal extent of the reflectivity convective region is 

larger at 125 min than at 100 min, and high reflectivity intensity (> 47 dBZ) 
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is predicted over the northwestern island (Figure 3.7d). Between 50 and 125 min 

in the simulation, the convective region increased in horizontal extent and 

passed over the low-level convergence region located over the western and 

northwestern island. This simulated convective region and the convergence 

region induced by the central mountain are in good agreement with the features 

observed from 1300 to 1410 LST (Figure 3.5a–g). The enhanced convective 

region moved over the northern slope of the Mt. Halla at 150 min, with high 

reflectivity intensity (> 47 dBZ) over the northwestern side of the island 

(Figure 3.7e). After 175 min (Figure 3.7f), the convective region started to 

shrink in horizontal extent, as it passed over the low-level convergence region 

on the lee-side of the topography. The convective region was almost 

non-existent over the topography at 200 min, and it moved away from the 

northeastern island at 225 min (Figure 3.7h). 
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Figure 3.8 Distributions of horizontal wind (vectors) and wind convergence 

(shades) at a height of 50 m, as simulated by the CNTL experiment from 50 

to 225 min running time at 25 min intervals. Grey shades indicate area where 

the convergence value was less than –0.001 s–1.
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Figure 3.9 shows the low-level RH region at 50 m ASL. At 50 min running 

time (Figure 3.9a), when the convective region was located over the western 

island (Figure 3.7a), a region of relatively high RH (~95%) covered the entire 

island except for the northeastern side (RH ≤ 84%). At 100 min (Figure 3.9c), 

a moist environment (RH ~ 95%) covered most of Jeju Island, with a 

relatively dry environment (RH ≤ 84%) remaining over the northeastern side 

of the island. Between 50 and 125 min running time, the convective region 

passed over the region of relatively high RH over the northwestern island, 

where it showed enhanced reflectivity. After 175 min (Figure 3.7f-h), the 

convective region moved over the region of relatively low RH on the 

northeastern lee-side of the island (Figure 3.9f–h). The area of northeastern 

island, where the convective region dissipated, is in good agreement with the 

region of relatively low RH. 
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Figure 3.9 Distributions of horizontal wind (vectors) and relative humidity 

(grey scale) at a height of 50 m, as simulated by the CNTL experiment from 

50 to 225 min running time at 25 min intervals.
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Corresponding to the reflectivity distribution obtained from radar data 

(Figure 3.5), the enhancement and dissipation of the convective region were 

simulated over the northwestern and northeastern sides of Jeju Island, 

respectively, producing the simulated distribution of total accumulated rainfall 

shown in Figure 3.10, which is in good agreement with the accumulated 

rainfall distribution recorded by rain gauges (Figure 3.4). As shown in 

Figure 3.10, the area with total accumulated rainfall exceeding 40 mm defines 

an elongate region aligned WSW–ENE with areas of total rainfall amount 

exceeding 70 mm (maximum 72 mm) occurring over the northwestern island. 

In contrast to the high rainfall amount on the northwestern side, relatively low 

accumulated rainfall (< 30 mm) was simulated on the western and northeastern 

sides of the island.

The CNTL experiment simulated concentrated heavy rainfall (≥ 70 mm) 

over the northwestern island. The simulated precipitation system passed over 

Jeju Island from west to east, whereas the convective region (reflectivity 

exceeding 45 dBZ) within the precipitation system moved northwestward 

(Figure 3.7) and the accumulated rainfall amount, which defined an elongate 

region aligned WSW–ENE, showed marked enhancement and dissipation over 

the northwestern lateral side and northeastern downwind side of the island, 

respectively (Figure 3.10). Associated with enhancement of the convective 

region (Figure 3.7a–e), the model simulated go-around wind, and a region of 

low-level convergence (1.6 × 10–3 s–1) due to orographic blocking, and high 

RH (~95%) over the northwestern island (Figures 3.8 and 3.9). In contrast, 

dissipation of the convective region (Figure 3.7f–h) was associated with 

a region of relatively low RH (≤ 88%) over the downwind side of the island 
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(Figure 3.9). These enhancement and dissipation processes determined the 

regional rainfall distribution. The region in which the precipitation system was 

enhanced (Figure 3.7a–e) was marked by intensively localized heavy rainfall 

amounts exceeding 70 mm (maximum 72 mm) (Figure 3.10). In contrast, the region 

in which the precipitation system dissipated (Figure 3.7f–h) was characterized by 

relatively low rainfall amounts of around 30 mm (Figure 3.10). The simulated 

distribution of accumulated rainfall amount is in a good agreement with the 

surface rainfall distribution recorded by rain gauges (Figure 3.4). The 

distributions of the go-around wind and convergence region induced by 

orographic blocking, as well as the low-level RH which caused the regional 

rainfall, were probably controlled by the location of Mt. Halla. To clarify the 

sensitivity of these distributions to topography and to investigate the 

contribution of topography to the localized heavy precipitation observed over 

Jeju Island, we conducted sensitivity experiments based on the CNTL 

experiment.
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Figure 3.10 Simulated total accumulated rainfall amount (grey scale) at hours 

of running time in the CNTL experiment. Contour lines show the topography 

of Jeju Island (contour interval: 300 m).



Chapter 3   Results                                                        38  

3.2.2 Sensitivity experiment for orographic effect

We compared the low-level RH and low-level wind convergence 

simulated in NOTR (in which terrain was not considered) with that simulated 

in CNTL. Figure 3.11 shows the distributions of simulated (NOTR) low-level 

horizontal wind and RH at a height of 50 m. In the NOTR simulation, the 

precipitation system occurred west of Jeju Island at 50 min running time, 

subsequently moving over the island, as in CNTL (not shown). The wind 

direction was southwesterly near Jeju Island (Figure 3.11a), and it blew 

over Mt. Halla. From 50 to 225 min, no low-level convergence was simulated 

around the northwestern and lee-side of the island associated with the 

distribution of go-over wind (Figure 3.11a–h). Homogeneous low-level RH (> 92%) 

was simulated over the island. The low-level convergence was continuously 

scarcely distributed until 175 min; homogeneous low-level RH was also 

continuously present until 175 min. At 200 min, relatively low RH (< 92%) 

was simulated over the western and northwestern sides of the island at the 

time that the precipitation system started to move away from the island.  
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Figure 3.11 Distributions of horizontal wind (vectors), wind convergence (white 

crosses and circles), and relative humidity (RH; grey scale) at a height of 50 m, 

as simulated by the NOTR experiment from 50 to 225 min running time at 

25 min intervals. White crosses and circles indicate points where the 

convergence value was between –0.001 and –0.0008 s–1, and less than –0.001s–1, 

respectively.



Chapter 3   Results                                                        40  

 

Figure 3.12 Distribution of the difference in total accumulated rainfall amount 

(color scale) between the CNTL and NOTR experiments (CNTL minus 

NOTR). Black contour lines show the topography of Jeju Island (contour 

interval: 300 m).
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Figure 3.12 shows the difference in total accumulated rainfall amount 

between the CNTL and NOTR simulations (CNTL minus NOTR). Red (blue) 

areas indicate greater rainfall amount in CNTL (NOTR) than in NOTR 

(CNTR). Positive anomalies are seen over the northwestern and southern 

island. The maximum positive anomaly (> 22 mm) is located over the 

northwestern lateral side of the island, induced by orographic blocking. The 

proportion of terrain-produced rainfall amount calculated by subtracting the 

NOTR amount from the CNTL amount, against the rainfall amount produced 

by CNTL, is 30.6%. The NOTR produced a greater rainfall amount than 

CNTL over the northeastern and southeastern island. The maximum negative 

anomaly (18 mm) is seen over the northeastern island, where no orographic 

blocking occurred. Without the influence of orographic blocking, the area of 

high rainfall amount moved over the eastern island, reflecting advection of the 

precipitation system. The effect of orographic blocking generated maximum 

positive and negative anomalies over the northwestern and northeastern island, 

respectively, thereby determining the regional rainfall distribution shown in 

Figure 3.10.

Figure 3.13a and b shows the low-level potential temperatures (PT) 

simulated by CNTL and NOTR, respectively, at 150 min, when the convective 

region was enhanced in the CNTL experiment. In CNTL (Figure 3.13a), the 

region of relatively high PT (≥ 297.5 K) was distributed over the 

northeastern side of the island, and the region with PT ≤ 296 K occurred 

over the northwestern side, representing a difference in PT of about 2 K 

between the two areas. At this time, the location of relatively low RH over 

the northeastern slope (Figure 3.9e) coincided with the area of relatively high PT 
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shown in Figure 3.13a. In the NOTR experiment (Figure 3.13b), PT increased 

with decreasing latitude. The PT over the northwestern lateral side of the 

island (≤ 296 K) was similar to that in CNTL, whereas NOTR predicted no 

regional PT over the northeastern (downwind) side of the island.
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Figure 3.13 Distributions of horizontal equivalent potential temperature (grey 

scale) and wind (vectors) at 150 min of running time, as simulated by CNTL (a) 

and NOTR (b). Thick contour lines show the topography of Jeju Island; thin 

contour lines indicate potential temperature from 295 to 298.5 K (contour 

interval: 0.5 K).
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The CNTL experiment predicted terrain-induced go-around wind, whereas 

NOTR predicted go-over wind. In the CNTL case, the go-around wind was 

associated with low-level convergence (1.6 × 10
–3 s

–1), relatively high RH 

(≥ 92%), and low PT (≤ 296K) over the northwestern side of the island, 

and relatively low RH (≤ 92%) and high PT (≥ 297.5K) over the 

northeastern lateral side. Adiabatic warming due to descending air causes an 

increase in PT on the downwind side of the island. In fact, we confirmed 

descending air motion (w, –0.5 ms
–1) in the high-PT region (data not shown). 

An additional experiment performed without considering condensation also 

showed this high-PT region over the downwind side of the island (data not 

shown). Therefore, the region of relatively low RH over the northeastern slope 

of Mt. Halla is considered to have been induced by topography.

The CNTL (NOTR) experiment predicted go-around (go-over) wind and 

an associated region of low-level convergence over the northwestern island 

(region of no convergence), low RH (homogeneous RH) over the northeastern 

island, and high PT (homogeneous PT) over the downwind side of the island. 

The go-around wind and associated low-level convergence due to orographic 

blocking, in combination with the moist environment, produced heavy rainfall 

over the northwestern island (Figure 3.10), where a positive anomaly (maximum 

22 mm) was found (Figure 3.12). The dry environment, descending 

movement (w, –0.5 ms–1), and orographic blocking combined to produce 

relatively low rainfall (≤ 30 mm) over the northeastern island (Figure 3.10), 

where a negative anomaly (maximum 18 mm) was found (Figure 3.12). An 

additional sensitivity experiment which the height of topography within the 

model domain was assumed as the half of the actual height (named as HTRN 
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experiment) was similarly shown the patterns of both positive and negative 

anomalies on the northwestern and northeastern island, respectively (not 

shown). The maximum positive anomaly (10 mm) was seen over the 

northwestern island, and the proportion of 50%-considered topography-produced 

rainfall amount, calculated by subtracting the HTRN amount from the CNTL 

amount, against the rainfall amount produced by CNTL, was 14.3 %. Although 

the topography in the present study is of small horizontal scale, the relatively 

high central mountain controlled the regional distribution of rainfall amount via 

its influence on the terrain-induced regional distribution of low-level wind, 

associated convergence, RH, and PT.
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3.2.3 Sensitivity experiments for moist environment

The precipitation event occurred on 30 June 2006 during the rainy 

season under a moist environment with a near-saturated low layer, low value 

of LCL (951 hPa), and high RH (92%). Relatively high RH (≥ 95 %) 

concentrated over western Jeju Island with southerly winds (10 ms
-1) at 

950 hPa (data not shown). Simultaneously, relatively high RH was 

continuously found around the island at 700 hPa. Lower RH (≤ 80 %) was 

relatively shown over western island at 600 hPa, and dry environment (≤ 80 %) 

scarcely distributed over entire the island at 400 hPa. These distributions of 

horizontal RH indicated that the moist environment (RH ≥ 95 %) concentrated 

below 700 hPa over Jeju Island. To investigate how the moist environment 

contributed to the heavily localized rainfall over the northwestern island, we 

compared the results of the D10, D05, and D02 simulations with the CNTL 

experiment. The D10, D05, and D02 experiments were assigned RH values of 

10%, 5%, and 2% less than those within the initial JMA-MSM output data for 

all regions, respectively, from the surface to 700 hPa. Other conditions were 

the same as in the CNTL experiment. 
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Figure 3.14 Distribution of the difference in total accumulated rainfall amount 

between CNTL and (a) D10, (b) D05, and (c) D02. Black contour lines show 

the topography of Jeju Island, and the color scale shows the rainfall 

difference.
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To investigate the influence of low-level RH conditions, Figure 3.14 

shows the distributions of the difference in accumulated rainfall between CNTL 

and each of D02, D05, and D10 (calculated as CNTL minus each of D02, 

D05, and D10). Black contours indicate the topography of Jeju Island, blue 

shading indicates greater accumulated rainfall amount in CNTL, and grey 

shading indicates greater rainfall in the RH-sensitivity experiments. The 

comparison between CNTL and D10 (Figure 3.14a) reveals an elongate 

positive anomaly that trends WSW–ENE over Jeju Island, showing high 

positive anomalies (over 30 mm; maximum 35 mm) over the western and 

northwestern island. The accumulated rainfall amount was reduced by 48.6% 

when the simulation employed a low-level RH reduced by 10%. The D05 

simulation produced more rainfall than that in D10 (Figure 3.14b). The 

comparison between D05 and CNTL yielded a similar horizontal distribution to 

that in Figure 3.14a, with the maximum positive anomaly (27 mm) located in 

the region where the precipitation had moved toward the island. The 

experiment produced 37.5% less rainfall than that predicted in CNTL. Figure 3.14c 

shows the difference in total accumulated rainfall amount between CNTL and 

D02. Compared with Figure 3.14a and b, the area in which CNTL rainfall 

dominated is reduced in size, and the maximum difference in rainfall amount 

between the two simulations is 15 mm. Rainfall in D02 is reduced by 20.8% 

compared with that in CNTL.

The results of the numerical experiments are summarized as follows. 

Orographic blocking and associated go-around wind, low-level convergence, and 

moist environment combined to enhance the convective region. Furthermore, 

the go-around wind caused by orographic blocking modified the movement 
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direction of the enhanced convective region from westward to southwestward 

within the westward-moving precipitation system. The dissipation of rainfall 

amount was caused by descending air (w, –0.5 ms
–1) and a relatively dry 

environment (≤ 92%) over the downwind side of the central mountain. These 

enhancement and dissipation processes controlled the regional rainfall distribution 

over Jeju Island, with heavy rainfall (≥ 70 mm) being concentrated over the 

northwestern slope of the island. The small but steep topographic features 

modified the intensity and location of the precipitation system, forcing the 

region of enhanced convective to move northwestward and bringing heavy 

rainfall to the northwestern island. The sensitivity experiments performed for 

low-level RH revealed that rainfall amount was highly sensitive to the low- 

level moist environment; the moist environment resulted in intensification of 

the convective region.
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4. CONCLUSIONS

An orographically-enhanced, localized intense precipitation system (> 80 mm 

in 100 min) developed over the northwestern lateral side of Jeju Island on 30 

June 2006. To understand the enhancement mechanism of the system on the 

lateral side of the island, we analyzed observational data and performed 

numerical experiments using CReSS with a resolution of 500 m.

At 0900 LST on 30 June 2006, a stationary front (the Changma/ 

Baiu/Meiyu front) was located over Jeju Island. Analysis of upper-air sounding 

data revealed the occurrence of a near-saturated layer from the surface to 

700 hPa with a low LCL of 951 hPa and relatively high surface RH of 92%. 

Under this moist low-level environment, more than 80 mm of rainfall was 

recorded over the northwestern lateral side of the island between 1320 and 

1500 LST. The enhancement process of the precipitation system was inferred 

from analyses of S-band Doppler radar data. Although the precipitation moved 

from west to east, the convective region within the precipitation system moved 

northwestward. During the passage of the precipitation system, the convective 

region within the precipitation system showed a marked enhancement and 

subsequent dissipation over the northwestern lateral side and lee-side of the 
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island, respectively. Associated with enhancement of the convective region, we 

observed a region of stationary low-level wind convergence (7 × 10
–4 s

–1) 

induced by orographic blocking northwest of the island. As the convective 

region passed over the region of low-level convergence, the convective region 

was enhanced both horizontally and vertically. Once the convective region 

reached the lee-side of the central mountain, it started to dissipate both 

horizontally and vertically. These enhancement and dissipation processes meant 

that the convective region became localized over the northwestern lateral side 

of the island.

The enhancement and dissipation mechanisms of the convection were 

simulated by CReSS with a resolution of 500 m. The control run (CNTL), 

which included full model physics and actual topography, simulated 

terrain-modified go-around airflow with relatively low Fr (0.55), an associated 

region of low-level convergence (1.6 × 10–3 s–1), and a moist environment 

(RH > 92%) over the northwestern slope of the island. The simulation 

revealed enhancement of the convective system which was passing over the 

convergence region and dissipation which was passing over the lee-side of the 

island, consistent with the observation data. Associated with the dissipation of 

convection over the lee-side of the island, are relatively dry region (RH < 88%) 

was simulated over the northwestern island. Corresponding to the enhancement 

of convection over the northwestern island and dissipation over the 

northeastern island, heavy rainfall in excess of 70 mm (maximum 72 mm) was 

concentrated over the northwestern lateral side of the island, whereas relatively 

low rainfall was produced on the windward side and lee-side of the island. 

The simulated rainfall distribution is in good agreement with the accumulated 
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rainfall distribution recorded by rain gauges.

We preformed numerical sensitivity experiments, based on the CNTL 

experiment, to investigate the contribution of topography and the low-level 

moist environment to the occurrence of localized rainfall over the northwestern 

slope of the island. Comparison between CNTL and NOTR (in which terrain 

was not considered) revealed that the small but steep central mountain 

modified the ambient wind (producing a go-around distribution) and the 

associated low-level convergence region over the northwestern slope of the 

island. Corresponding to the enhanced convection, we found that go-around 

wind, and an associated region of low-level convergence (1.6 × 10–3 s–1) 

due to orographic blocking, and a moist environment (RH > 92 %) over the 

northwestern island. Associated with the relatively low RH (≤ 88 %), we 

found that go-around wind, and descending air (w, –0.5 ms–1) due to 

orographic blocking, and dissipation of the convective region over the northeastern 

island. The terrain-induced region of low-level convergence resulted in 

enhanced convection and the formation of go-around wind due to the influence 

of orographic blocking on the northwestward passage of enhanced convection. 

The dissipation of convection was caused by descending air on the downwind 

side of the mountain, as revealed by the low surface RH. The small but steep 

topography modified the intensity and location of the precipitation system. 

A comparison between the CNTL and RH-controlled experiments revealed that 

the low-level moist environment during the rainy season contributed to the 

development of convection. Increased moisture in the low- level environment 

induced heavier rainfall and enhanced convection. A reduction in the low-level 

RH of just 2% resulted in a 20.8% reduction in rainfall amount.
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Figure 4.1 Conceptual model for the 30 June 2006 precipitation occurred 

around Jeju Island. Blue and Red arrows indicate the surface air-flow and 

main system passage, respectively. Conceptual reflectivity intensity is shown 

from low intensity (brown) to high intensity (orange). Green and brown 

colored ellipses indicate the low-level convergence with warm region and 

low-level dry region, respectively.
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In the present study, we revealed the enhancement and localization 

mechanisms of a precipitation system that formed in a moist environment over 

a small topography and shown as a conceptual model (Figure 4.1), based on 

both observation data and numerical simulations. The localized intense 

precipitation system over the northwestern lateral side of the island was 

generated by following mechanisms:

1) The occurrence of an orographically-induced convergence region 

(7 × 10
–4 s

–1; region with a green colored elliptic in Figure 4.1) and 

a low-level dry environment (region with a brown colored elliptic in 

Figure 4.1) induced by a small, narrow, but steep mountain with relatively 

small Fr (0.55) combined to enhance the precipitation system over the 

northwestern island and subsequently dissipate the system over the 

northeastern island, thereby controlling the regional rainfall distribution over 

Jeju Island.

2) The NOTR experiment produced no orographically-generated mountain 

blocking wind, no associated low-level convergence, and no regional RH 

distribution; consequently, no regional rainfall distribution was produced over 

Jeju Island.

3) The development of intense precipitation systems over Jeju Island is 

especially sensitive to the occurrence of a sufficiently moist low-level 

environment during the rainy season, which can lead to increased rainfall 

over the small, narrow, but high topographic features.

Those results of the present study represent the first step toward 

understanding orographically-induced heavy precipitation on the lateral side of 

small, narrow, and steep topography such as that found upon Jeju Island. This 
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understanding may help in improving forecasts of orographic rainfall. In a 

future study, we intend to investigate additional case studies under varying 

environmental conditions (e.g., ambient wind distribution and moisture in 

the environment) and perform statistical analyses of the simulation data.
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GEAR 식구가 된지도 어느덧 7년째에 접어들었습니다. 그 기간 동안 힘든 

일, 기쁜 일을 함께 해준 연구실 식구들께 감사드립니다. 우리나라 레이더를 꽉 

잡고 계시는 철환선배와 정희선배, 또 미국 땅에서 활약하고 계시는 효경선배와 

동철선배, 연구실에서 후배들을 토닥여주느라 정신없이 바쁘신 민이선배, 길종선배, 

승우선배, 부경선배, 그리고 일본 땅에서 동거동락하며 부족한 후배 거두어주느라 
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더 마음 쓰이고 바빴을 동순이언니, 예쁜 따님들의 마더이시자, 멋진 연구원이신 

미영언니와 동희언니, 힘든 일에 먼저 나서서 해결해 주던 상민선배, 종훈선배, 성화선배, 

아자아자 힘내서 다시 연구실로 돌아온 우리 성아, 윤성이 그리고 쉽지 않은 

막내역할을 톡톡히 그리고 든든히 해주고 있는 똑똑한 운선양과 착실한 덕두, 

새롭게 연구실 식구가 된 지선과 정태에게도 고마운 마음을 전합니다. 밖에서 든든하게 

후배 투정을 다 들어주시는 수정언니, 얼마 전 결혼에 골인한 윤정언니, 연구실 

밖에서 우리나라 기상청을 움직이시는 경옥언니, 해미언니, 하나언니, 그리고 새신부가 

된 마음 좋은 지영언니에게도 고마움을 전합니다. 마지막으로 실험실 밖에서 누구보다 

열심히 뛰는 영섭선배와 현기선배, 그리고 후배 민경과 유라에게 감사한 마음과 파이팅

의 메세지를 전합니다.

연구실 밖에서 힘들 때든 기쁠 때든 함께 해준 4호관 3층의 그대들, 먼저 

우리 지영이언니 모셔가는 형부, 인혁선배, 성욱이선배, 노진이선배, 재원이선배, 

준상이선배 그리고 학과사무실에 화정언니께 감사의 마음을 전합니다. 그리고 

내 인생의 비타민, 주희, 주영, 민지, 옥춘, 송이에게 고마움과 바쁘다는 핑계로 뜸한 

소식에 미안한 마음을 전합니다.

하지만 그 누구보다도 큰 버팀목이 되어주시고, 밤늦게 들어오는 딸 기다리

시느라 편히 잠 못 주무시는 아버지, 어머니, 감사드립니다. 부모님의 깊은 사랑과 

지원이 저를 이 자리에 세워주셨고, 더 큰 꿈을 가질 수 있도록 만들어 주셨습니다. 

그리고 항상 손녀딸 공부에 큰 응원을 보내주시는 할머니와 하늘나라에 계시는 

할아버지, 존경하고 사랑합니다. 마지막으로 공부하느라 가난한 동생에게 격려와 

품위유지비를 아끼지 않는 멋진 오빠 이근우와 친구같은 동생 이나래에게 감사와 

사랑의 마음을 전합니다.

곁에서 격려해주신 모든 분들께 받은 큰 관심과 사랑, 더 크고 훌륭한 사람이 되어서 

보답하겠습니다.
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