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Abstract: In this study, we examined the influence of water vapor on heavy rainfall events over
the complex mountainous terrain of the southern Korean Peninsula using rawinsonde and global
navigation satellite system (GNSS) datasets from a mobile observation vehicle (MOVE). Results
demonstrated that the prevailing southeasterly winds enhanced precipitation on the leeward side
of the mountainous region. The probability of severe rainfall increased in the highest precipitable
water vapor (PWV) bin (>60 mm). A lead–lag analysis demonstrated that the atmosphere remained
moist for 1 h before and after heavy rainfall. The temporal behavior of PWV retrieved from the
MOVE-GNSS data demonstrated that during Changma (the summer monsoon) (Case 1), heavy
rainfall events experience a steep decrease after a long increasing trend in PWV. However, the most
intense rainfall events occurred after a rapid increase in PWV along with a strong southwesterly water
vapor flow during convective instability (Case 2), and they had consistently higher moisture and
greater instability than those in Case 1 over the entire period. The results of this study can provide
some insights to improve the predictability of heavy rainfall in the southern Korean Peninsula.

Keywords: global navigation satellite system; mobile observation vehicle; precipitable water vapor;
heavy rainfall; southern Korean Peninsula

1. Introduction

The southern Korean Peninsula is vulnerable to meteorological disasters because of its
synoptic and complex geographical characteristics, with heavy rainfall episodes occurring
frequently in summer [1]. Moreover, the local convergence and updraft caused by irregular
topographic forcing significantly affect the location and intensity of precipitation reaching
the ground [2]. Park et al. [3] suggested that the high wind speed of the low-level jet (LLJ)
contributes to increased total precipitation close to Mountain Jiri, Korea. Lee and Ryu [4]
emphasized the significance of the southwesterly water vapor flux that flows into the
southern mountainous regions of the Korean Peninsula.

Many studies on heavy rainfall in the southern Korean Peninsula have been conducted
using the numerical weather prediction model [1,5,6]. However, extremely few studies have
examined the observational characteristics at the meteorological process level; furthermore,
the accuracy of current numerical models and observations is limited when predicting
atmospheric flow characteristics in complex mountainous regions. An accuracy threshold
of 3 mm is required if precipitable water vapors (PWVs) are inputs to weather nowcasting,
according to a document by World Meteorological Organization (WMO) [7]. Atmospheric
water vapor is a very important element in severe weather and climate studies due to its
status as not only a greenhouse gas but also an energy source that generates numerous
extreme weather phenomena [8–10]. The amount of water vapor in the atmosphere is a
key factor that can, along with other factors such as LLJ, determine the amount of heavy
rainfall and influence the dynamical evolution of convective storms [11,12]. Increasing the
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availability of PWV data will ensure more accurate heavy rainfall forecasts, especially in
higher-elevation arid climate zones where there are large distances between existing PWV
measurement sites [13,14].

There are currently several methods for directly and indirectly measuring the total
amount of water vapor in the atmosphere. The more traditional methods of PWV measure-
ment include radiosondes [15,16], microwave radiometers [17,18] and sun photometers [19].
Kelsey et al. (2022) [20] recently utilized infrared thermometry to analyze the relationship
between zenith sky temperature and PWV over Socorro, New Mexico, for a period of
2 years. Despite the high cost and the limitation of launch time, radiosonde remains the
most widely used instrument to evaluate PWV data. As an alternative, to resolve some lim-
itations (e.g., weather-sensitivity, poor temporal resolutions, etc.) of traditional instruments,
GNSS has been widely used to retrieve PWV since Bevis first proposed GNSS meteorology
in 1992 [21]. It can be used to investigate heavy rainfall due to its advantages of high
precision, high temporal resolution and all-weather capacity [22]. Huang et al. (2021) [23]
showed that variations of PWV retrieved from GNSS have a direct relationship with the
in situ rainfall measurements, and that the PWV increases sharply before the arrival of
heavy rainfall in Guilin, China. Li et al. (2022) [24] suggested that the anomaly-based
percentile thresholds of predictors derived from GNSS-PWV can be effectively applied to
the detection of heavy rainfall events in the Hong Kong region. Despite progress in many
investigations using GNSS-PWV data worldwide, the number of permanent GNSS stations
is still insufficient in areas with sparse observations, such as those with complex terrain.
Therefore, a well-designed observational framework based on mobile platforms equipped
with both a global navigation satellite system (GNSS) and rawinsonde sensors is necessary
to capture these important factors in areas where there are few observations.

This study examines the characteristics of the local climate and the influence of water
vapor on heavy rainfall events over the southern mountainous region of the Korean Penin-
sula, particularly at the meso timescale. The 2016 summer intensive observation period
(IOP) ran from 23 June to 12 July 2016 in Geochang (GC), South Korea. During the IOP, the
mobile observation vehicle (MOVE) datasets with high temporal resolution rawinsonde
soundings and GNSS observations were used. We analyzed the low-level thermodynamic
structure in terms of the relationship between water vapor (and/or wind) and orographic
precipitation, and lag times. This study examines the general features of thermodynamic
profiles originating from two different cases. Case 1 has localized heavy rainfall associated
with Changma, or the summer monsoon, and Case 2 has convective instability.

2. Data and Methods
2.1. Study Area

GC-gun is a county in South Gyeongsang Province (Gyeongsangnam-do), South
Korea, with an area of 804.14 km2. It is situated on the far west side of the province. The
temperature of this county is higher than those of the surrounding mountainous areas
because of the trapping of heat waves through the behavior of the local circulations in
low-lying basin topography [25]. Its summers are generally humid and have the most
precipitation in a year, which is primarily from the East Asian monsoon that occurs from
June to September. July is the rainiest month. As per the 1991–2020 climate data of the Korea
Meteorological Administration (KMA), the county experiences average precipitation and
relative humidity of 286.2 mm and 79.7%, respectively (https://data.kma.go.kr/resources/
normals/pdf_data/korea_pdf_0106_v2.pdf, accessed on 30 December 2022).

Figure 1 shows the locations of selected ground-based MOVE platforms, automatic
weather system (AWS) sites and topographic features near the GC supersite. The GC
supersite is surrounded by three major mountains, Jiri, Deokyu, and Gaya, which rise to
>1000 m above the sea level.

https://data.kma.go.kr/resources/normals/pdf_data/korea_pdf_0106_v2.pdf
https://data.kma.go.kr/resources/normals/pdf_data/korea_pdf_0106_v2.pdf
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Figure 1. Map of the study area: Geochang (GC)-gun, South Gyeongsang Province. The right mag-
nified map shows the topography of the study area, and the locations of the automatic weather 
system (AWS) sites: Geochang (GC) supersite, Buksang (BS), and Gayasan (GA). The green color 
box in the upper left map shows the analysis area (lower zoomed map) of a two-dimensional (2D) 
water vapor field. 

2.2. Data 
Figure 2 shows a representative image of the GC supersite, and the observational 

instruments and data used are summarized in Table 1. The MOVE datasets were gener-
ated using a GNSS (NetR9) from Trimble (Westminster, CO, USA) and a rawinsonde 
sounding system (DFM-09) from GRAW (Bayern, Germany). 

To identify the environmental conditions, vertical temperature, humidity, and wind 
speed profiles were obtained every 6 h from the MOVE rawinsonde. The AWS surface site 
observations provided high temporal resolution (1 min intervals) climatological parame-
ters, such as dominant wind speed and direction, in addition to precipitation. The GNSS 
data were post-processed using a high-precision Bernese 5.0 and a double-difference strat-
egy to estimate the zenith total delay (ZTD) [9,26]. The minimum elevation cutoff angle 
for Bernese processing was set to 10° according to operational GNSS observation settings 
in the worldwide International GNSS Service (IGS) network. A mapping function that 
represents a correlation equation of delay in the zenith direction and delay in the slant 
direction, the Niell mapping function (NMF), was used [27]. The zenith hydrostatic delay 
(ZHD) model used in this study is that given by Saastamoinen (1972) [28], as shown in 
Equation (1), which uses automatic weather sensors and GNSS data observed by MOVE: ZHD = (2.2779 ± 0.0024)𝑃ெ1 − 0.00266 cos 2 𝛷ெ − 0.00028 𝐻ெ  (1)

Figure 1. Map of the study area: Geochang (GC)-gun, South Gyeongsang Province. The right magnified
map shows the topography of the study area, and the locations of the automatic weather system (AWS)
sites: Geochang (GC) supersite, Buksang (BS), and Gayasan (GA). The green color box in the upper left
map shows the analysis area (lower zoomed map) of a two-dimensional (2D) water vapor field.

2.2. Data

Figure 2 shows a representative image of the GC supersite, and the observational
instruments and data used are summarized in Table 1. The MOVE datasets were generated
using a GNSS (NetR9) from Trimble (Westminster, CO, USA) and a rawinsonde sounding
system (DFM-09) from GRAW (Bayern, Germany).

To identify the environmental conditions, vertical temperature, humidity, and wind
speed profiles were obtained every 6 h from the MOVE rawinsonde. The AWS surface site
observations provided high temporal resolution (1 min intervals) climatological parameters,
such as dominant wind speed and direction, in addition to precipitation. The GNSS data
were post-processed using a high-precision Bernese 5.0 and a double-difference strategy
to estimate the zenith total delay (ZTD) [9,26]. The minimum elevation cutoff angle for
Bernese processing was set to 10◦ according to operational GNSS observation settings in the
worldwide International GNSS Service (IGS) network. A mapping function that represents
a correlation equation of delay in the zenith direction and delay in the slant direction, the
Niell mapping function (NMF), was used [27]. The zenith hydrostatic delay (ZHD) model
used in this study is that given by Saastamoinen (1972) [28], as shown in Equation (1),
which uses automatic weather sensors and GNSS data observed by MOVE:

ZHD =
(2.2779 ± 0.0024)PM

1 − 0.00266 cos 2 ΦM − 0.00028 HM
(1)

PWV =
ZWD

ρRv

(
k2 +

k3

Tm

) × 106 (2)

where PM and ΦM represent the surface pressure and latitude from the MOVE dataset,
respectively. HM is the ellipsoidal height determined by adding the mean sea level to the
orthometric height at the observing point [29]. The zenith wet delay (ZWD) was derived by
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subtracting the ZHD from the ZTD value [21]. We finally retrieved precipitable water vapor
(PWV) using Equation (2). Here, ρ is the density of water, Rv is the specific gas constant of
the water vapor, and k2 and k3 are constants for the atmospheric refractivity index used by
Davis et al. (1985) [30]. In the end, we used the surface temperature data from the MOVE
for the mean temperature equation (Tm), which is suitable for the weather conditions of the
Korean Peninsula as suggested by Ha et al. (2008) [31].

To identify evidence for the southwesterly advection of a 2D water vapor field, we used a
PWV dataset with high 10 min intervals, which were retrieved by Korea Astronomy and Space
Science Institute (KASI) from 24 ground GNSS stations across the study area. The analysis
area and information on all GNSS stations are shown in Figure 1 and Table A1, respectively.

Remote Sens. 2023, 15, x FOR PEER REVIEW 4 of 22 
 

 

PWV = 𝑍𝑊𝐷𝜌𝑅௩(𝑘ଶ  𝑘ଷ𝑇)  ൈ  10 (2)

where 𝑃ெ and 𝛷ெ represent the surface pressure and latitude from the MOVE dataset, 
respectively. 𝐻ெ is the ellipsoidal height determined by adding the mean sea level to the 
orthometric height at the observing point [29]. The zenith wet delay (ZWD) was derived 
by subtracting the ZHD from the ZTD value [21]. We finally retrieved precipitable water 
vapor (PWV) using Equation (2). Here, ρ is the density of water, 𝑅௩ is the specific gas 
constant of the water vapor, and 𝑘ଶ and 𝑘ଷ are constants for the atmospheric refractivity 
index used by Davis et al. (1985) [30]. In the end, we used the surface temperature data 
from the MOVE for the mean temperature equation (𝑇), which is suitable for the weather 
conditions of the Korean Peninsula as suggested by Ha et al. (2008) [31]. 

To identify evidence for the southwesterly advection of a 2D water vapor field, we 
used a PWV dataset with high 10 min intervals, which were retrieved by Korea Astron-
omy and Space Science Institute (KASI) from 24 ground GNSS stations across the study 
area. The analysis area and information on all GNSS stations are shown in Figure 1 and 
Table A1, respectively. 

 
Figure 2. Representative image of the observational instruments of mobile observation vehicles 
(MOVEs) in the Geochang (GC) supersite. The RAOB and GNSS are the rawinsonde observation 
and global navigation satellite systems, respectively. 

Table 1. Overview of the observational instruments used. 

Variables (Intervals) Instruments (Site) Manufacture (Model) 
Vertical profile (6 h) Rawinsonde (GC; MOVE 1) GRAW, Germany (DFM-09) 

Precipitable water vapor 
(1 h, 10 min) 

Global navigation 
satellite system (GC; MOVE) 

Trimble, US (NetR9) 

Precipitation amounts 
(1 min)  

Weighting precipitation gauge 
(GC, BS, GA 2) 

Wellbian system, 
South Korea (WPG-A1)  

Wind speed and direction 
(1 min) 

Anemometer (GC) R. M. Young, US (05018) 

1 MOVE denotes the mobile observation vehicle operated by the National Institute of Meteorological 
Sciences, Korea Meteorological Administration (KMA).2 GC, BS, and GA indicate the Geochang su-
persite, Buksang, and Gayasan, respectively. 

  

Figure 2. Representative image of the observational instruments of mobile observation vehicles
(MOVEs) in the Geochang (GC) supersite. The RAOB and GNSS are the rawinsonde observation and
global navigation satellite systems, respectively.

Table 1. Overview of the observational instruments used.

Variables (Intervals) Instruments (Site) Manufacture (Model)

Vertical profile (6 h) Rawinsonde (GC; MOVE 1) GRAW, Germany (DFM-09)
Precipitable water vapor

(1 h, 10 min)
Global navigation

satellite system (GC; MOVE) Trimble, US (NetR9)

Precipitation amounts
(1 min)

Weighting precipitation gauge
(GC, BS, GA 2)

Wellbian system,
South Korea (WPG-A1)

Wind speed and direction
(1 min) Anemometer (GC) R. M. Young, US (05018)

1 MOVE denotes the mobile observation vehicle operated by the National Institute of Meteorological Sciences,
Korea Meteorological Administration (KMA). 2 GC, BS, and GA indicate the Geochang supersite, Buksang, and
Gayasan, respectively.

2.3. Methods

The 2016 summer IOP ran from 23 June to 12 July 2016. We selected the summer storms
of two cases during the IOP—Case 1: Changma, and Case 2: convective instability—and
used different initiation mechanisms to compare the structural evolution of moisture and
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temperature. We used a cross-correlation method with transition times to analyze the
quantitative correlation between the PWV and rain intensity as Equation (3) [32]:

rx,y(k) =
∑i[(xi − mx)(yi+k − my)]

SxSy
(3)

where rx,y(k) is simply the cross-correlation coefficient among all data pairs xi and yi+k
that exist at separation or lag of k. That is, where x and y are PWV (fixed variable) and
rain intensity (lagged variable), respectively, and S and m are the standard deviation and
mean of each variable, respectively. This statistical method is useful for verifying the
relationship between two or more datasets over a lag time. Moreover, specific humidity
(q) and equivalent potential temperature (θe) from the rawinsonde observations were
calculated to compare the vertical thermodynamic structure [33]. We then analyzed the
observed average vertical profiles of specific humidity and equivalent potential temperature
at each altitude level. The rawinsonde data were used for rainfall lagging and leading by up
to 12 h for the two different severe cases. The analysis periods are 1200–1800 UTC 23 June,
0000–0600 UTC 24 June, and 1200–1800 UTC 24 June for Case 1, and 1800 UTC 5 July–0000
UTC 6 July, 0600–1200 UTC 6 July and 1800 UTC 6 July–0000 UTC 7 July for Case 2.

3. Results
3.1. Data Validation

To determine the accuracy of the PWV retrieved from the MOVE-GNSS during the 2016
summer IOP, we compared the PWV values at the 1 h interval from the MOVE-GNSS with
those at the 6 h interval obtained from the MOVE-rawinsonde observation (RAOB) system
operated at the same site (Figure 2). Figure 3a shows the time series of PWVs obtained
from GNSS (black solid line) and RAOB (vertical gray bar). During the analysis period, a
consistency in peak time between both PWV products was noted in most cases. Compared
with the RAOB-PWV trend, the time series of GNSS-PWV have comparatively similar
trends and good agreement, with values of ranging from 17 mm to 66 mm (Figure 3a).
These results are consistent with the statistical results of PWV retrievals. The root mean
square error (RMSE), square of the correlation coefficient (R2) and the number of data pairs
are 2.8 mm, 0.98 and 77, respectively (Table 2). Here, RMSE denotes the standard deviation
of the residuals. Residuals are a measure of how far from the regression line the data points
are. That is, they tell us how concentrated the data are around the line of best fit.

To increase the sampling number and representativeness of validation data, we used
10 min interval GNSS-PWV results obtained from optional Bernese processing settings.
The performance of the GNSS-PWV retrievals with high temporal resolution was evalu-
ated through long-term analysis (about 5 years) [34]. First, we compared RAOB-PWVs
(6 h interval) with GNSS-PWVs at 10 min intervals (Table 2). Although the RMSE of 10 min
interval GNSS-PWVs is slightly worse than that of 1 h interval GNSS-PWVs, having a dif-
ference of 0.6 mm, the accuracy of high-frequency (10-min) observation of moisture (PWV)
from MOVE-GNSS is quite reliable under static conditions (R2 = 0.97 and slope = 1.00). A
scatter plot between GNSS-PWVs with time intervals of 10 min and 1 h and the statistical re-
sults are shown in Figure 3b and Table 2, respectively. The linear relationship (slope = 0.98)
and determination coefficient (R2 = 0.99) between the GNSS-PWV results at 10 min and
1 h intervals agree well with enough samples (number of samples = 480). The statistical
measures of the regression line for the scatter plot show a p-value of 0.0001, indicating
statistical significance at the 1% level. This demonstrated that the accuracy of the high
temporal resolution GNSS-PWVs based on the MOVE platform was reliable. The high-
frequency (10-min) dataset of PWV during the 2016 summer IOP was used to examine
PWV-precipitation relationships and characterize the influence of water vapor on heavy
rainfall events in the study area.
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Figure 3. (a) Time series of precipitable water vapors (PWVs) obtained from the global navigation
satellite system (GNSS) and rawinsonde observation (RAOB), and (b) comparison between GNSS-
PWVs over time intervals of 10 min and 1 h. The RMSEs shown as text in Figure 3 indicate root mean
square error.

Table 2. Comparison of precipitable water vapor (PWV) retrievals.

GNSS1h vs. RAOB 1 GNSS10min vs. RAOB GNSS10min vs.
GNSS1h

Number of samples 77 77 480
Slope 2 1.01 1.00 0.98

R2 0.98 0.97 0.99
RMSE 3 (mm) 2.8 3.4 1.5

1 RAOB is rawinsonde observation. 2 Slope is interpreted as the change of y for a one unit in increase in x. 3 RMSE
indicates root mean square error.
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3.2. Wind Rose Analysis

Characterizing the dominant flow of low-level upslope winds is an important step
in examining the climatological parameters of orographic precipitation in mountainous
regions. The prevailing wind directions and wind speeds for GC, a windward site, during
the 2016 summer IOP is shown in Figure 4. Southeasterly winds predominated during the
entire period (Figure 4a); this was attributed to the attenuation from the blocking effect of
the southern mountains above 300 m altitude (sea level) (Figure 1). Interestingly, significant
prevailing southeasterly winds were observed when we only analyzed data from the time
when precipitation occurred (Figure 4b).

Remote Sens. 2023, 15, x FOR PEER REVIEW 7 of 22 
 

 

Table 2. Comparison of precipitable water vapor (PWV) retrievals. 

 GNSS1h vs. RAOB 1  GNSS10min vs. RAOB GNSS10min vs. GNSS1h  
Number of samples  77 77 480 

Slope 2 1.01 1.00 0.98 
R2 0.98 0.97 0.99 

RMSE 3 (mm) 2.8 3.4 1.5 
1 RAOB is rawinsonde observation. 2 Slope is interpreted as the change of y for a one unit in increase 
in x. 3 RMSE indicates root mean square error. 

3.2. Wind Rose Analysis 
Characterizing the dominant flow of low-level upslope winds is an important step in 

examining the climatological parameters of orographic precipitation in mountainous re-
gions. The prevailing wind directions and wind speeds for GC, a windward site, during 
the 2016 summer IOP is shown in Figure 4. Southeasterly winds predominated during the 
entire period (Figure 4a); this was attributed to the attenuation from the blocking effect of 
the southern mountains above 300 m altitude (sea level) (Figure 1). Interestingly, signifi-
cant prevailing southeasterly winds were observed when we only analyzed data from the 
time when precipitation occurred (Figure 4b). 

Figure 5a shows the long-term observational results of upslope flow at the windward 
site (GC supersite) using the past 10-year (2006—2015) summer (from June to August) 
dataset. The southerly wind flow (particularly in the southeast) was dominant from a 
long-term trend perspective, i.e., the characteristics of the prevailing wind during the 2016 
summer agreed well with the results of a 10-year climatic wind rose analysis (Figures 4a 
and 5a). The total precipitation at the Buksang (BS) and Gayasan (GA) sites during the 
2016 summer IOP was 485 and 295 mm, respectively (Figure 5b). Although the altitude 
above sea level at the BS site (325 m) is ~50% that at the GA site (605 m), an increase in 
precipitation on the leeward site (i.e., BS, as marked in Figure 1) was evident, which could 
be associated with the prevailing winds on the windward site (i.e., GC) (Figures 4b and 
5b). 

 
Figure 4. The wind rose diagrams for the (a) whole and (b) precipitation periods from 0000 UTC 23 
June to 0000 UTC 12 July 2016 (IOP) at the Geochang (GC) supersite. 
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Figure 5a shows the long-term observational results of upslope flow at the windward
site (GC supersite) using the past 10-year (2006–2015) summer (from June to August) dataset.
The southerly wind flow (particularly in the southeast) was dominant from a long-term
trend perspective, i.e., the characteristics of the prevailing wind during the 2016 summer
agreed well with the results of a 10-year climatic wind rose analysis (Figures 4a and 5a).
The total precipitation at the Buksang (BS) and Gayasan (GA) sites during the 2016 summer
IOP was 485 and 295 mm, respectively (Figure 5b). Although the altitude above sea level at
the BS site (325 m) is ~50% that at the GA site (605 m), an increase in precipitation on the
leeward site (i.e., BS, as marked in Figure 1) was evident, which could be associated with
the prevailing winds on the windward site (i.e., GC) (Figures 4b and 5b).

3.3. Relationship between GNSS-PWV and Precipitation

Figure 6a shows the 1 h averaged rain intensity at the BS site as a function of the
GC supersite PWV values; the figure shows the transition point from no rain to rain as a
function of PWV. Despite the limitation of rainfall duration hours during the 2016 summer
IOP, a threshold value of ~40 mm was determined to identify the PWV condition that
influenced the occurrence of rainfall. We conditionally averaged the 1 h rain intensities
in the PWV values over five different bins to characterize the behavior of the PWV in the
presence of summer heavy rainfall (Figure 6b). A sharp pickup in precipitation above
a 50 mm PWV is shown in Figure 6b. This jump was considerable, as reported by the
vertical whisker representing +2 standard errors. Despite a slight offset in the 55–60 PWV
bin, the results demonstrated that high PWV on the windward site corresponded to high
precipitation on the leeward site (BS). Furthermore, we propose the product of PWV and
horizontal wind speed as the variable that accounts for the relationship between PWV and
heavy rainfall to account for the effect of convergence (Figure 7). The observed relationship
between wind speed and PWV, which is classified as per rain intensity, has a positive
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slope. However, there were only weak relationships between surface wind speed at the
GC supersite and rain intensity at the BS site. The results demonstrate that the water
vapor in the windward site (GC) depends more on the occurrence of heavy rainfall on the
leeward site (BS) than on the surface wind speed. To provide statistical significance, we
must examine long-term datasets for a sufficiently large range of wind speeds.
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summer intensive observation period (IOP).
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Figure 7. Relationship of wind speed (units: m s−1) to precipitable water vapor (PWV; units: mm)
with the stratification by rain intensity for the Geochang (GC) supersite. All data were extracted at
10 min intervals.

3.4. Vertical Profiles of Moisture and Wind Speed

To understand the vertical structure of moisture variation and static stability associated
with PWV and precipitation, we analyzed rawinsonde temperature and moisture data
at 6 h intervals and precipitation gauge data at 1 min intervals for the 2016 summer IOP.
A 1 h rain intensity at the BS site was computed for comparison with 77 rawinsonde
soundings. The results of thermodynamic profiles conditioned on PWV and rain intensity
in the linear and logarithmic scales are shown in Figure 8. First, the profiles of specific
humidity conditioned on PWV (Figure 8a) demonstrated that it was primarily boundary
layer moisture rather than upper tropospheric moisture that increased with increasing PWV.
That is, ~70% of tropospheric water vapor is in the lowest 2 km above sea level, which is
comparable to previous studies [35,36]. Inversion stability increased in the lowest PWV
bin compared with the highest PWV bin (high instability) (Figure 8b), probably because of
the absorption of dry air into the nonprecipitating cloud layer. The specific humidity and
equivalent potential temperature profiles conditioned on rain intensity did not demonstrate
the same behavior as the PWV. The sub-cloud layer moisture decreased in the highest
precipitation bin; this could be attributed to precipitation-induced downdrafts forming
cold pools of relatively denser air beneath warmer, lighter environmental air [37]. The cold
pools moisten in shallow convection with low rain intensity, preserving the near-surface
equivalent potential temperature; this condition shows downdraft origin air from within
the boundary layer (Figure 8c,d) [38].
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fall, typically in the form of mesoscale convective clusters or larger-scale features [36]. 

Figure 8. Specific humidity (units: g kg−1) and equivalent potential temperature (K) profiles condi-
tioned on (a,b) precipitable water vapor (PWV) (units: mm) and (c,d) rain intensity (units: mm h−1)
in the linear and logarithmic scales, respectively. There were 77 soundings during the 2016 summer
intensive observation period (IOP).

Furthermore, we used rawinsonde observations to examine the impact of lower-
tropospheric flows and low-level moisture on rainfall behavior, because the surface mea-
surements were unrepresentative of conditions aloft. A relationship between the vertical
profiles of the wind speed and magnitude of the PWV in the upstream site (GC supersite)
is shown in Figure 9a. Interestingly, the vertical structures of the horizontal wind speed
indicate an LLJ with a maximum of ~40 m s−1, ~3–4 km where low-level moisture tends to
be concentrated. Furthermore, we explored the horizontal wind speed profiles conditioned
on rain intensity in the logarithmic scale (Figure 9b) to examine the features of upslope
flow (particularly for the strong wind flow; LLJ) influencing heavy rainfall regimes in the
downstream mountains (BS site). Therefore, the horizontal wind speed is ~40 m s−1 for
the highest rain intensity bin at ~3 km altitude, and there is a large amount of variability
among the bins at this level. When profiles are conditioned on rain intensity in the low-
est bins, there is a considerably greater spread in horizontal wind speed. Note that the
vertical variability of horizontal wind speed in the highest PWV bins shown in Figure 9a
corresponds to large changes in upslope flows for all precipitation bins (Figure 9b). That
is, the low-level upslope flow and low-level moisture observed above the windward site
are important indicators of rain occurrence in the mountains [35]. However, the magni-
tude of upslope flows (and/or moistures) was not proportional to the rain intensities in
downstream mountains (Figures 8c and 9) because high PWV often precedes heavy rainfall,
typically in the form of mesoscale convective clusters or larger-scale features [36].
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and logarithmic scales, respectively.

3.5. Precipitation Cross-Correlation Analysis

Many previous studies have reported positive feedback between PWV and deep
convection [36,39,40]. Furthermore, a rapid increase in atmospheric water vapor is an
important ingredient for multiple heavy rainfall events. Therefore, this section explores
the correlation and lags between PWVs and rain intensities. As previously mentioned, a
lead-lag analysis was performed using MOVE-GNSS and AWS site data throughout the
analysis period to examine PWV–precipitation relationships (Figure 10a). These data are pro-
vided at a 10 min resolution, allowing us to explore the cross-correlation between PWV and
precipitation at multiple lag times (from a few minutes to a few hours). The cross-correlation
between the observed PWV and rain intensity sharply increased from approximately a −2 h
lag to a brief peak with zero lag, before returning to near-ambient levels at ~4 h. This feature
was interpreted because of an increase in the probability of precipitation events induced
by an increase in PWV. An additional diagram was developed for visual clarity, to quantify
lead-lag times associated with PWVs impacting heavy rainfall during the 2016 summer IOP.
The rain intensity conditioned on gap-filled PWV at −1 h to 3 h lags is shown in Figure 10b.
A fairly symmetric pattern, with a PWV of 63 mm and a rain intensity of ~50 mm h−1 in the
±1 lag time with increasing precipitation with PWV, was observed. The rain moistening the
air around it and causing a reversed lag relationship explained the increase in precipitation
intensity at the 1 h lag after the high PWV, with a PWV of 59 mm and a rain intensity of
~40 mm h−1. Although we focused on small-scale GNSS-PWV and precipitation gauge data,
the relationship between PWV and precipitation can enable stochastic representations of the
initiation of precipitation over a very short period.
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supersite and rain intensities at the Buksang (BS) site with a 10 min bin width, and (b) rain intensity
(units: mm h–1) conditioned on gap-filled PWV at −1 h to 3 h lags during the entire analysis period.

4. Cases of Heavy Rainfall
4.1. Synoptic Characteristics

To examine the characteristics of synoptic flow in summer heavy rainfall, we selected
two heavy rainfall cases that occurred on 23–24 June and 5–7 July, 2016; one has a summer
monsoon (Changma) and the other has convective instability. The surface weather chart at
2100 UTC on 23 June 2016 is shown in Figure 11a. The synoptic chart for Case 1 shows low
pressure over the Yellow Sea, with a quasi-stationary surface cyclone in the southern Korean
Peninsula. This indicates that the quasi-stationary front moved eastward in connection with
the low-pressure system that was passing via the study area. Furthermore, we examined
another heavy rainfall event with different synoptic conditions. A North Pacific High
extended to the southeastern coast of the Korean Peninsula on the surface weather chart
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at 0000 UTC on 6 July 2016, and a low-pressure was located over the East Sea to the
west of Japan (Figure 11b). This synoptic pattern characteristic eventually results in the
formation of a passage through which a large amount of warm water vapor can flow into
the Korean Peninsula from the southwest along the edges of the North Pacific High. The
spatial distribution of total accumulated precipitation from 0000 UTC 23 June to 2300 UTC
24 June is shown in Figure 11c. The observed precipitation was interpolated using a dataset
of 638 rain gauges operated by the KMA. Note that >30 mm (maximum 87 mm; adjacent
to GC supersite) of accumulated precipitation was recorded on the southern side of the
Korean Peninsula, which is commonly attributed to the crossing of low pressure in the
area (Figure 11a), thereby intensifying the accumulated rainfall amount. Furthermore, the
spatial distribution of the total accumulated precipitation during the analysis period for
Case 2 is shown in Figure 11b. While rainfall in the southern inland region of the Korean
Peninsula exceeded 100 mm, a maximum center with total rainfall exceeding 280 mm
(for 34 h) was located at the BS site in the study area. This indicates that in an unstable
atmosphere, vertical air movements (such as in orographic lifting because of terrain effects)
tend to increase, thus resulting in extensive vertical clouds and heavy rainfall, probably
in association with the convective activity depicted by the convective available potential
energy (CAPE; >2000 J kg−1) analysis (not shown).
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Figure 11. (a,b) Surface weather charts at (upper left) 2100 UTC 23 June and (upper right) 0000 UTC
6 July 2016, and (c,d) spatial distributions of total accumulated precipitation from (lower left) 0000
UTC 23 June to 2300 UTC 24 June and (lower right) 0400 UTC 5 July to 1400 UTC 7 July 2016. The
black triangle in the lower maps stands for Geochang (GC) supersite.
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4.2. Detailed Observational Structures

Furthermore, we compared the PWV–precipitation relationships between two different
cases of localized heavy rainfall. Two distinct cases of relatively large surface rain intensity
occurred from 0000 UTC 23 June to 2300 UTC 24 June (Case 1) and from 0400 UTC 5 July
to 1400 UTC 7 July (Case 2), with total rainfall accumulations of 44.5 and 286.5 mm for
Case 1 and Case 2, respectively. Figure 12a shows the time series of rain intensity and the
PWV during Changma for Case 1, originating from a quasi-stationary surface cyclone at
the leading edge of the maritime tropical air mass (Figure 11a). In this case, the relationship
between the PWV and precipitation is extremely clear and simple. The maximum observed
rain intensity (~20 mm h−1) occurred only after the largest PWV peak, with a maximum
PWV of ~60 mm. Furthermore, Case 2, shown in Figure 12b, corresponds to a heavy
shower produced by convection clouds observed in the study area between 5 and 7 July
2016 (cf. Figure 11b,d). This was associated with three PWV peaks, and the observed
precipitation spikes ranged from 30 to 50 mm h−1. Four heavy rainfall events for both
cases occurred after each build-up of PWV, and these initiated a sharp decrease in PWV
during the following hours (Figure 12a,b). However, the build-up phase of the PWV in
the Changma case (Case 1) took considerably longer than in the convective instability case
(Case 2). The longer build-up phase of the PWV is possibly caused by smaller localized
surface heating in Case 1 than in Case 2.
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In this section, the rawinsonde data from the MOVE platforms at the GC supersite
for both cases were used to compare the vertical structures of thermodynamic indices at
the process level. The level-averaged vertical profiles for specific humidity and equivalent
potential temperatures, and representative soundings of vertical wind fields for rainfall
lagging and leading of the rawinsonde data by up to 12 h are shown in Figure 13. In Case 1,
the profiles demonstrated that the specific humidity was highest during precipitation and
considerably lower before and after precipitation, particularly over the altitude range of
the tropospheric layer (4–7 km) (Figure 13a). Note that levels below 1.5 km were moister
before and during rainfall than afterward; this could be attributable to a warm perturbation
(warming and moistening) because of the advection of warm air (Figure 13b,c). There were
no significant differences in the specific humidity between the periods in altitude average for
Case 2; however, specific humidity was greater than Case 1 at the lower level (Figure 13d).
The vertical characteristics of the equivalent potential temperatures shown in Figure 13b,e
show additional contrasts between the cases. In Case 1, the surface cooling of ~10 K after
rainfall was possibly attributed to the formation of a cold pool induced by diabatic cooling
through the evaporation of raindrops [41]. Interestingly, the mean static stability at >2 km
altitude was variable for all periods (in the order of after > before > during rainfall), whereas
in Case 2, this was less variable with time and had generally higher convective instability
close to the surface, compared with Case 1. Vertical wind barbs reported that the wind
structures in Case 1 and Case 2 differed significantly (Figure 13c,f). Case 1 demonstrated the
progression of a vertical wind structure connected with a quasi-stationary frontal passage
(e.g., veering winds at low levels before rainfall), whereas Case 2 demonstrated a nearly
homogeneous southwesterly wind from the surface to an altitude of 5 km.
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effect in GNSS processing, there was a significant northeastward movement of water va-
por along the southwestern coast of Korea (Figure 14b) (for Case 2). Cross-barrier, south-
westerly moving water vapor with a peak of >70 mm at the coast (station MLDO; see Fig-
ure 14b) formed narrow warm-sector corridors of strong water vapor transport associated 
with a continuous low-level southwesterly flow (Figure 13f), which eventually magnified 
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Figure 13. Level-averaged vertical profiles of (a,d) specific humidity (units: g kg−1) and
(b,e) equivalent potential temperature (units: K), and representative soundings of (c,f) vertical
wind fields (wind barbs; units: m s−1) at the Geochang supersite (upper panels: Case 1 and lower
panels: Case 2). The shaded envelopes represent the standard deviations; red, black, and blue repre-
sent before, during, and after rain, respectively (a,b,d,e). The analysis periods are 1200–1800 UTC
23 June, 0000–0600 UTC 24 June, and 1200–1800 UTC 24 June for Case 1 and 1800 UTC 5 July–0000
UTC 6 July, 0600–1200 UTC 6 July and 1800 UTC 6 July–0000 UTC 7 July for Case 2 (a,b,d,e). The
representative times are 1200 UTC 23 June, 0000 UTC 24 June and 1200 UTC 24 June for Case 1 and
0000 UTC 6 July, 1200 UTC 6 July and 0000 UTC 7 July for Case 2 (c,f).
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4.3. PWV Plumes in the Ground GNSS Database

Finally, the PWV dataset for 24 ground GNSS stations supported by the KASI was
used as a baseline for detecting landfalling water vapor plumes that extended to the
southwestern coast of the Korean Peninsula. We created a composite image of the PWV
during the Changma case (Case 1) based on the 24 ground GNSS stations distributed
across the southern Korean Peninsula to examine the average behavior of PWV around a
heavy rainfall event (Figure 14a). The spatial distribution of the PWV reported a horizontal
gradient from the southwest to the northeast, representing the eastward movement of
the water vapor during the time evolution. This water vapor plume lies within the quasi-
stationary cyclones crossing the southern Korean Peninsula (Figure 11a). Because of
the steep topography of certain GNSS sites (e.g., station MUJU, GOCH, and NAMW; see
Table A1) in the study area, the Saastamoinen zenith hydrostatic delay model and the Vienna
Mapping Function 1 (hydrostatic and wet) were used to represent realistic atmospheric
conditions, such as pressure and water vapor content [28,42]. Despite the removal of the
topography effect in GNSS processing, there was a significant northeastward movement of
water vapor along the southwestern coast of Korea (Figure 14b) (for Case 2). Cross-barrier,
southwesterly moving water vapor with a peak of >70 mm at the coast (station MLDO;
see Figure 14b) formed narrow warm-sector corridors of strong water vapor transport
associated with a continuous low-level southwesterly flow (Figure 13f), which eventually
magnified the orographic rainfall over the mountain complex (Figure 11d).
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Figure 14. Composite distributions of time-averaged PWV retrieved from the 24 global navigation
satellite system (GNSS) ground stations during (a) Case 1 and (b) Case 2. The analysis periods are
the same as those of the total accumulated precipitation in Figure 11c,d. The black triangle in the
maps stands for Geochang (GC) supersite.

5. Discussion

In this study, we examined the characteristics of the local climate and the influence
of water vapor on heavy rainfall events in the southern Korean Peninsula during the 2016
summer intensive observation period (IOP; from 23 June to 12 July 2016) in Geochang (GC),
South Korea. An intensive observation dataset of MOVE, with high temporal resolution
rawinsonde soundings and GNSS observations, was used. We analyzed the low-level
thermodynamic structure in terms of the relationship between water vapor and heavy
rainfall. We divided study events into two heavy rainfall cases to compare the characteristics
of representative summer heavy rainfall with different synoptic environments. Case 1 has
localized heavy rainfall associated with the Changma (summer monsoon) and Case 2 has
convective instability.

Results demonstrated that an increase in precipitation on the leeward side of the
mountainous region coincided with the prevailing winds on the southeasterly flank of the
windward site, indicating that examining prevailing surface winds in the windward region
is critical for an improved understanding of their influence on orographic precipitation.
Note that the vertical variability of the horizontal wind speed in the highest PWV bins
corresponds to considerable changes in upslope flows for all precipitation bins, indicating
that the LLJ along with strong low-level moisture of ~3–4 km is an important indicator
of rain occurrence in the downstream mountains. A lead-lag analysis revealed that the
atmosphere remained moist for 1 h on either side of heavy rainfall, with the probability of
severe rainfall increasing in the highest PWV bin (>60 mm). PWV plumes are important in
water vapor availability for precipitation processes along the edges of the North Pacific
High (Figure 11a,b), and the proximity of the mountainous terrain of the southern Korean
Peninsula to this water vapor source is ideal for two heavy rainfall cases. Furthermore,
the LLJ, which forms in response to restoring thermal wind balance, favors a strong water
vapor transport (Figure 9a), thus leading to precipitation enhancement when it transports
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water vapor toward a mountain range [43–45]. This study is unique in that it details low-
level vertical kinematic structures to better understand their influence on the orographic
precipitation associated with a small-scale basin surrounded by mountains.

Despite these results, this study has limitations insofar as it only focused on two heavy
rainfall cases from one season (2016). Longer GNSS and precipitation datasets must be ana-
lyzed to understand the dependency of parameters, such as the best threshold and lead-lag
times for the tendency of PWV, on heavy rainfall. Using GNSS-PWV data with more inten-
sive (3 h interval) rawinsonde observations and/or other remote sensing measurements
will surely improve this study. Furthermore, low-level three-dimensional kinematic and
moisture structures are essential for improved understanding of their influence on heavy
rainfall [8]. PWV and precipitation vary in complex environments such as mountainous
areas. Thus, the integration of numerical prediction models, dual-polarization radars,
polar-orbiting satellites and MOVE observations is necessary to improve the predictability
of heavy rainfall impacting the southern Korean Peninsula [11,12,45]. In future, combined
analysis using numerical modeling, radar observations, satellites (e.g., Special Sensor Mi-
crowave Imager: SSM/I, Geostationary Korea Multi-Purpose Satellite-2A: GK-2A, and
others) and other upper-air observations (e.g., wind profiler and Doppler wind lidar) will
be conducted. In addition, it is necessary to consider anomaly-based percentile thresh-
olds of predictors (e.g., hourly increment, cumulative increment and rate of cumulative
increment) derived from GNSS-PWV for obtaining better detection performance of heavy
rainfall events, as addressed by Li et al. (2022) [22].

6. Conclusions

In this study, we focused on the meteorological characteristics at the process level of
actual PWV and thermodynamic indices observed from the remote sensing of the MOVE
platform in target areas during heavy rainfall cases. Our results on PWV-precipitation
relationships show that the interactions of blocked and unblocked flow by the terrain in a
given storm and lead-lag analysis should be considered. The MOVE platform observational
evidence base demonstrated that strong low-level upslope flows accompanying the south-
westerly movement of PWV plumes are an important factor in determining the distribution
and intensity of precipitation in the mountainous area of the southern Korean Peninsula.
Based on the results of this study, GNSS and rawinsonde datasets with high temporal
resolution should be used to improve the predictability of heavy rainfall for end-users, and
low-level moisture and upslope flow effects at the windward site should be optimized.
These strategies should be primarily considered in complex mountainous areas where trav-
elers are exposed to extreme flooding. Although this approach has certain limitations, the
results could provide the basis for the regional characterization of conditions and impacts
associated with atmospheric water vapors. This framework suggests the application of
stochastic prediction of precipitation in hydrological models.
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Appendix A

Table A1. Information on ground global navigation satellite system (GNSS) stations used in this study.

Stations Latitude (◦N) Longitude (◦E) H 1 (m) Receiver/Antenna

KIMC 36.137 128.142 94.652 Trimble NetR9/TRM59800.00
GOCH 35.668 127.943 217.203 Trimble NetR9/TRM59800.00
CHNG 35.533 128.478 61.753 Leica GR50/LEIAR25.R4
MUJU 36.003 127.661 230.189 Leica GR50/LEIAR25.R4
DAEJ 36.363 127.291 116.840 Trimble NetR9/TRM59800.00
NONS 36.186 127.099 50.684 Trimble NetR5/TRM59800.00
EOCH 36.125 125.968 88.945 Trimble NetR9/ChokeRing
MLDO 35.858 126.315 75.290 Trimble NetR9/ChokeRing
JUNJ 35.843 127.135 77.148 Trimble NetR9/TRM59800.00
JINJ 35.173 128.050 122.001 Trimble NetR9/TRM59800.00

JUNG 35.623 126.974 141.387 Leica GR50/LEIAR25.R4
NAMW 35.423 127.396 179.845 Leica GR50/LEIAR25.R4
HADG 35.162 127.709 76.592 Trimble Alloy/TRM59800.00
KWNJ 35.178 126.910 71.626 Trimble NetR9/TRM59800.00
YONK 35.279 126.516 100.002 Leica GR50/LEIAR25.R4
MKPO 34.817 126.381 64.380 Trimble NetR9/TRM59800.00
JANG 34.675 126.900 116.773 Trimble NetR9/TRM59800.00
HGDO 34.711 125.204 112.025 Trimble NetR9/ChokeRing
GASA 34.461 126.043 84.502 Trimble NetR9/L1/L2
GEOM 34.008 127.322 95.421 Trimble NetR9/ChokeRing
SORI 34.412 127.801 114.177 Trimble NetR9/ChokeRing
CHJU 33.514 126.530 50.337 Trimble NetR9/TRM59800.00
JEJU 33.468 126.905 430.203 Trimble NetR9/TRM59800.00

SONC 34.957 127.486 43.617 Leica GR50/LEIAR25.R4
1 H indicates the ellipsoidal height at each station.
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