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Spatial and temporal variations in planetary boundary layer height (PBLH) over the Korean Peninsula and its surrounding oceans
are investigated using a regional grid model operated at the Korea Meteorological Administration (KMA). Special attention is
placed on daily maximum mixing height for evaluation against two radiosonde observation datasets. In order to construct a new
high-resolution PBLH database with 3-hour time and 10 km spatial resolution, short-term integrations with the regional model are
carried out for a one-year period from June 2010 to May 2011. The resulting dataset is then utilized to explore the seasonal patterns
of horizontal PBLH distribution over the peninsula for one year. Frequency distributions as well as monthly and diurnal variations
of PBLH at two selected locations are examined. This study reveals specific spatiotemporal structure of boundary layer depth over
the Korean Peninsula for the first time at a relatively high-resolution scale. The results are expected to provide insights into the
direction for operational tuning and future development in the model boundary layer schemes at KMA.

1. Introduction

The diurnally evolving structure of the planetary boundary
layer (PBL) for a typical synoptic high-pressure system is
described by Stull [1]. The depth of the PBL provides impor-
tant information for numerical weather prediction (NWP)
and atmospheric dispersion models. It has been used as a key
parameter in the trigger function for convection in cumulus
parameterization schemes in many NWP models (e.g., [2,
3]). Accurate prediction of PBL’s vertical extent is crucial in
determining whether harmful gases (e.g., those erupted from
a volcano) would reach the ground or not [4]. It affects near-
surface atmospheric pollutant concentrations (e.g., [5]), low-
level moisture availability, and updraft conditions prior to
thundershowers (e.g., [6]). In particular, daytimemixed-layer
(ML) height has been regarded as the location of a capping
temperature inversion atop the convective boundary layer.
Raupach et al. [7] and Denmead et al. [8] formularized the

relationship between carbon dioxide concentration and ML
depth through entrainment processes.

To identify the ML top, there have been several methods
for which radiosondes, wind profilers, and ceilometer/light
detection and ranging (LIDAR) were utilized (e.g., [9–14]).
These kinds of techniques to extract PBLH information have
been also applied over the Korean Peninsula to surface flux
[15–17], radiosonde [18, 19], LIDAR [20], and wind profiler
[21] data. Most of the researchers analyzed characteristics of
PBLH at one location over the peninsula and obtained several
important results. For example, about 60% of daytime max-
imum mixing depths estimated at Korean radiosonde sites
have been found to vary in a range of 1000–2000m altitude
with higher (lower) values in spring and fall (summer and
winter) [18]. Low values in the summertime are associated
with the East Asia monsoon starting in June, and wintertime
low values are related to the cold air masses of the Siberian
high [22].More recently, Lee et al. [19] developed an empirical
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Figure 1: Construction of proxy analysis fields of PBLH for one day using short-termmodel forecast fields.The 00–09h forecasts are not used
to avoid the model spin-up effect.

algorithm for automated determination of mixing height
from mid-day (06UTC or 15LST) radiosonde temperature,
relative humidity, and water-vapor mixing ratio profiles.

However, all these studies until now have used observa-
tions and estimations of mixing depths at local stations, and
thereby the spatial distribution of PBL height and its temporal
variation was not well known over the Korean Peninsula.
The central goal of this paper is to use an operational
regional grid model to obtain a typical PBLH fields over
the Korean Peninsula with the least computational cost. A
quantitative analysis is also performed for the frequency,
horizontal distribution, and monthly and seasonal variation
in PBL height over the Korean Peninsula and its surrounding
ocean for the first time. Data and methods are presented in
Section 2, model evaluation is described in Section 3, and
the spatial distribution and temporal variation are shown
in Sections 4 and 5, respectively. Summary and concluding
remarks are given in Section 6.

2. Data and Methodology

2.1. Model PBL Height Data. This study follows Berbery and
Collini [23] premise stating that “lacking regional analyses,
short-term forecasts with a regional model will serve to add
information in regions and times that otherwise would not
be available.” Based on this idea, we use the KWRF Model,
a regional grid model operated at Korea Meteorological
Administration (KMA), to fill in regions with no PBLH
information. The KWRF initially started from the Weather
Research and Forecasting (WRF) system [24]. The KMA
implemented its 10 km resolution version in May 2007 and
has continuously modified it for data assimilation, physical
parameterization, higher resolution, and other diverse appli-
cations [25]. The current version of KWRF is initialized by
the global analyses from the KMA UM model (N320/L50)
and its boundary condition is updated every 6 h. Horizontal
resolution is 10 km with 40 vertical layers extending from
the surface to 10 hPa, and a 60 s time step is used. The
inflow/outflow-dependent relaxation method is used for the
lateral boundary condition, the radiation method for the
top boundary condition, and the daily NOAA SST data
for the marine boundary condition. The model physics
configuration is composed of theDudhia shortwave radiation
scheme [26], the RRTM longwave radiation scheme [27],

the WRF Single Moment 6-class microphysics [28], the New
Kain-Fritsch scheme [29], the YSU boundary layer scheme
[30], the Monin-Obukhov- Janjić surface layer scheme [31–
33], and the Noah land surface model [34]. WRF model
behavior for East Asia is reported in Lee et al. [35], Choi et
al. [36], and Jung et al. [37].

In general, PBL height is not a primary atmospheric
variable such as temperature, humidity, and wind, and an
objective data analysis scheme does not assimilate it into a
numerical model. This is one main reason why the KMA
data assimilation and prediction systems do not include the
PBL height as an analysis variable. This significantly hinders
us from knowing specifically the spatiotemporal structure of
PBL height over the Korean Peninsula. Therefore, a strategy
is needed in order to construct a basic dataset for the PBL
height as accurately as possible. To this end, this study uses
short-period integrations of the KWRF. Basically, the dataset
consists of a series of 24 h forecasts at 3 h intervals starting at
00UTCand 12UTC for each day.Then, a ”proxy” analysis field
of PBLH can be established by connecting the two 12–21 h
forecasts, starting at 00UTC and 12UTC, respectively (see
Figure 1). The 00–09 h forecasts are not used to avoid the
model spin-up effect.

Thenonlocal YSUboundary layer schemeuses prescribed
eddy diffusivity profiles and permits countergradient terms
in the situation of convective boundary mixing. Also, as an
upgraded version of theMRFPBL scheme [2, 38], it considers
an explicit representation of entrainment at the top of the
boundary layer. Stability functions for momentum and heat
are determined according to atmospheric stability that has
four regimes based on the critical Bulk-Richardson number
(Ribcr): free convection (Ribcr < 0), forced convection
(Ribcr = 0), damped mechanical turbulence (0 < Ribcr <
0.2), and stable atmosphere (Ribcr >= 0.2). In the scheme,
PBL height is diagnosed by

ℎ =
Ribcr𝜃va|𝑈 (ℎ)|

2

[𝑔 (𝜃V (ℎ) − 𝜃𝑠)]
, (1)

where is 𝑔 acceleration due to gravity, 𝜃
𝑠
and 𝜃va are virtual

potential temperatures near the model surface and at the
lowest sigma level, respectively, 𝜃V(ℎ) is the virtual potential
temperature, and 𝑈(ℎ) is the horizontal wind speed at height
ℎ of the PBL. In the KWRF model, boundary layer depths at
every time steps are always defined through (1).
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Figure 2: Topography used in the KWRF. Geographic locations of representative large cities are shown together with two operational
radiosonde sites, Osan and Gwangju. The West Sea, the East Sea (also known as Sea of Japan), and the South Sea are located west, east,
and south of the Korean Peninsula. Contour intervals are indicated at the bottom.

Figure 2 shows the model domain and its topographic
features. The model topography reproduces the mountain
range and the sharp slopes along the east coast of the Korean
Peninsula. Seoul, Daejeon, Daegu, Gwangju, and Busan are
the largest five cities in the Republic of Korea. A high
mountain among Daejeon, Daegu, and Gwangju is known as
“Jiri Mountain.” Between themountains, low-altitude regions
with terrain heights of no more than 100m are spread out
toward the west and south seacoasts.

2.2. ObservedData. TheKWRF-produced PBLH can be eval-
uated using remote-sensing equipment such as radiosonde
and wind profiler. In this study, two types of radiosonde
datasets at Osan site (See Figure 2) are employed for the
model evaluation because the data are available for a long-
time period (since the 1980s) over Republic of Korea. The
first dataset, produced by Choi and Baek [18], is composed of
average daily maximum mixing height (DMMH) data for 10
years (1983–1992). Their DMMH data were calculated using
a parcel method used by Holzworth [9], where the DMMH
is determined as a height where a dry adiabatic line passing
through the day’s maximum 2 m temperature intersects a
morning (00UTCor 09LST) temperature profile.This 10-year
averageDMMHdata (hereafter, CB98) play an important role
as climatological boundary-layer depth data over Republic of
Korea.

The second dataset is also composed of DMMH data,
but it was created by more direct method to use only mid-
day environmental profiles of virtual potential temperature,

mixing ratio and relative humidity measured at 06UTC
(15LST). The mid-day (15LST) radiosonde balloon launches
have been conducted and archived since 2001 and were
used in this study for creating a one-year dataset (June 2010
to May 2011) of DMMH. Hereafter, this DMMH dataset
is called RAOB and Lee et al. [19] describe it in more
depth.

3. Comparison of Observed and
Modeled PBLH at Osan

3.1. Osan Radiosonde Observations. While 00UTC and
12UTC profiles of thermodynamic variables over the Korean
Peninsula are archived and their spatial and temporal vari-
ation are well known, the characteristics of 06UTC (15LST)
profiles (a new dataset) have not yet been reported. Since
the 06UTC profiles are heavily used for model evaluation,
this subsection provides readers with the basic information
on the full-range and seasonal variability of the profiles.
For this, we visualize them in a spaghetti plot that is useful
to trace the individual patterns of vertical profiles at Osan
and easily check their daily behavior by season. Figure 3
shows a spaghetti plot of the radiosonde temperature profiles
at the Osan site in each of the four seasons. The thin
lines correspond to daily 06UTC soundings, and the thick
black line is the seasonal mean profile. Seasonal mean of
all temperature data (over all dates and levels) ranged from
−9.5∘C (winter) to 14.6∘C (summer). It is noticeable that
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Figure 3: Spaghetti plots for vertical temperature profiles (colored lines) and their mean (thick black line) from 06UTC (15LST) radiosonde
observations at Osan in four seasons during the period June 2010–May 2011. Spring 2011 (a), summer 2010 (b), fall 2010 (c), and winter 2011
(d) had 92, 92, 88 (3 missing data), and 90 profiles, respectively.

daily differences in temperature profiles are relatively small in
summerwith standard deviation of 6.9∘C, compared to 10.1∘C
in spring.

Empirical orthogonal function (EOF) analysis, also
known as principal component analysis (PCA), can illumi-
nate the patterns that explain the most variability within
a dataset. It is important to be cognizant of these vertical
structures in the dataset that may be masked by examining
a single metric, such as DMMH, in isolation. The EOF
expansion was truncated to 4, because these vectors together
explain 98% of the variance of the dataset; further details
on the methodology for this section are described in the
appendix. Figure 4 shows the EOF pattern vectors for the
temperature in each season. The first pattern vector in all
four seasons slowly increases its magnitude with height and
has uniform sign. This represents a shift (warmer or cooler)
from the profile mean, which is more pronounced in the

upper atmosphere than lower atmosphere. It is noteworthy
that the first eigenvector explains considerably less of the
variance during summertime (79% compared to 94, 95, and
91%), as shown in Figure 3 where the summer season exhibits
the smallest spread. This indicates that summertime profiles
may exhibit more complex and small scale variations in
the vertical. The second eigenvector is nearly monotoni-
cally increasing (decreasing) from the surface to the upper
atmosphere and represents changes in lapse rate (and hence
stability) in the profiles.The third pattern has its maximum at
around 1500m, with a sharply opposite sign near the surface,
and could be indicative of a temperature inversion at that
level. The fourth pattern has two peaks and can explain finer
scale vertical structure in the data. Many of the eigenvectors
change sign or slope at around 1000m, indicating that this
level is critical in separating two vertical regimes (i.e., PBL
and free atmosphere) in temperature profile shape.
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Figure 4: Rotated empirical orthogonal function (EOF) pattern vectors for vertical temperature profiles from 06UTC (15LST) radiosonde
observations at Osan in four seasons: spring 2011 (a), summer 2010 (b), fall 2010 (c), and winter 2011 (d).

3.2. Model Evaluation at Osan. To measure the performance
of the PBLH produced by the KWRF Model, a point-to-
point comparison was conducted at the Osan site where the
two types of observation datasets are available. The results
are summarized in the form of a scatter diagram (Figure 5)
where each point represents the monthly DMMH value. The
linear regression equations on the plot provide information
on the relationship between the model and the observed
DMMHs and indicate how well the KWRF Model DMMHs
are compared to the observed.

Figure 5(a) shows the scatter plot that compares the
monthly KWRF DMMH with the 10-year average data
(CB98). One merit of the CB98 dataset is its very low data
loss because it was computed on a thermodynamic diagram
using the parcel method. It can be seen that while the model

DMMH tended to be less than the observed, they have
remarkable correlation (0.7). It shows that 70%of the variance
in the KWRF DMMH values is explained by the 10-year
climatological values, and 30% of those differences remain
unexplained. But the regression equation has a slope greater
than 1 and a large offset (∼830m).This means that the model
simulates the observed pattern quite well, but not for the
magnitude. The large offset should not be considered critical
because CB98 is much smoothed data by using a 10-year
averaging.

Figure 5(b) shows the scatter plot between the monthly
KWRF DMMH and the RAOB DMMH data for one year
except the summertime rainy season (July–August 2010),
when RAOB estimates of DMMH are nearly unavailable and
substantially inaccurate due to bad weather conditions like
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Figure 5: Comparison of monthly mean PBLH.The same KWRFModel PBLH is evaluated by (a) 10-year radiosonde data [18] and (b) 1-year
(June 2010–May 2011) radiosonde data [19]. In (b), summer season RAOB data were not used due to low availability as a result of monsoon
precipitation.

precipitation and strong winds. It shows that 79% of the
variance in the KWRF DMMH values is explained by the 1-
year radiosonde-estimated values.The line in the graph has a
slope of ∼1, and an offset (∼353m) smaller than CB98. This
means that, compared to CB98, the KWRF model exhibits
better agreement with RAOB in terms of magnitude and
pattern.

In order to determine the probability that the computed
correlation occurred by chance, we conducted a significance
test using a two-tailed test based on the mutually exclusive
hypothesis with the common significance level (=0.05) and
the degrees of freedom (=10) and found that the critical value
is ∼0.58. Since the two correlation values in Figure 5 are
greater than 0.58, we can conclude that they are statistically
significant and the probability of a chance occurrence is less
than 5 out of 100.

It is noted from Figure 5 that overall the model DMMHs
tend to be lower than the radiosonde estimates with negative
offsets. The model’s underestimation of PBL height in the
present study is firstly because the sounding data weremainly
from clear days, while the modeled PBLH data were from all
days. Second, the radiosonde-estimated DMMH is a point
value, whereas the model DMMH represents a grid box
(10 km×10 km) average, somodel-gridded values of DMMH
and large locality of radiosonde sounding can cause the lower
model DMMH than the observed. Third, the KWRF model
itself can have systematic errors in simulating boundary layer
depth. Lastly, there can be potential error sources including
an incorrect land-cover type and topographic effects in the
model. This underestimating tendency is opposite to some
studies (e.g., [39]) where the WRF with YSU PBL tend to
overestimate the PBL depth. However, the overestimation
of PBL height is somewhat unclear in other studies. For
example, Shin and Hong [40] showed that YSU PBL had the
second lowest depth during daytime among two nonlocal
schemes and three local schemes. Such an overestimating
or underestimating tendency seems to be dependent on
observational system as well (e.g., radiosonde, wind profilers,
LIDAR, etc.) used in the PBL height evaluation. When all
these things are considered, the levels of correlation and offset
shown in this section are acceptable.

4. Horizontal Distribution of the Model
Boundary Layer Height

4.1. Diurnal Range andMorningGrowth Rates. For simplicity,
the diurnal range (daily maximum minus daily minimum)
of PBLH is defined by 15LST PBLH minus 03LST PBLH.
Figure 6 shows the spatial distribution of the diurnal range
of PBLH by season. Overall, it shows that the PBLH field
is influenced by seasonality and topographic characteristics.
Compared to land PBLH, the maritime PBLH shows the
lowest diurnal range values because of the ocean’s large heat
capacity and themarine boundary layer it develops, and these
two effects can even lead to negative values at some local
points (e.g., southeastern sea of the peninsula in fall) due to
the time-lagged cycles of PBLH over land and ocean.

However, the diurnal range increases sharply inland and
exceeds 1000m over relatively low terrain including over the
cities of Seoul, Daejeon, and Daegu in the warm season.
Over land, springtime has the largest diurnal amplitude
throughout the peninsula. Summertime also showed large
diurnal amplitudes, but the spatial coverage was restricted
within Republic of Korea. In summer, the spatial gradients
and horizontal heterogeneity of diurnal range become large
and this results in the largest diurnal range occurring around
Seoul. A strong gradient was seen over the western shoreline
near Seoul city where the diurnal amplitude varies from a low
of ∼25m to values of 1000–1500m. The difference in spatial
heterogeneity of diurnal range is related to heavy rainfall in
the rainy season during summertime and frequent clear skies
in springtime.Wintertime has the smallest diurnal amplitude
especially over mountainous areas. Fall has features interme-
diate between summer and winter in time and space.

Figure 7 shows the morning growth rate of PBLH, which
is defined by 12LST PBLH minus 06LST PBLH. The growth
rate of the PBLH during the morning hours is an important
factor in the development of high ozone concentrations at
ground level (Berman et al., [41]). Overall, the growth rate
has similar patterns to the diurnal range in its horizontal
distribution. BothKoreas show similar growth rates in spring,
but in summer Republic of Korea showed more rapid growth
rates than Democratic People’s Republic of Korea.The largest



Advances in Meteorology 7

40∘N

39∘N

38∘N

37∘N

36∘N

35∘N

34∘N

33∘N

124∘E 125∘E 126∘E 127∘E 128∘E 129∘E 130∘E 131∘E

1400

1250

1100

950

800

650

500

350

200

50

−100

(a) Spring

40∘N

39∘N

38∘N

37∘N

36∘N

35∘N

34∘N

33∘N

124∘E 125∘E 126∘E 127∘E 128∘E 129∘E 130∘E 131∘E

1400

1250

1100

950

800

650

500

350

200

50

−100

(b) Summer

1250

1400

1100

950

800

650

500

350

200

50

−100

40∘N

39∘N

38∘N

37∘N

36∘N

35∘N

34∘N

33∘N

124∘E 125∘E 126∘E 127∘E 128∘E 129∘E 130∘E 131∘E

(c) Fall

40∘N

39∘N

38∘N

37∘N

36∘N

35∘N

34∘N

33∘N

124∘E 125∘E 126∘E 127∘E 128∘E 129∘E 130∘E 131∘E

1400

1250

1100

950

800

650

500

350

200

50

−100

(d) Winter

Figure 6: Seasonal mean distributions of the diurnal range of PBLH over the Southern Korean Peninsula and surrounding ocean during the
period June 2010–May 2011.

growth rates appeared inland over large cities and mountain
valleys, where they exceeded 1100m at some locations.
Growth rates over highmountain rangeswere lower (∼500m)
and declined rapidly as the shoreline is approached, with
values of a few tens of meters along the coastline. This
pattern is consistent with the findings of Berman et al. [41]
that the effect of the marine boundary layer is to depress
surface temperature and thermal convection. Values of zero
or negative growth rates appearing over much of the ocean
indicate that the direct effect of incoming solar radiation is
very small on the PBLdevelopment at those areas over the sea.
Spatial distributions of nocturnal PBLH showed very little
seasonal variation and they were not shown.

4.2. Daily Maximum Mixing Height (DMMH). Since the
PBLH data used in this study have a 3-hour resolution,
06UTC (15LST) PBLH can be regarded as DMMH, which
usually corresponds to maximum afternoon mixing depth
in the case of no-precipitation days. Figure 8 displays the
horizontal distribution of DMMH for the seasonal mean.
In general, the daytime boundary layer is deeper over land
as expected except winter. Large DMMHs can be found
in nonmountainous regions such as the Seoul and Daegu
metropolitan cities. This is related to the urban heat island
effect as shown by Kim and Baik (2005) [42] and Lee and
Kim [43]. In winter, however, the boundary depths are larger
over the ocean, and this can be easily understood from the
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Figure 7: Same as Figure 6, but for morning growth rate of PBLH.

relatively high sea surface temperature due to the larger heat
capacity of the sea.

Over the sea, the wintertime marine PBL depths are
smaller in the West Sea than in the East Sea and tend to be
smaller at high latitudes. This is affected mainly by the sea
surface temperature distribution. Over land, the topographic
effect is clearly seen regardless of season, especially along the
high mountain ranges. This results in relatively low DMMHs
in the mountainous areas in all seasons and reflects that the
mountains have cooler daytime surface temperatures.

Figure 9 shows seasonal standard deviation of DMMH. It
should be noticed that seacoast areas, especially the south-
eastern areas, show large variability in DMMH in spring. In

the other seasons, low-altitude regions show large variability
compared to high-altitude regions. Over sea, the variability
of DMMH is generally small compared to land, except for
spring.

5. Frequency Distribution and Monthly
Variation of the Model Boundary Layer
Height at Two Local Points

5.1. Frequency Distribution of PBLH and DMMH. In order to
see the distribution of PBLHdata at all times of day (3 h inter-
val) during the one-year period, histograms of PBLHs were
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Figure 8: Seasonal mean distributions of the DMMH over the Southern Korean Peninsula and surrounding ocean during the period June
2010–May 2011.

calculated in Figure 10 for Osan and Gwangju (see Figure 2).
It shows the frequency of PBLHmore quantitatively using the
same bin width as Choi and Baek [18]. First of all, it can be
seen that the occurrence frequency is high (low) for smaller
(larger) PBLH bins. The frequency distribution of PBLH
appears to follow approximately exponential distributions
regardless of season. Both sites show the largest frequency in
100–500m bin, occupying a relative frequency of ∼44%.

Figure 11 shows histograms of DMMHs for the two sites
and provides detailed information on occurrence frequency
and relative frequency of DMMH for each site. They reveal
that the frequency of DMMH at Osan (Gwangju) had the

most occurrences in the 500–1000m (1000–1500m) bin,
occupying relative frequency of ∼62(56)%. Unlike Figure 10,
the histograms are somewhat close to Gaussian distributions
and this characteristic is more clear at Gwangju in the
fall season. In summer, the shape of the distribution is
considerably broader, implying larger variability. In winter,
the distribution is skewed toward low DMMH values and
deviates from the Gaussian-like shape.

The one-year mean DMMH at the two sites shows
again a Gaussian-like distribution (Figure 11(e)). Gwangju
shows relatively lower (higher) frequency at small (large)
PBLH bins, compared to Osan. Possible reasons include that
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Figure 9: Same as Figure 8, except for DMMH’s standard deviation.

Gwangju is geographically located south of Osan and thus
climatologically warmer than Osan or that Gwangju is more
unstable and convective than Osan during the daytime. Also,
the Gwangju site showed a patternmore similar to a Gaussian
distribution and had its mode near 1100m. The Osan site
shows larger skewness than Gwangju site and has its first
mode at 900m.The second peak at a height of 300m at both
sites is an interesting feature and remains for further analysis.

5.2. Monthly and Diurnal Variation of DMMH. In order to
see the temporal trend in model DMMH, monthly and sea-
sonal mean and standard deviation were calculated. Table 1

shows that the highest DMMH occurs in the spring season
at both sites, and the spring mean value is ∼1315m (1406m)
for the Osan (Gwangju) site. The lowest DMMH appears in
the winter season at both sites, and the winter mean value
is ∼630m (691m) for Osan (Gwangju) site. Summer and fall
seasons show intermediate values of DMMH between the
spring and winter values. Summer DMMH values are most
spread out and the standard deviation is large, indicating that
summer has the largest variability in the DMMH dynamics
compared to the other seasons, whereas winter DMMHs are
least spread out and show the smallest dispersion in DMMH.
Compared with Choi and Baek [18], the most different aspect
is that the KWRF DMMH is much smaller in winter. This
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Figure 10: Histogram of model PBLH at Osan and Gwangju for one year (June 2010–May 2011). The solid (dashed) line denotes Osan
(Gwangju) site.

Table 1: Monthly and seasonal mean and standard deviation (SD)
of model DMMH (m).

Month/season Osan Gwangju
Mean ± SD Mean ± SD

6 1365.58 ± 596.40 1606.47 ± 698.37
7 892.19 ± 532.82 1190.51 ± 466.21
8 981.90 ± 509.45 1402.53 ± 496.75
Summer 1079.89 ± 583.80 1399.84 ± 586.61
9 1107.41 ± 463.84 1395.94 ± 399.16
10 1010.00 ± 359.50 1390.61 ± 290.33
11 970.64 ± 329.33 1117.86 ± 303.54
Fall 1029.35 ± 393.23 1301.47 ± 358.30
12 568.32 ± 354.05 777.50 ± 404.96
1 699.47 ± 251.95 611.13 ± 251.20
2 621.65 ± 281.01 683.28 ± 389.78
Winter 629.81 ± 295.67 690.64 ± 348.65
3 1490.01 ± 481.42 1490.19 ± 420.74
4 1369.71 ± 557.96 1408.14 ± 553.90
5 1086.14 ± 595.12 1318.98 ± 590.12
Spring 1315.29 ± 572.62 1405.77 ± 531.02

indicates that the model PBL mixing is generally weak in the
cold season and presumably nighttime stable regimes.

Figure 12 shows variations in monthly mean DMMH at
Osan and Gwangju with standard deviations denoted by
the vertical error bars. Overall, the two sites show a similar
behavior in the pattern and magnitude. The monthly mean
DMMHs are high in March and June at both sites, forming
two peaks in the graphs, due to fair weather conditions
in spring and early summer. From December to January
both sites exhibit the lowest values, and this is basically
attributed to low surface temperature due to small insolation
in the winter season. The lowest values are ∼600m and
the highest values go over 1500m, making the maximum
seasonal differences as large as ∼900m.

It should be noted that there are two depressions of the
mean DMMHs in May and July during the warm season.
The one depression in July is clearly related to the increase
of cloud cover and precipitation during the monsoon season
(normally late June through early August in Korea), as shown
in Figure 13(a). The large amount of precipitation at Osan
in September 2010 was caused by the 21-September heavy
rainfall eventwhich occurred in the central part of theKorean
peninsula (see the satellite image in Figure 13(b)). It can be
seen that the record-breaking heavy rainfall contributed to
lower the mean DMMH more at Osan than at Gwangju.
This can be confirmed also by examining vertical radiosonde
soundings measured at both sites on September 21, 2010.
Figure 14 shows that Gwangju had a normal mixed layer
with a depth of 1385m on the day, whereas Osan had a
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Figure 11: Same as Figure 10 except for model DMMH.The solid (dashed) line denotes Osan (Gwangju).
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Figure 12: Monthly variation of mean and standard deviation of model DMMH at Osan and Gwangju for one year (June 2010–May 2011),
which has re-arranged months for the x-axis label.

highly disturbed boundary layer with large wind speed and
fluctuating vertical profiles.

On the other hand, the other depression in May is not
related to monsoon rainfall. Figure 12 displays a decrease
in monthly mean DMMH from March to May. This is
associated with typical springtime changes in turbulent heat

fluxes and surface wind over the Korean Peninsula. Figure 15
shows changes in monthly mean values of several microm-
eteorological variables measured at the Haenam Farmland
site (KoFlux/AsiaFlux site code: HFK; refer to the web site
http://asiaflux.net and http://ncam.kr/page/koflux/database
for detailed information) from March to May 2011. It shows
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Figure 13: (a)Monthlymean precipitation observed at Osan andGwangju during June 2010–May 2011 with re-arrangedmonths for the 𝑥-axis
label, and (b) the composite satellite image valid at 1433LST 21 September, 2010.

0 20 40 60 80 100
0

800

1600

2400

3200

4000

H
ei

gh
t (

m
)

Pr
es

su
re

 (h
Pa

)

1010

940
925

850

Site: 47158

Estimated mixing depth (M): 1385 1385 1385

MR (0.5 g/kg)
RH (%)Wind speed (m/s)
(RiB + 1000)/20

Time: 2010092106UTC

SFC temperature (∘C): 32

THV + 20 ∘C

(a)

1002

972

925

850

700

Site: 47122

Estimated mixing depth (M): 904 1707 2526

Time: 2010092106UTC

0 20 40 60 80 100
0

800

1600

2400

3200

4000

H
ei

gh
t (

m
)

Pr
es

su
re

 (h
Pa

)

MR (0.5 g/kg)
RH (%)Wind speed (m/s)
(RiB + 1000)/20

SFC temperature (∘C): 28

THV + 20 ∘C

(b)

Figure 14: Vertical profiles of water vapor mixing ratio (MR), virtual potential temperature (THV), relative humidity (RH), horizontal wind
speed, and the bulk Richardson number (RiB) measured at Gwangju (a) and Osan (b) radiosonde sites. The arrows denote horizontal winds
at each level, and the horizontal dotted lines denote maximum gradient levels for each profile.

that evapotranspiration increased by ∼60% while sensible
heat fluxes gradually decreased fromMarch toMay, resulting
in decreasing in Bowen ratio.This indicates that plants started
active growth and photosynthesis with transpiration depend-
ing on more insolation, allotting more energy toward latent
heat rather than sensible heat as time goes by. The reduction
in sensible heat fluxes leads to reduction in buoyancy. Wind

speed also plays an important role in PBL depth through
mechanical turbulence generation. Wind speed is one of
the main variables that can identify the PBL depth under
strongly convective conditions (e.g., Stull, [1]). Wind speed
near the surface decreases from March, when the strongest
near-surface winds occur due to frequently passing high-
pressure systems over the Korean Peninsula (e.g., [44, 45]),
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Figure 15: Changes in latent heat fluxes (LH), sensible heat fluxes
(SH), the dimensionless Bowen ratio (BR), and near-surface wind
speed measured fromMarch toMay 2011 at the KoFlux Haenam site
which is located near Gwangju.

to May. Thus, a reduction in both sensible heat fluxes and
near-surface wind speed accounts for the depression of mean
DMMH in May.

6. Summary and Concluding Remarks

Planetary boundary layer height is an important variable
in modeling weather phenomena and air quality. Current
understanding of the spatial distribution and temporal
change of PBLHover the Korean Peninsula is very partial and
incomplete. This paper uses short-term forecasts from the
operational regional KWRF model to obtain information on
the spatial distribution and temporal variations in PBLH that
are unavailable with the current observations and analyses
over the region. To validate the model, we make use of
previously unpublished 15LST Korean radiosonde profiles.
Their seasonal and vertical modes of variability are presented
using EOF analysis.

Model integrations for June 2010–May 2011 suggest that
PBLHs exhibited the largest diurnal range, morning growth
rate and daytime maximum values over lower terrain inland
in spring, with the smallest values over higher terrain in
winter. Strong horizontal gradients of PBLH were observed
along the coastline especially in summer. The surrounding
ocean showed very low (even slightly negative) values in the
diurnal range, morning growth rate, and daytime maximum
fields of PBLHs due to its low surface temperature and
thermally depressivemarine boundary layers. LargeDMMHs
were located over nonmountainous regions (especially over
the cities of Seoul, Daejeon, and Daegu as a result of the
urban heat island) in spring, while the highest DMMHs
were located over the East Sea and the South Sea in winter.
Regarding the variability of DMMH, it was large in the
southeastern seacoast areas in spring and was small over all
seas surrounding the peninsula in summer.

Local analyses of model PBLHs and DMMHs at the Osan
and Gwangju points showed that histograms of model PBLH

tended to have exponential distributions of frequency at both
locations, while those of model DMMH exhibited almost
Gaussian distributions especially at Gwangju. Monthly varia-
tion of DMMH had its main peaks in March and June and its
lowest values in winter, with the largest variability in summer.
Therewere two secondaryminimums ofDMMHs inMay and
July as well. The minimum DMMHs in winter and July are
mainly attributed to the lowest surface temperature and the
rainy season, respectively. It was suggested that the secondary
minimum of mean DMMH in May can be accounted for by
the decreasing trend in both Bowen ratio and near-surface
wind speed during spring over the peninsula.

The current study provides meso- and regional scale
analyses of PBLH fields over the Korean Peninsula for the
first time. The complex structure of PBLH variation in space
and time is reasonably shown using 3-hourly model forecasts
for one year, but additional work must include a comparison
with observation data over a longer-term period. It is likely
that the use of higher-resolution model PBLH estimates
with a more frequent output interval (e.g., hourly) may
be necessary; in this regard, data from a new operational
regional model (with a horizontal resolution of 1.5 km) being
developed at KMAmay play an important role toward better
estimates of PBLH in the region.The revealed spatiotemporal
characteristics of PBLH from the KWRF Model will be used
as an important reference for future operational tuning and
development of a new boundary layer scheme in the model.
The constructed PBLH dataset can be applied tomany related
research including boundary layer CO

2
dynamics and air

pollutants dispersion.

Appendix

EOF Analysis of Radiosonde Temperature
Profiles

Empirical orthogonal function (EOF) analysis, also known
as principal component analysis (PCA), can illuminate the
patterns that explain the most variability within a dataset.
In this paper, EOF analysis is applied to 06UTC (15LST)
Osan radiosonde temperature profiles. The data was first
divided by season: June to August 2010 (summer), September
to November 2010 (autumn), December 2010 to February
2011 (winter), and March to May 2011 (spring). For EOF
analysis, data must be on a common vertical grid. Thus, the
data were interpolated linearly to every 100 feet from 100
to 4000 feet, and records with missing data were ignored.
Next, the mean profile was subtracted from the dataset so
that the EOFs explain variability about the mean. Then, EOF
analysis was performed separately on each variable for each
season by computing the covariance matrix in space and
its eigenvalue decomposition, and ordering the eigenvalues
and eigenvectors by explained variance. For brevity, only
temperature results are reported here. EOF pattern vectors
can be rotated to relax the orthogonality constraint, which
aids the physical interpretation of results [46, 47]. Without
rotation, the orthogonality constraint of EOFs leads to the
emergence of Buell patterns, which are characteristic of
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domain shape and can appear regardless of the field under
consideration [46]; here we use the varimax technique. It
should also be noted that the sign of the pattern vector is
irrelevant for physical interpretation, only the shape.
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