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ABSTRACT

A  precipitation  system  developed  continuously  along  the  western  coastline  of  the  Korean  Peninsula  and  created
considerable  precipitation  both  along  the  coast  and  inland  on  26  July  2011.  In  this  study,  the  causes  for  this  nearshore
convective system are investigated from observations and the results of model experiments. Three-dimensional radar fields
clearly  show  that  a  change  of  wind  at  the  surface  border  played  an  important  role  in  the  development  of  the  nearshore
convection  system.  The  simulation  results,  which  are  very  similar  to  the  observations,  show  that  the  surface  border
generated  and  maintained  the  convergence  zone.  The  roughness  change  enhanced  the  convergence,  and  the  interaction
between  the  deepening  cold  pool  and  downward  flow  maintained  the  convergence  zone.  The  surface  mechanical
discontinuity  affected  by  the  roughness  change  between  sea  and  land  formed  the  convergence  (gradient  of  wind  stress),
which induced momentum transfer to the upper layer. The cold pool created a steep gradient of potential temperature and
provided  the  reason  for  the  propagated  convergence  zone  with  the  downward  flow.  The  maximum  value  of  the  surface
change factor, which comprises the influencing factors for the long-lasting convective system, reflects the enhancement of
the system at the coast.
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Article Highlights:

•  Three-dimensional radar fields clearly show that a change of wind at the surface border played an important role in the
development of the nearshore convection system.
•  This study suggests that steep gradient of wind stress and potential temperature can be major factors in the formation of
the discontinuity and that the well-formed cold pool and downward flow are responsible for maintaining convergence.
•  Surface  change  factor,  which  includes  determinants  for  coastal  precipitation  (CP)  is  sufficient  for  representing  and
diagnosing the development of CP.

 
 

1.    Introduction

The  meteorological  phenomena  that  occur  in  coastal
areas  can  be  summarized  as  sea  breezes,  coastal  fronts,
coastal  jets,  typhoon  landfalls  and  coastal  precipitation
(CP).  A sea breeze is  a  local  coastal  wind that  blows from
the sea to the land and can cause convection near the coast
(Mazón and Pino, 2013; Chen et al., 2015). A coastal jet is in-
duced  by  mountain  barrier  and  may  cause  rising  air  and

heavy  rainfall  if  it  continues  to  develop  (Christakos  et  al.,
2014; Ke  et  al.,  2019).  The  landfall  of  a  typhoon  is  very
well known and is the cause of much precipitation and dam-
age  in  coastal  areas  (Gray  et  al.,  1997; Woodruff  et  al.,
2013). Because all these coastal phenomena have the poten-
tial  to  cause  flash floods,  they have been analyzed in  vari-
ous ways for a long time. CP, which refers to concentrated
rainfall in a coastal inland area, is the result of various weath-
er  phenomena.  Given  that  much  of  the  world’s  population
resides in coastal areas, CP has a significant impact on hu-
man activity. Although studies of the formation and mechan-
isms of CP have been conducted for a long time (Bergeron,

 

  
* Corresponding author: Dong-In LEE

Email: leedi@pknu.ac.kr 

 

ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 36, DECEMBER 2019, 1327–1339
 
• Original Paper •

 

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019
  

https://doi.org/10.1007/s00376-019-9025-x


1949; Nyberg and Modén,  1966; Camberlin  and Planchon,
1997; Braun  et  al.,  1999; Attema  and  Lenderink,  2014),  it
has been difficult to elicit their causality because of the com-
plex  interrelationships  among  physical  processes.  Further-
more,  since  numerous  studies  have  been  focused  on  better
boundary  layer  simulation,  the  mechanism  of  CP  was  far
from  being  the  main  research  subject.  Therefore,  CP  re-
mains  incompletely  understood,  thereby  justifying  the
present research.

The characteristics of CP are the precipitation maxima
that appear inland. Bergeron (1949) first identified precipita-
tion maxima in the coastal region of the Netherlands. Later,
Nyberg and Modén (1966) found the precipitation distribu-
tions  for  Stockholm to  be similar  to  the  precipitation max-
ima of the Netherlands. In the past, a lack of scientific data
caused technical limitations in identifying the cause of CP,
but  in  recent  years  climate  characteristics  have  been  de-
rived  from  a  set  of  meteorological  instruments  and  model
data (Attema and Lenderink, 2014). According to climatolo-
gical  studies  (Roxy  et  al.,  2015; Drobinski  et  al.,  2018;
Yang et al., 2018), CP with morphological clearness is gener-
ally induced by sharp changes in the transfer of heat, mois-
ture  and  momentum  between  land  and  sea.  These  sudden
changes are due fundamentally to the differences in specif-
ic heat, roughness, radiation and boundary-layer conditions.
These  factors  have  long  been  thought  to  profoundly  affect
the precipitation processes in coastal areas, and indeed such
factors  can  cause  an  unequilibrated  state  on  the  low-level
flow and induce a transfer of energy to the upper side when
the air moves inland from the sea (Persson et al., 2005). The
process between land and sea could be a climatic feature in
Korea, where the coastline stretches out towards the meridi-
an  and  westerly  winds  are  affected  (Lee  et  al.,  1998). Sun
and Lee (2002) revealed that heat flux has a substantial influ-
ence  on  Korea’s  climatic  features,  and  many  studies  have
shown heat flux to be a major factor in convective develop-
ment or explosive deepening (Langland et al., 1995; Gyak-
um and Danielson, 2000; Hirata et al.,  2015). Furthermore,
the  sea−land  roughness  change  can  also  sufficiently  infer
the  possibility  of  convective  development  from  studies  of
the growth of the atmospheric internal boundary layer and tur-
bulence due to surface discontinuity (Wu, 1969, 1982; Oerle-
mans,  1980; Plant  and Atkinson,  2002; Lee,  2015; Pires  et
al.,  2015),  although  its  mechanism  is  yet  to  be  fully  clari-
fied.

Even  though  many  studies  of  the  surface  processes  in
coastal regions have been conducted for decades, these phe-
nomena (e.g., sea breezes, fog, extratropical cyclones and con-
sequent CP) remain incompletely understood because they res-
ult  from  interactions  in  the  total  geophysical  system  (i.e.,
among air, sea and land). Furthermore, it is not easy to identi-
fy  the  mechanism,  because  a  moving  precipitation  system
can become stagnant because of various interactions when it
experiences surface discontinuity.  It  means that the surface
processes  alone  do  not  account  for  all  the  mechanisms  of
long-lasting  precipitation.  In  addition,  most  previous  stud-
ies focused on the contribution of heat flux to convection on

the large scale (Ross et al., 2004; Sridhar, 2013; Gentine et
al., 2016; Schlemmer and Hohenegger, 2016), whereas sur-
face wind stress could be an important source that changes
the air flow by forming turbulent flow. If the heat exchange
between land and air is sufficiently weak, the mechanical pro-
cess due to the increased wind stress becomes an important
factor in the effect of the surface border. In particular, there
is  a  need  to  study  the  development  of  CP  associated  with
the roughness change in a coastal region that is orientated or-
thogonally  to  the  main  motion  of  the  precipitation  system,
as is the case with the Korean Peninsula.

The  present  precipitation  system  case  (26  July  2011),
which occurred mainly in the Yellow Sea and resulted in a
considerable amount of precipitation, was distributed at the
coast.  However,  if  new convective cells  are generated near
the coast (Lee et al., 2014), even more intense precipitation
is often observed in the area. This distribution of precipita-
tion  on  the  Korean  Peninsula  causes  us  to  speculate  that
many of the convective systems that develop in the Yellow
Sea cause more precipitation because of interaction with the
surface.

The aims of the present study are to (i) demonstrate the
interaction between the developed precipitation system and
the  surface  border  and  (ii)  determine  which  processes  and
factors contribute to the development and maintenance of con-
vection  in  the  region  near  the  shore  of  Gyeonggi  Bay.  To
achieve those aims, a case study of heavy rainfall was conduc-
ted  using  observational  data  and  model  simulation.  The
main  factors  for  nearshore  enhanced  precipitation  revealed
by  the  analysis  were  verified  through  numerical  experi-
ments.

2.    Data and methods

2.1.    Observation data

In  this  study,  ground-based  S-band  Doppler  radars
(KWK, GDK, IIA) operated by the Korea Meteorological Ad-
ministration (KMA) were used to retrieve three-dimension-
al  wind  fields  (Fig.  1).  To  avoid  errors  in  the  remotely
sensed  data,  non-meteorological  targets  (birds,  sea  clutter
and  other  unreasonable  values)  were  eliminated  using  the
method proposed by Zhang et al. (2004). The preprocessed
radar data were interpolated to a Cartesian grid using the inter-
polation  scheme  proposed  by Cressman  (1959).  The  inter-
vals of the horizontal and vertical grids were 1 and 0.25 km,
respectively, with effective radii of 1.5 and 1.0 km, respect-
ively.  The  amount  of  surface  rainfall  was  recorded  by  the
Automatic  Weather  System (AWS)  of  the  KMA.  The  spa-
tial  distribution  of  rainfall  is  shown  as  the  observation
through  a  minimum  curvature  method  (Smith  and  Wessel,
1990).

2.2.    Wind-field synthesis

Using variational-based wind analysis to treat the prob-
lem involved in the specification of the boundary condition
between the top and bottom level has advantages for retriev-
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ing  the  appropriate  vertical  velocity  (Liou  and  Chang,
2009).  Moreover, Liou  et  al.  (2012) suggested  advanced
radar wind synthesis of the three-dimensional wind field on
a non-flat surface, and it was implemented without conver-
sion to the terrain-following coordinate system by using the
immersed boundary method (Tseng and Ferziger, 2003). Con-
sequently, we created three-dimensional wind-field data us-
ing an algorithm designed by Liou et al. (2012), named WISS-
DOM  (Wind  Synthesis  System  using  Doppler  Measure-
ment).  It  can  estimate  reasonable  horizontal  and  vertical
wind patterns considering terrain forcing,  which is  suitable
for the wind field along the baseline,  courtesy of resolving
the anelastic continuity equation and the simplified vertical
vorticity equation.

2.3.    Simulation

The configuration of the Cloud-Resolving Storm Simulat-
or (CReSS; Tsuboki and Sakakibara, 2002) V3.4 is given in

Table 1. CReSS is based on the non-hydrostatic and compress-
ible equation. The prognostic equation solves for the follow-
ing five variables: (i) vector (u, v and w), (ii) perturbation of
pressure, (iii) perturbation of potential temperature, (iv) mix-
ing  ratio  (six  categories)  and  (v)  turbulent  kinetic  energy
(TKE). The microphysics parameterization scheme is imple-
mented by the bulk method of cold rain suggested by Lin et
al.  (1983), Ikawa  and  Saito  (1991) and Murakami  et  al.
(1994).  This  bulk  scheme  covers  six  types  of  hydromet-
eor—namely,  water  vapor,  rain,  cloud,  ice,  snow  and
graupel.

The parameterization scheme for  the surface boundary
layer  (SBL)  is  that  suggested  by Segami  et  al.  (1989).
CReSS simulates physical processes in the SBL for a short-
er  integration  time  than  those  of  other  well-known  cloud
resolving models (RAMS and ARPS), and is therefore appro-
priate for analyzing changes in the SBL. The potential temper-
ature flux (θflux) used in the present study is vertically con-
stant  in  the  SBL and is  expressed on the  basis  of  the  mix-
ing-length theory of Prandtl (1925) as 

θflux =
Hflux

ρCp
= −Ch

(
θ̄− θG

)
ū , (1)

(
θ̄− θG

)
ū

where Hflux (J m−2 s−1) is the sensible heat flux, ρ is the air
density (kg m−3) and Cp is the specific heat (1,004 J K kg−1).
On the right-hand side of Eq. (1), Ch is the bulk coefficient
of  sensible  heat  and potential  temperature  (non-dimension-
al; Louis et al., 1982) and is formed by the roughness length
Z0,  which  follows  the  Global  Land  Cover  Characterization
(GLCC) data for each type of surface (Table 2). The differ-
ence  is the difference in θ between the SBL and the
ground,  and  is  the  mean  zonal  wind  component  of  the
SBL. The Reynolds stress to express surface momentum en-
ergy is given as 

τReynolds =
[
τ2

zx +τ
2
zy

] 1
2 , (2)

where τzx and τzy are the horizontal shear stress in the zonal
and meridional direction, respectively.

We used the CReSS model to simulate the convective sys-

Table 1.   Model configuration in CReSS.

Feature Configuration

Initial/boundary condition MSM forecast (3 h)
Projection Lambert conformal

Grid Arakawa C-type
Microphysics Bulk cold rain with mass

Top/bottom boundary conditions Rigid boundary
Sponge layer Above 14 km AGL

Horizontal/vertical advection Forth-order/second-order scheme
Time splitting HE-VI

Advection scheme Forth-order scheme (horizontal)
Turbulent parameterization 1.5-order turbulence closure

Surface processes Energy/momentum fluxes
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Fig.  1.  Domain  of  retrieved  wind  field  (Gyeonggi  Bay).  The
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tem  from  0900  LST  26  July  2011  to  0600  LST  27  July
2011. The simulation domain is shown in Fig. 2. The meso-
scale model (MSM) that is produced every 3 h by the Japan
Meteorological  Agency  was  used  as  the  initial  condition
(0900  LST  26  July  2011).  The  control  (CTL)  and  no-land
(NL) experiments  were nested to  a  1-km grid from the D1
to D2 (2 km) domains. The experiments with 1-km resolu-
tion had a large time step of 2 s, contained 81 vertical levels
and had a high resolution of 100 m below 1.5 km above the
surface layer (ASL). To clarify the influence of surface dis-
continuity,  we  compared  CTL  with  NL.  The  NL  experi-
ment  was  conducted  by  replacing  the  land  region  of  the
Korean  Peninsula  (below  38°N)  with  sea.  Such  an  experi-
ment with change in land cover is suitable for analyzing the
impact  of  surface  discontinuity  (Baidya  Roy  and  Avissar,

2002; Pielke Sr et al., 2007). The NL and CTL experiments
both  used  the  average  MGDSST  (Merged  satellite  and  in-
situ data Global Daily Sea Surface Temperature) of the Yel-
low Sea on 26 July 2011. In order to investigate the impact
of  surface  discontinuity  only,  the  NL  experiment  used  the
same topography as CTL.

2.4.    Quantification of coastal processes

To  quantify  the  processes  that  increase  the  precipita-
tion in coastal regions, we used vertically integrated factors
within  effective  layers.  The  factors  considered  were  those
parameters (i.e., turbulent flux, water vapor, TKE and poten-
tial temperature perturbation) that are recognized as substan-
tial  elements  for  nearshore  precipitation.  The  formulas  for
the  vertically  integrated  water-vapor  turbulent  flux  (IWF)
and the surface change factor (SCF) are 

IWF =
∫ Z2

Z1

1
g

qv

(
V−V

)
, (3)

 

SCF =
∫ Z2

Z1

−∇
[
θ′TKE

(
V−V

)]
dz , (4)

 

V = u+ v , (5)

Vwhere V is  the horizontal  atmospheric  motion vector,  is
the spatial mean of the horizontal atmospheric motion, qv is
the water vapor (kg m−3), g is the gravitational acceleration
(m s−2), Z1 is  the lowest level of the air  (SBL level;  50 m)
and Z2 is the maximum height at which the TKE reacts and
energy transfer is possible in the lower layer (2000 m).

3.    Results

3.1.    Case overview

The rainfall case of 26 July 2011 caused over 150 mm
of accumulated rainfall over 9 h (1500 LST 26 July 2011 to
0000 LST 27 July 2011) over the middle of the Korean Penin-
sula. The precipitation continued until the afternoon of 27 Ju-
ly, and flash floods and landslides occurred in the Seoul met-
ropolitan area. Lee et al. (2014) conducted a synoptic analys-
is  of the case.  The potentially unstable environment due to
(i)  the  lower  wet-air  inflow  from  the  southwest  of  the
Korean Peninsula and (ii) the middle-level drying from the

Table 2.   Land description and surface constant (GLCC).

Description Albedo Z0,m Z0,h Evapotranspiration efficiency

Water bodies 0.06 2.4×10−4 2.4×10−4 1.0
Urban and built-up land 0.25 0.5 0.1 0.05

Dry cropland and pasture 0.2 0.12 0.1 0.15
Irrigated cropland and pasture 0.1 0.075 0.1 0.6

Mixed dry/irrigated cropland and pasture 0.2 0.5 0.1 0.3
Cropland/grassland mosaic 0.2 0.4 0.1 0.5
Cropland/woodland mosaic 0.2 0.4 0.1 0.5
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northwest of the Korean Peninsula created a favorable envir-
onment  for  developing  a  quasi-stationary  convective  sys-
tem with  a  trough  that  stretched  from the  northwest  to  the
Korean Peninsula (Fig.  3).  This case has been used widely
in radar quantitative precipitation estimation and studies in-
volving dynamical  analysis  (Jang and Hong,  2014; Jang et
al.,  2016; Lee  et  al.,  2017)  because  of  the  unusually  large
amount  of  precipitation  over  the  following  four  days  (i.e.,
26−29 July).  There  were  various  singularities,  and  the  fact
that the precipitation system on 26 July developed with the
shape of the shoreline is  appropriate for  studying how sur-
face processes affect precipitation development.

The precipitation system that initially occurred on 26 Ju-
ly shifted inland from the western ocean of Korea (Fig. 4a).
The system, which moved from the west to the east, stayed
on the coastline of Gyeonggi Bay and new cells continually
developed  along  the  coast.  The  precipitation  system  that
was moving stayed in the coastal region (Fig. 4), causing ana-
lysts to assume that any difference between the sea and the
land  had  affected  the  persistent  development  of  the
nearshore convection. The systems were long-lived and recor-
ded area-weighted rainfall in the coastal region, making in-
vestigating the mechanism causing such CP worthwhile.

Various natural processes could have induced the area-
weighted rainfall, but usually they can be summarized by cer-
tain  thermal  and  mechanical  processes.  In Fig.  4f,  the  res-
ults  regarding  the  processes  involved  are  shown  as  a  sys-
tem-relative  wind  vector  inland.  The  precipitation  systems
moved  towards  the  northeast.  However,  the  wind  vectors
over the land were oriented in the opposite direction to that

in  which the  system moved,  which means that  there  was a
force  blocking  the  inflow  of  air.  This  force  seems  to  have
been a mechanical process that occurred over the surface dis-
continuity,  because the temperature difference between sea
and land was small (less than 2°C). We therefore deemed it
to be a reason for the long-lasting CP. As shown by Lee et
al.  (2014),  surface-roughness  change is  a  substantial  factor
for decreased wind speed. It decreases the wind speed at the
boundary layer, which could have caused the low-level con-
vergence  shown  in  the  20−40-km  range  of  line  A−A’
(1400−1600 LST; Fig. 4f). In other words, in the system relat-
ive wind (Fig. 4f; vectors), decreased wind speed is shown
as arrows pointing in the opposite direction to that in which
the system is moving. These vectors stand out near the sur-
face  border  between  sea  and  land.  Consequently,  the  force
that caused the wind vectors to point in the opposite direc-
tion to that in which the system is moving can be taken as be-
ing decreased wind speed due to surface-roughness discon-
tinuity. Such decreased wind would have generated conver-
gence  and  contributed  to  the  development  of  CP.  In  addi-
tion, because the inland region of Gyeonggi Bay is flat, the
forced convergence by the terrain does not need to be con-
sidered.

Considering previous studies and the positions of the op-
posing vectors, one can conclude that roughness discontinu-
ity  contributed  much  to  the  formation  of  the  vectors.
However,  it  would be inappropriate  to  jump to the conclu-
sion  that  roughness  discontinuity  was  the  sole  cause  of  all
the opposing vectors in the relative wind speed because the
magnitude of the force blocking the inflow varied (Fig. 4f).
Generally, friction reduces wind speed by only 20% at the sur-
face,  but  the  vectors  over  the  land  were  of  varying  mag-
nitude and indicated a percentage that was sometimes great-
er than and sometimes less than 20%. In other words, the vec-
tors most likely reflect additional forces that arose from oth-
er  physical  processes.  Consequently,  postulating roughness
change as  the  sole  reason is  not  a  persuasive  argument  for
the extent of the opposing vectors and long-lasting CP. Anoth-
er  factor  to  consider  is  the  internal  thermal  boundary layer
caused by the temperature difference between sea and land,
but  there  was  no  significant  temperature  difference  in  the
present case. One can consider various factors regarding the
force that maintained the CP, but observations to date are un-
fortunately insufficient for exploring various scientific possib-
ilities in more detail.  Therefore,  we examined the develop-
ment of the CP by means of simulation in this study, which
allowed for a more detailed analysis and to show the effect
of the surface discontinuity.

3.2.    Coastal precipitation

The CReSS model simulated the convective system on
26 July fairly well. To validate the simulation results, we com-
pared  the  simulated  accumulated  rainfall  and  cloud pattern
with observations (ground-based radars and AWS).

The distribution of simulated rainfall for 9 h in the cent-
ral region of Korea was quite similar to the surface observa-
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tions  (Fig.  5a).  According  to  ground  observation,  the  rain-
fall in excess of 150 mm was elongated in the east−west direc-
tion in the central region, and that in excess of 200 mm was
shifted towards the west coast. The simulated rainfall in ex-
cess  of  150  mm  was  located  more  in  the  south  compared
with the observations, but the model simulated shifted rain-
fall on the west coast. The accumulated rainfall of the mod-
el  tended  to  be  overestimated,  but  the  rainfall  distribution
was quite  similar  to the surface observations.  In particular,
the  model  best  described  the  cloud  formed  and  conver-
gence  pattern  (Fig.  4f)  nearshore  region  compared  with
radar  observation.  Therefore,  the  model  results  were  con-
sidered as representative and were used to reveal how the dis-
continuity of the surface condition induced CP.

Figure 6 shows the accumulated rainfall of NL and the
difference in rainfall between CTL and NL (1500 LST 26 Ju-
ly−0000 LST 27 July).  Positive differences in precipitation
were distributed widely around Gyeonggi Bay; in particular,
more than 250 mm was around the coast (Fig. 6b). Because
the  NL  experiment  was  conducted  under  the  assumption
that  the land was actually sea,  there was a  large difference
in  precipitation  between  the  sea  and  the  land.  This  differ-
ence  shows  that  the  26  July  case  was  sensitive  to  the  sur-
face  discontinuity.  NL  simulated  a  small  quantity  of  rain-

fall and could not form a precipitation system at the coast as
much as CTL (Fig. 6a).  There are various reasons why the
model  cannot  create  clouds,  but  the  results  of  the  experi-
ments show that surface discontinuity was a major factor in
the present case. The physical factors due to surface discon-
tinuity  include  roughness,  evapotranspiration,  albedo  and
heat capacity, and differences in those factors affect the air
flow  in  the  lower  layer,  generally  leading  to  a  change  in
wind  speed  and  temperature.  The  model  uses  a  roughness
length to simulate the process by which the surface features
influence  the  wind  pattern  of  the  boundary  layer.  The
thermal  characteristics  of  the  surface  are Z0,h (roughness
length for scalar) and momentum is Z0,m (roughness length
for velocity). Figure 7 shows which of the two (momentum
or  heat)  contributed  more  to  forming  surface  differences.
The  mean  spatial  variation  (line  B−B’)  of  the θ flux  was
about  zero  at  sea  but  changed  inland  with  a  small  fluctu-
ation.  The changes are clearly distinguishable from the sea
to the land, but even inland they are not very large. It indic-
ates that the transfer of thermal energy from the land to the
air is inactive. If the land has sufficient thermal energy and
transfer  to  the  air  is  active,  then  a  thermal  IBL  (Internal
Boundary Layer) may form, but that situation does not per-
tain in the present case. It is similar to the NL simulation as-
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suming land as the sea, and the exchange of θflux in NL was
minor as in the sea area of CTL. By contrast, the Reynolds

stress  varies  greatly  from the  sea  to  the  land.  Its  value  ex-
ceeded  0.4  over  the  land  and  showed  a  sudden  increase  at
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Fig. 5. Comparison of observation and CTL simulation: (a) observed accumulated rainfall for 9 h (1500 LST 26 to 0000 LST
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the surface border (Fig. 7a). The distribution of Reynolds is
stress shown in Fig. 7b. The values of 0.6−1.0 N m−2 are dis-
tributed  inland  along  the  coastline,  and  its  maximum  is
about 1.4 N m−2 where precipitation occurs. The spatial vari-
ation of two surface variables indicates high levels of mechan-
ical  energy  but  relatively  little  thermal  exchange.  In  other
words,  the  mechanical  process  was  dominant  for  the  sur-
face-wind decrease in the present case. The stress normally in-
creases  with  the  wind  speed  and  air  density,  and  the  high
stress  in  the  present  case  was  natural  because  there  was  a
low-level  jet  at  the  850-hPa  height  (Lee  et  al.,  2014).  The
CReSS  model  has  an  algorithm  that  spreads  the  stress  en-
ergy from the lower layer to the upper layer by applying a dif-
fusion coefficient, which is assumed to have affected the de-
velopment of convergence near the surface border.

However,  the  effect  of  the  roughness  change  is  not
enough to explain the large difference in the amount of precip-
itation  and  long-lasting  systems  as  mentioned  before.  Al-
though  the  surface  stress  reduced  the  wind  speed  in  the
lower layer and the energy was transported to the upper lay-
er, those processes are insufficient to account for the differ-
ences in precipitation (CTL minus NL). This claim is suppor-
ted by the sustained and propagated convergence zone.

Figure  8 shows  the  horizontal  divergence  distribution
and Hovmöller diagram for line C−C’. As seen in the hori-
zontal  distribution  (Fig.  8a),  convergence  (blue)  at  low
levels appeared along the coast. In the early stage of the pre-
cipitation  system  (1400−1500  LST),  the  convergence  ap-
peared inland. Strong low-level convergence ultimately con-
tributes  to  convection,  especially  in  the  case  of  precipita-
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tion.  When a precipitation system makes landfall,  it  under-
goes a change in velocity, and momentum transfer occurs ver-
tically.  This  physical  process  is  confirmed  by  the  conver-
gence near the coast. After that, the convergence was intensi-
fied near 1800 LST and shifted offshore. Its behavior is also
remarkable  in  the  observational  results  (Fig.  4f).  It  cannot
be fully explained by the roughness change. In other words,
other elements contributed to the sustainable convergence.

3.3.    Elements for sustainable convergence zone

θ (∂θ/∂xy)

As mentioned before (section 3.2), the effect of surface
discontinuity is insufficient to clarify the mechanism of CP,
although roughness change contributes to the convergence.
To describe the sustainable convergence zone, other physic-
al elements are needed. The transect along line C−C’ shown
in Fig. 8 reveals which elements were substantial. Figure 9
shows the vertical structure of the precipitation system. A re-
markable negative potential temperature perturbation (θ ') is
visible at low levels (shading in Fig. 9a). The negative θ ' is
due to evaporation cooling by precipitation and is generally
described as a cold pool. When the cold pool develops prop-
erly, it forms a horizontal discontinuity of θ over 3 K that can
generate upward flow at the border. The horizontal gradient
of  is about 1.7 K km−1 at the cold pool boundary,
which shows a well-formed cold pool (de Szoeke et al., 2017).
The low heat flux exchange (Fig. 7) with the land surface sug-
gests the favorable condition under which the cold pool can
mature.  The  upward  flow at  the  border  of  the  cold  pool  is
also  remarkable  at  60  km of  line  B−B’.  The  vertical  velo-
city exceeds 4 m s−1 and is sufficient to induce convective pre-
cipitation.  This  cold  pool  stayed  near  the  coast  and  gradu-
ally  propagated  offshore.  The  propagation  of  the  mature
cold pool in the windward direction is a feature of a convect-
ive  system  accompanied  by  heavy  rain  (Li  and  Carbone,
2015; Jeong et al., 2016). Furthermore, the propagation oc-
curred  with  the  downward  flow  of  the  convective  system.
Such downward flow, which is a structural feature of a con-
vective  system,  is  produced  in  theory  by  falling  precipita-
tion.  The  descending  flow  is  dispersed  near  the  surface,
thereby contributing to the cold-pool propagation (Schumach-

er  and  Johnson,  2008).  An  inverse  flow  to  the  windward
side is clearly shown in Fig. 9b (85−90 km of C−C’). Eventu-
ally,  through vertical  cross-sectional  analysis,  we  highlight
the  cold  pool  and  the  downward  flow  as  the  important
factors in explaining the sustainable convergence zone.

To  describe  CP,  we  introduced  the  three  processes  of
(i) roughness change, (ii) cold pool and (iii) downward flow
to  help  cold-pool  propagation.  The  three  elements  interact
with  each  other  and  exert  a  substantial  effect  in  the  pres-
ence of surface discontinuity. If there is no surface change,
then the interaction among the elements is reduced and the
convergence  is  not  maintained.  The low-level  convergence
due to roughness change affected the development of convec-
tion, and a cold pool, which occurs easily over dry land (Gen-
tine et al., 2016), could well form under the developed precip-
itation  system.  For  this  reason,  the  convergence  zone  near
the shoreline was sustained, and air that had been cooled suffi-
ciently  over  the  land  by  evaporation  could  propagate  off-
shore.

The sensitivity for the surface was assessed by compar-
ing the CTL and NL experiments. Figure 10 shows the spa-
tial variation of prognostic variables simulated in each experi-
ment for nine hours. For θ ', the NL results were lower than
the CTL ones,  and the difference was more pronounced (>
0.4  K)  over  the  land.  Compared  with  the  NL  results,  the
CTL  ones  showed  greater  vertical  velocity  and  TKE  near
the shoreline.  Regarding vertical  velocity,  CTL was higher
than NL, but over the land the downward flow of the convect-
ive  system  made  the  velocity  lower  (more  negative).  The
TKE, which indicates the mixing of air, was obviously large
in CTL. All three prognostic variables offer a spatial descrip-
tion of the aforementioned physical processes and indicate dir-
ectly the effect of surface discontinuity.

3.4.    Quantification of coastal enhancement

In  some  cases,  the  convective  systems  that  develop  in
coastal  regions  cause  much  precipitation,  but  not  always.
This is because the systems do not always develop via sur-
face discontinuity.  For a convective system to develop and
persist  in  a  coastal  region,  the  aforementioned  elements
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must  be  induced.  Even  though  the  interaction  process  is
clear, the priority of the elements is not easy to discern; there-
fore, predictors may have difficulty in diagnosing or predict-
ing the development of CP. Therefore, in the present study,
we constructed the SCF using the analyzed variables (θ and
TKE) that are fundamentally related to the CP development
processes to express it as one quantified value [Eq. (2)]. To
express the decreased wind and convergence, the airflow is
represented by the difference term between the spatial mean
( ; within the SCF analysis domain) and given points (V).
Figure  11a shows  the  horizontal  distributions  of  SCF  and
IWF when SCF is the highest (Fig. 11b). The southwestern
IWF distribution indicates that the water vapor is inflowing
strongly to the land from the sea, and its decrease over the
land  means  that  the  physical  processes  mentioned  above
(roughness change, cold pool propagation, downward flow,
and convection) acted as an obstacle that  changed the vec-
tor.  The  potential  convection  energy identified  by  the  long
IWF vector is released by physical convection in the coastal
area.  As  convection  raises  the  low-level  air,  including  a
large amount of water vapor (qv) to the upper layer, qv is re-
duced because it condenses into raindrops at the convective
condensation level, thereby causing the vector to be shorter
at the surface. The directional change of the IWF vector is at-
tributed to all the physical processes.

The  shaded  SCF  that  includes  determinants  for  CP

shows a remarkable distribution. The highest values of SCF
were  mainly  inland,  and  the  maximum  value  (>8  ×  103

K J kg−1 s−1)  in  the spatiotemporal  range was found in the
coastal region. The maximum SCF within the two-dimension-
al  analysis  domain  varied  with  time  (Fig.  11b),  but  the
highest  value  occurred  in  the  coastal  region  at  1800  LST,
when the highest rainfall intensity happening in the surround-
ing area. This indicates that the SCF is sufficient for represent-
ing and diagnosing the development of CP.

4.    Summary and conclusion

The purpose of this study was to improve the understand-
ing  of  the  CP  at  the  western  coast  of  Korea.  Many  meso-
scale convective systems develop from the Yellow Sea be-
cause  of  surface  discontinuity,  and  thermal  differences
between sea and land have been cited as the main causes of
this  discontinuity.  However,  as  well  as  the  thermal  cause,
this study suggests that a steep gradient of wind stress and θ
can  be  major  factors  in  the  formation  of  the  discontinuity,
and that a well-formed cold pool and downward flow are re-
sponsible for maintaining the convergence zone.

Three-dimensional  wind  fields  retrieved  by  Doppler
radars revealed that a force acting in the opposite direction
to  that  in  which  the  system moved  persisted  at  low levels.
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The inland forcing was responsible for maintaining convec-
tion  in  the  coastal  region  and  the  force  formed  along  the
coast. Several physical processes were taken as factors to ex-
plain the CP mechanism, and consequently it was analyzed
and evaluated by simulation results.

First,  surface-sensitivity  experiments  showed  that  this
case  was  particularly  sensitive  to  the  surface  conditions.
The amount  of  rainfall  differed  considerably  depending on
the presence or  absence of  land cover,  which validated the
present  study  and  provided  it  with  direction.  By  analyzing
the physical quantities of the model variables, we were able
to assess which factors responded to the surface discontinu-
ity and discuss their relevance.

The remarkably increased Reynolds stress provided evid-
ence that a mechanical process (roughness) had a major influ-
ence on the decreased wind speed at the surface border. The
stress  increased  as  the  roughness  change  spread  to  the  up-
per layer, which eventually reduced the wind speed and con-
vergence at the coast. The roughness change is a major ele-
ment that can describe a stagnant precipitation system in the
early stage of CP, but it cannot explain the maintenance of a
system  near  the  coast.  The  convergence  zone  was  main-
tained and diffused around the coast, and the cold pool and
downward flow were suggested as descriptors of its long-last-
ing. The reason why the convergence zone could continue is
that deep evaporative cooling by the enhanced rainfall at the
surface formed a cold pool, resulting in a steep gradient of po-
tential  temperature.  The  developed  cold  pool  deepened  the
convective activity at its border. Evaporative cooling by rain-
drops occurs more easily on land than at the sea surface, mak-
ing the gradient of the potential temperature near the shore
steep. If  the exchange of heat with the land is  not signific-
ant, surface discontinuity provides a favorable condition for
decreases in wind speed by roughness change, and maturity
of  the  cold  pool.  The  downward  flow  of  the  system  also
played an important role in maintaining and diffusing the con-
vergence zone, as well as the cold pool toward the offshore.
Eventually, not only the surface mechanical process of wind
stress,  but  also  the  cold  pool  deepening  inland  and  down-
ward flows, had a profound effect on the formation and main-
tenance of the convergence zone, which led to concentrated
precipitation in the coastal region. In particular, those steep
gradients (wind stress and potential temperature) that contrib-
uted to the convergence were presented by the surface discon-
tinuity and identified as a main element of CP.

We can extend the utility of the identified elements and
mechanisms  to  estimate  and  forecast  CP,  and  constructed
the  SCF  for  such  a  purpose.  The  vertically  accumulated
SCF of the indicated variables was sufficiently sensitive to
the  enhanced  convection  near  the  coast  in  both  time  and
space and was therefore adequate for estimating CP.

This  paper  describes  the  mechanisms  for  CP,  and  the
roughness effect has been studied. The force at the land dis-
covered from radar wind fields was analyzed on the basis of
model  experiments.  The  identified  elements  for  the  force
and CP were used to build the SCF index, which can quanti-

fy  those  processes.  Although  one  case  study  cannot  cover
all CP mechanisms, the factors and their interactions shown
herein will form the basis for understanding and predicting
such mechanisms. Over-interpretation should be avoided be-
cause the SCF index was applied to one case only, and fur-
ther studies are required to produce sufficient and meaning-
ful verification results.
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