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ABSTRACT

A 24-h simulation with the Advanced Regional Prediction System (ARPS) nonhydrostatic model is
performed for the heavy snowfall event of 3—4 February 1998 along the eastern coast of Korean Peninsula;
the results are used to understand the snowfall process, including why the precipitation maxima formed
along the Yeongdong coastal region rather than over the mountain slope and ridge top during.

The numerical simulation with a 4-km horizontal grid spacing and 43 levels reproduces very well the
narrow snowband located off the eastern Korean coast, away from, instead of over, the Yeongdong coastal
mountain range. The general evolution of the snowband agrees quite well with radar observations, while
the water-equivalent precipitation amount agrees reasonably well with radar precipitation estimate. The
simulation results clearly show that the snow band developed due to the lifting by a coastal front that
developed because of the damming of cold air against the eastern slope of the coastal mountain range. The
damming was enhanced by the advection of cold air by a low-level mountain-parallel jet from the north,
formed due to geostrophic adjustment as the on-shore upslope air was decelerated by the mountain blocking.
As the onshore flow weakened later due to synoptic-scale flow pattern change, the cold front propagated off
shore and the precipitation dissipated.
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1. Introduction

When cold northerly or northeasterly winds blow
from a well developed Siberian High over the East
Sea (see Fig. 1), the cold air mass crossing the sea be-
comes modified by the rich heat and moisture fluxes
from the warm sea surface below, resulting in insta-
bility and convection in the boundary layer (e.g., Ni-
nomiya, 1968; Jhun et al., 1994). Furthermore, if the
winds over the sea are relatively strong and persistent,
the convection can organize into snowbands, leading to
the heavy snowfall on the windward (East Sea facing)
side of the Korean Peninsula and the Japan Islands
(Nagata et al., 1986; Seo and Jhun, 1991; Lee and

*Corresponding author: Ming XUE, mxue@ou.edu

Lee, 1994). This often leads to heavy snowfall over
short periods of time in the absence of a synoptic scale
trough or low system. Thus, forecasters need to pay
close attention to the development of such Siberian
high-pressure systems.

Related to the combined effects of orography and
ocean on snowfall in the eastern Asian region, Estoque
and Ninomiya (1976) performed a numerical study
on snowfall distribution associated with the East Sea;
they showed that for their case the occurrence of snow-
fall was controlled primarily by orographic lifting. The
snowfall on the windward side of the Korean Peninsula
and the Japan Islands is similar to the ocean-effect
snow which has been observed near the New Eng-
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Fig. 1. The 4-km-resolution ARPS simulation domain with topography contours at
400-m intervals (left) and a smaller sub-doamin with more detailed orography at 100-
m intervals (right). The subdomain corresponding to the rectangular box in the left
panel indicates the Yeongdong region which is the focus region for the study. Solid
line A-B indicates the location of the cross sections shown in later figures, which
is roughly normal to the axis of the costal mountains passing through Kangnung.
The locations marked by black inverse triangles include surface observation sites SC
(Sokcho), KG (Kangnung), TG (Taegwallyong), and radar site TH (Tonghae). The
numbers above the triangles indicate the height of the sites above sea level.

land coast of the United States (Waldstreicher, 2002).
Such snowfall is also similar to the “lake-effect snow”
of the Great Lakes (e.g., Eichenlaub, 1979; Hjelmfelt
and Braham, 1983; Niziol et al., 1995) of North Amer-
ica, where the underlying warm water provides a large
amount of heat and moist that feeds the snowfall. Dur-
ing cold air outbreaks, the coast line shape and sea
surface temperature pattern have profound effects on
the establishment of low-level mesoscale circulations
as a result of differential heating that is dependent on
both over-water fetch and water temperature (Atlas et
al., 1983).

For the Korean Peninsula, when cold northeast-
erly winds persist, the Yeongdong region, the main
windward side of the Korean Peninsula, is subject to
heavy snowfall. Thus, heavy snowfall forecasting in
the Yeongdong region is of primary concern during the
winter season. Figure 1 shows the topography of the
Korean Peninsula and that of the Yeongdong region in
a simulation domain of the Advanced Regional Predic-
tion System (ARPS, Xue et al., 2000, 2001, 2003) that
is used in this study. The Yeongdong region consists
of narrow and steep mountains (called the Taebaek
Mountains) with an average height of about 1 km.
The mountain range is asymmetric with its steeper
slope facing the eastern coast, and there exists a nar-
row coastal plain region of about 5 km wide between
the mountains and the coast. The axis of the moun-

tain range runs approximately northwest to southeast,
roughly parallel to the coastline. With such geograph-
ical and topographical conditions, the snowfall distri-
bution in this region can be rather complicated be-
cause of the combined effects of ocean and topography.
For these reasons, the Yeongdong region has drawn
much interest of researchers.

The topography of the Yeongdong region may also
be favorable for cold-air damming, which often occurs
in the eastern United States in the winter. In the latter
region, cold, stable air from a surface high over New
England or southeastern Canada flows southwestward
and is channeled along the eastern slopes of the Ap-
palachians. The mountains “dam” the air along the
eastern slopes (Richwien, 1980; Forbes et al., 1987;
Bell and Bosart, 1988; Stauffer and Warner, 1987).
Furthermore, the cold-air advection associated with
the damming intensifies the thermal contrast between
the dammed air and that over the ocean, which has
been warmed and moistened by the underlying sea
(Sanders and Gyakum, 1980; Bosart, 1981). This pro-
cess enhances the baroclinic zone near the coastline,
causing coastal frontogenesis (Bosart, 1975; Forbes et
al., 1987; Stauffer and Warner, 1987), and such fronto-
genesis is usually restricted to the lower atmosphere.

If it were purely orographic lifting, the heaviest
precipitation is expected near the slope of and/or over
the ridge of the mountains. Observations in the Yeong-
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dong region, however, often show that the maximum
precipitation is located over the coastal plain. Accord-
ing to Lee (1999), among the 159 days from January
1978 through February 1988 on which 24-h accumu-
lated snowfall depth exceeded 10 cm, on 19% of the
days, the snowfall amount in the coastal exceeded that
over the mountain areas while on 48% of the days,
the amounts over the two regions were comparable.
This indicates that on a majority of the days snow-
fall started over the coastal regions rather than over
the windward slope. Cold-air damming and associ-
ated coastal front are suspected to have caused such a
displacement.

Modeling and diagnostic studies on the causes of
winter snowfall in the windward coastal region of Ko-
rea had not been carried out until very recently. Lee
and Kim (2008) reported on the results of a numeri-
cal simulation of a heavy snowfall event that occurred
13 January 2008 along the Yeongdong coastal area,
obtained using the Weather Research and Forecast-
ing (WRF) model (Skamarock et al., 2005). The re-
sults suggested the important role of cold air damming
along the east side of the coastal mountains. In Lee
et al. (2011), air flow trajectory analyses were further
performed on the simulation data of the 13 January
2008 case, and upward motion was found to be located
off the mountain slope along a coastal front, confirm-
ing the earlier suggestions.

In this paper, we report on the results of a modeling
study on another snowfall event that occurred in the
Yeongdong coastal region, i.e., the event of 3-4 Febru-
ary 1998. On that day, snowfall maxima were also ob-
served along the Yeongdong coastal region rather than
over the mountain slope and ridge top. We again try
to understand the processes in this event by examining
available observations and by performing a numerical
simulation.

The respect of this paper is organized as follows.
In section 2, observational analyses are first presented;
surface weather maps, the distribution of accumulated
snowfall, satellite imagery, radar reflectivity, and sur-
face wind observations are examined. A description of
the numerical model and simulation is given in section
3 while the simulation results are discussed in section
4. Summary and conclusions are given in section 5.

2. Observational analysis

Figure 2 shows the surface weather charts at 1200
UTC (2100 LST) 3 February (Fig.2a) and at 1200
UTC 4 February 1998 (Fig.2b). In Fig.2a, a well-
developed Siberian High, centered near Mongolia at
1200 UTC 3 February 1998, 2—-3 hours before the start
of Korean coastal snowfall, dominated most of China.
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A ridge extended eastward from the High over the
East Sea. On the downwind or south side of the ridge,
northeasterly, quasi-geostrophic winds of cold air blew
over the warm sea surface. In particular, over the
northern part of East Sea, horizontal pressure gradient
was relatively strong and the isotherms were nearly
perpendicular to the isobars (not shown), indicating
strong cold advection over the sea and in the east-
ern coastal region of Korea. As this continental polar
air mass was advected over the warm sea surface, it
was rapidly modified by the large oceanic heat and
moisture fluxes (as is evidenced by the development of
cloud streets over the ocean in Fig. 3), leading to an
increase in convective instability that also occurs in
lake-effect snow cases. This rendered a favorable con-
dition for forming convective snow clouds, especially in
the downwind fetch of the flow. Furthermore, north-
easterly, quasi-geostrophic winds normal to the axis of
the mountains was favorable for cold-air damming on
the eastern side of the Taebaek mountains. The asso-
ciated mesoscale features are, however, often difficult
to identify from synoptic charts.

Figure 2b shows the surface weather chart at 1200
UTC 4 February, about eight hours after the coastal
snowfall ended. By this time, the alignment of iso-
bars over the central and northern part of the East
Sea had been changed from the northeast-southwest to
northwest-southeast orientation, hence the geostrophic
winds in the region backed to northwesterly, more or
less parallel to the coastal mountain range. Such winds
are unfavorable for cold-air damming and would cause
the weakening of temperature contrast in the coastal
region also.

The distribution of 24-h accumulated snowfall
depth ending at 1500 UTC (2400 LST) 4 February
1998 is shown in Fig. 4 (more frequent snow depth data
are not available). Toward the mountainous inland
regions, the snowfall decreased rapidly. The area of
maximum snowfall was located near and off the coast
rather than further inland over the mountain slope.
That is, a significant amount of snowfall was located
along the coastal plain region (e.g., 16.0 cm at Kang-
nung, KG in Fig.4) rather than over the mountain
region (e.g., 6.3 cm over Taegwallyong, TG in Fig. 4)
where the orographic lifting is strong. The National
Oceanic and Atmospheric Administration (NOAA) in-
frared satellite images of the 10.5-11.5 um channel at
1751 and 2132 UTC 3 February 1998, when the snow-
fall at Kangnung was active, are shown in Fig.3. The
main cloud band was clearly aligned along the coast-
line, parallel to the axis of the mountains, but the
central axis of the band was located somewhat off the
coast line over the sea.

More detailed structures and evolution of the pre-
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Fig. 2. Synoptic surface weather charts at (a) 1200 UTC 3 February
and (b) at 1200 UTC 4 February 1998.

cipitation can be seen from the base reflectivity maps,
presented in terms of the estimated precipitation rate,
from an operational radar located at Tonghae (Fig. 5).
Precipitation rates up to 4 mm h=! (level two of gray
shading) are found within these images. At 1200 UTC
(not shown), no precipitation echoed was observed.
An elongated precipitation region, aligned more or less
along but mostly off the coast, has already developed
by 1300 UTC (Fig. 5a) and evolved into a more banded
structure and gained a larger level-2 precipitation core
(1-4 mm h~1) by 1500 UTC (Fig.5b). By 1800 UTC,
the precipitation band became narrower and the level-
2 core shrank somewhat (Fig.5c) and the precipita-
tion pattern stayed essentially the same by 2100 UTC
(Fig.5d). By 0000 UTC (Fig.e), the level-2 precipi-
tation core essentially disappeared and by 0300 UTC,

the first level of precipitation (0-1 mm h~!) was dis-
appearing. Within the next hour, the precipitation
completely dissipated (not shown). In general, the
precipitation band is centered 10-20 km off the coast-
line. This long, narrow, banded structure suggests the
existence of a coastal front.

Figure 6 shows the observed surface winds at 1800
UTC 3 February 1998. Northwesterly, cross-isobaric
winds (due to frictional effects and terrain blocking,
etc., c.f., Fig.2) prevailed at this time over land and
along the Yeongdong coastal region, except at Kang-
nung which had very weak southwesterly winds (which
may be due to local orographic and/or snowfall ef-
fects). Meanwhile, northeasterly winds, which are in
the direction of geostrophic winds, were observed at
the island of Ullungdo far off the east coast. This rep-



Fig. 3. The NOAA-12 Channel-4 satellite images at 1751
UTC 3 February (0251 LST 4 February, upper panel) and
2132 UTC 3 February (0652 LST 4 February) of 1998,
lower panel), showing the active snowband along and off
the eastern Korea coast.

resents a significant change in wind direction, from the
northeasterly over the sea to the northwesterly over
the land, as the air flow approached the coastal moun-
tains. Such direction changes clearly indicate flow con-
vergence in the coastal region. To better understand
the more detailed flow structures and physical pro-
cesses associated with this coastal snow fall event, we
performed a set of numerical simulations, which will
be discussed in the next section.
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Fig. 4. Distribution of 24-h accumulated snowfall depth
(5-cm contour intervals) ending at 1500 UTC 4 February
1998. SC, KG, TG and TH represent the locations of
Sokcho, Kangnung, Taegwallyong and Tonghae, respec-
tively.

3. Mdel description and numerical simulation

The numerical simulations used Version 5.0 of the
Advanced Regional Prediction system (ARPS, Xue et
al., 1995, 2000, 2001, 2003), a general-purpose, com-
pressible, nonhydrostatic numerical weather predic-
tion model. Several simulations were performed us-
ing different model start times and model resolutions,
the start time of 1200 UTC 3 February was found to
produce the best simulation results, which is a time
of synoptic observations and is close to the beginning
time of snowfall. Since the main goal of this study is to
understand the fine-scale structure and physical pro-
cesses associated with this event, we report only the
results of the most successful simulation that started
at 1200 UTC 3 February.

For this experiment, the computational grid con-
sists of 179 points in both x and y directions with a
horizontal resolution of 4 km (giving a physical domain
of 704x704 km?) and is centered at 39.3°N, 129.0°E
(see Fig.1). The vertically stretched grid consists of
43 levels, covering a depth of 17.2 km, with the ver-
tical grid spacing varying from 20 m near the ground
to about 800 m near the model top. The first model
level is at about 10 m above ground and within the
lowest 2-km depth there are 18 model layers. This
vertical grid is believed to be adequate for resolving
important vertical structures of the low-level phenom-
ena including the cold-air damming and the frontal
interface. The top and bottom model boundaries are
rigid with a Rayleigh damping layer located above 12
km for controlling top-boundary wave reflection. The
ice microphysics scheme of Lin et al. (1983) is used,
which includes two liquid (cloud and rain) and three
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Fig. 5. Radar-derived precipitation rates based on observations of Tonghae radar
(marked by the circle on the east coast and labeled TH) at the indicated times. Only
the first two levels of precipitation rates (therefore levels of gray) are observed at all

times shown.

ice categories (ice cloud, snow and hail or graupel).
Subgrid-scale turbulent mixing is represented using
an anisotropic 1.5-order turbulent kinetic energy clo-
sure scheme. The surface fluxes at the land surface
are calculated using stability- and roughness-length-
dependent drag coefficients, and the soil temperature
and volumetric water content are predicted by a two-
layer soil model. Meanwhile, the fluxes at the sea
surface are calculated using drag and exchange coef-
ficients that are appropriate for water surfaces under
moderate-wind conditions, which are set to 2x1073

following Chen et al. (1983). More details of the
physics schemes in the ARPS can be found in Xue
et al. (2001).

The soil model that predicts the soil skin temper-
ature and soil moisture content is a two-layer force-
restore model based on Noilhan and Planton (1989),
where the offsets of top soil layer temperature and bot-
tom soil layer from surface air temperature, as de-
fined in Ren and Xue (2004), are set to be 1.0 K
and 5.0 K, respectively, following the observations at
sites in Yeongdong region. The terrain data used was
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Fig. 6. Observed surface wind field at 1800 UTC 3 February 1998. One

full barb represents 5 m s .
derived from a 30-second terrain data base. Initial
and boundary conditions came from the 40-km resolu-
tion RDAPS (Regional Data Assimilation and Predic-
tion System of Korea Meteorological Administration,
KMA, 1996). The ARPS was run for 24 hours, start-
ing at 1200 UTC 3 February, about 1 hour before the
onset of snowfall. Given the high grid resolution and
the relatively narrow mountain range, the flow start-
ing from the initial condition was able to rapidly re-
spond to the fine-scale orography defined on our 4 km
grid, although the 1200 UTC initiation time is proba-
bly somewhat too close to the onset time of snowfall
to allow for sufficient spinup time. In the model, pre-
cipitation developed between 1300 and 1500 UTC, as
will be discussed later.

4. Results of model simulation
As mentioned earlier, the ARPS model was run for

a 24-h period starting at 1200 UTC 3 February 1998.
Both observed and model simulated snow fall dissi-

pated shortly after 0300 UTC 4 February. The precip-
itation system entered a mature stage after 1800 UTC
and for several hours thereafter the coastal front and
associated convergence zone remain quasi-stationary.
We will first discuss the general evolution of the pre-
cipitation, then focus more on the flow and thermody-
namic structures during the mature stage.

4.1 Model simulated precipitation

The model simulated precipitation rates at 1, 3, 6,
9, 12 and 15 hours of model time are shown in Fig. 7,
together with the surface wind vector fields. During
the first three hours (Figs. 7a and b), the surface winds
over the ocean are mostly northerly, while those over
land and near the coast are mostly northwesterly. By
1300 UTC (Fig.7a), the model has not yet produced
any precipitation near the coast even though at this
time precipitation was already observed (Fig. 5a). The
need for sufficient spinning up of precipitation from
the 1200 UTC coarse-resolution RDAPS analysis is be-
lieved to be the main reason for such a delay.
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By 1500 UTC (Fig.7b), the model has produced
precipitation rates of up to 0.68 mm h~!, along a nar-
row band near and off the east coast, close to Kang-
nung (KG) and Tonghae (TH). This agrees very well
with the radar observation (Fig.5b), except that the
rates are somewhat under-predicted, which can at least
be partially attributed to the delayed onset.

By 1800 UTC, or six hours into the simulation
(Fig.7c), the winds over the ocean have gained a
significantly easterly component, which is consistent
with the observation at the Ullung-do island shown in
Fig.6. Near the coast, the off-shore wind component
has also become stronger (Fig.7c), creating a strong
surface convergence zone 10-15 km from the coast.
Correspondingly, the strongest precipitation rates now
exceed 1 mm h™!, and the precipitation band is about
twice as long as that at 1500 UTC. Radar estimated
precipitation rates larger than 1 mm h™! can also be
found near Taewallyong at this time (Fig.5c). Over
the next three hours, the observed maximum precipi-
tation rates remained more or less the same, while the
region of light precipitation extended slightly south
(Fig.5d). In the model, the region with >1 mm h~?
precipitation is enlarged somewhat but remains gen-
erally along a narrow band near the coast. Precip-
itation rates of more than 4 mm h~! are found at
very small areas at and near the southern end of this
precipitation band (Fig.7d), which is more than the
maximum observed. The development of a small re-
gion of strongest precipitation at this time and in the
following 6 hours appears to be have been caused by
some discontinuity near the southern model boundary
(which is the southern boundary of the plotted do-
main in Fig. 7). If we choose to ignore such an anomaly
(considering its proximity to the model boundary), the
model simulated precipitation rates are generally be-
low 4 mm h~!, agreeing very well with the radar esti-
mates.

At 2100 UTC, it is clear that the off-shore wind
component is further enhanced, creating a somewhat
stronger convergence zone, consistent with the en-
hanced precipitation. By 0000 UTC, the precipitation
band is weakened, leaving only a small narrow band
of precipitation of less than 1 mm h~! near KG and
TH (Fig. 7e). The same occurred in the radar obser-
vations. The length of observed precipitation band
was shortened somewhat by this time, and precipi-
tation rates exceeding 1 mm h~! mostly disappeared
(Fig. 5e).

The simulated precipitation along the coast com-
pletely disappeared by 0300 UTC, except for a small
patch near the southern model boundary (Fig. 7f). In
the radar observation, only very light precipitation re-
mained at this time (Fig. 5f), and it disappeared com-
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Fig. 8. Model simulated 24-hour accumulated precipita-
tion (mm) ending at 1200 UTC 4 February 1998. Con-
tour interval is 2 mm.

pletely by 0400 UTC (not shown). Clearly, the over-
all evolution, pattern as well as amount of simulated
precipitation near the coast are very similar to those
observed, suggesting the fidelity of the key physical
processes simulated by the model.

The 24-hour accumulated precipitation simulated
by the model is shown in Fig. 8. It shows a maximum
precipitation center at the southern end of the pre-
cipitation band, which we choose to discount because
of the boundary-related discontinuity there. Along
the coast near TH and KG, the simulated precipi-
tation amount is 10-12 mm. Assume a density of
fresh snow of 100 kg m~2, or one tenth that of wa-
ter, this gives a simulated snow depth of about 10-12
cm, which is close to the observed maximum of about
15 cm shown in Fig. 4. These results suggest that the
mesoscale precipitation, in particular its spatial dis-
tribution, within this event is reproduced well by the
model. The actual simulated precipitation amounts
over land at Kangnung and Tonghae are lower than ob-
served. The quantitative aspect of precipitation fore-
cast is always a bigger challenge, and many aspects of
the model, including the often insufficient resolution
and inadequate model microphysics, can cause error
in quantitative precipitation forecast. This can be a
subject for future study.

4.2 Model stimulated flow and thermodynamsic
structures

The 6-h simulated potential temperature 6, the
equivalent potential temperature 6., water vapor mix-
ing raito ¢,, and the horizontal moisture convergence
fields at the first model level or about 10 m above
ground, valid at 1800 UTC 3 February 1998, are shown
in Fig.9, together with the horizontal winds at the
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Fig. 9. The 6-hour model simulated surface winds and (a) potential temperature (K), (b) equiva-
lent potential temperature (K), (c) specific humidity (g kg™"), and (d) moisture convergence fields
(1x107% g kg™* s71), valid at 1800 UTC 3 February 1998.

same level. A very narrow wedge of cold air (thermal
trough), as indicated by the lighter shading in the 6
field (Fig.9a), is found along the eastern slope of the
Taebaek mountains and the coastal region; within this
thermal trough are northerly winds that advect colder
air from the north, all indicating the presence of cold-
air damming. Meanwhile a broader thermal ridge just
off the coast is quasi-parallel to the coast. Between the
narrow thermal trough and the broad ridge are tightly
packed 6 contours corresponding to about 4-K differ-
ence over a distance of about 10 km, indicating the
presence of a coastal mesoscale front. The 6, field has
an even stronger gradient along this front, with about
6-K difference across the front (Fig. 9b). This is due to
the presence of strong moisture gradient also along the
coast (Fig.9c¢). Figure 9d shows clearly strong surface
moisture convergence along the front. With the rich
moisture supply from the ocean on the east side and
the convergence lifting, the development of a precipi-

tation band is not surprising.

Along line A-B in Fig.1 that is roughly perpen-
dicular to the mountain axis, vertical cross sections
of temperature T, total water condensate mixing ra-
tio and potential temperature 6, equivalent potential
temperature 6, and vertical velocity w, water vapor
mixing ratio ¢,, east-west wind component u, and the
north-south wind component v are shown in Fig. 10
through Fig. 11 for 6 and 12 hours of model time, re-
spectively. Also overlaid on these fields are the wind
vectors projected to this cross section, except for the
case of the north-south wind component v, where the
horizontal wind barbs are shown.

A dome of cold air on the sea-facing mountain slope
is indicated by the 272-K 6 contour in the vertical
cross-section, drawn as a thick dashed line in the fig-
ures. At six hours or 1800 UTC, the temperature of
the cold dome ranges from 0°C on its eastern edge over
the water and near the front to less than —6°C near the
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mountain top (Fig. 10a); inside the cold dome, the ver-
tical stratification is roughly isothermal. Correspond-
ingly, the 6 field shows a strong static stability within
the cold dome (Fig. 10b). Within the cold dome, there
exists a rotor circulation in the cross section, with the
surface flow running downslope towards the cold front,
contributing to the convergence there. The downslope
flow speed is as strong 9 m s~1 at this time (Fig. 10e).
The horizontal wind barbs in Fig. 10f indicate north-
westerly flows near the surface within the cold dome.
The northerly wind component reaches 10 m s~! at
500 m above sea level, indicating the presence of a
low-level mountain-parallel jet. The jet core is roughly
centered at the top of the cold dome and about half the
mountain range peak height. The presence of the cold
dome and low-level mountain-parallel jet is consistent
with the phenomenon of cold-air damming. Stauffer
and Warner (1987) carried out a numerical study to
investigate the mesoscale structures associated with
an Appalachian ice-storm case and showed a similar,
low-level northerly jet east of the Appalachians. Be-
cause of the relatively coarse resolution used there (15
levels and 50 km horizontal grid spacing), the struc-
tures captured are of mesoscale or above while the Ap-
palachian mountain range is also of a larger scale than
the coastal mountain range considered here.

In our case, the damming occurs when the air flow-
ing from the northeast as part of the Siberian High
circulation is blocked at the low levels by the coastal
mountains. As the air is slowed down, the Coriolis
balance is disrupted, and the reduction of the Coriolis
force associated with the reduced wind speed causes
the air stream to turn leftward, in the down-gradient
direction of the large-scale pressure gradient, creat-
ing a mountain-parallel low-level jet. This mountain-
parallel flow advects cold air from the north, further
decreasing the temperature of the dammed air (Bell
and Bosart, 1988; Xu, 1990). In the sea-level pressure
chart of the simulation (not shown), a wedge-shaped
pressure ridge is evident along the eastern slopes of the
mountains, which is the result of hydrostatic pressure
effect of the dammed cold air and is found with typical
cold-air damming cases.

Off the coast over the water, the near surface tem-
perature is about 1°C, there is therefore about 4-K
temperature difference over about 12 km, between the
air over the ocean and the air at the mountain foot
within the cold dome (Fig.10a). Such a strong tem-
perature gradient defines the coastal front. This tem-
perature gradient is much stronger than the 10-15 K
per 100 km gradient reported by Bosart (1981) based
on buoy data for a case of coastal frontogenesis in the
Carolinas of the United States, but is about half as
large as the 5-10 K over 5-10 km across the New Eng-
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land coastal front studied in Bosart et al. (1972). The
strength of such a coastal front can strongly depend on
the background temperature gradient in the mountain
parallel direction, and how long the mountain-parallel
jet persists (e.g., Xu and Gao, 1995).

Being warmed by the surface heat fluxes over the
ocean, the air in the lowest kilometer over the wa-
ter is well mixed therefore nearly neutrally stratified
(Fig. 10b). This air is also moist (given the air temper-
ature), with a mixing ratio of close to 4 g kg~! at the
ocean surface (Fig. 10d). This incoming air is lifted at
the front, producing an updraft maximum of about 1
m s~ ! at about 600 m above sea level (Fig. 10c). This
updraft is accompanied by condensation, giving rise
of total water condensate of up to 0.4 g kg~! that ex-
tends to about 2 km height (Fig.10b). Some of the
condensate reaches the ground in the form of precip-
itation. Because the precipitation falls behind (west
of) the front within the sub-freezing air, it reaches the
ground in the form of snow. The shallow depth of the
updraft and clouds is mainly due to the presence of a
layer of rather strong stability above the 2-km level.
Below the 2-km level, because the low-level onshore
flows originating from the well-mixed marine bound-
ary layer does not contain much vertical shear, the
updraft forced at the leading edge of the front tends
to be tilted rearward (westward) instead of rising high
due to baroclinic horizontal vorticity generation at the
frontal zone (Rotunno et al., 1988), which is another
factor favoring shallow convection.

The maritime air approaching the coastal moun-
tain is lifted at the front and rises to produce con-
densational clouds and precipitation right behind the
front (Fig.10b). Located within the prevailing east-
erly flow below the 2.5-km level, much of this air con-
tinues to flow westwards after leaving the region of
frontal updraft, and the flow at the low levels encoun-
ters mountain lifting near the top of the mountain
range. This lifting produces a shallow layer of clouds
near the mountain top, but no precipitation seems to
be reaching the ground there (Fig. 10b).

Above the 2.5-km level, the environmental flow re-
verses from the easterly at the lower levels to westerly.
Such flow reversal creates a critical level below which
vertically propagating gravity waves are trapped. This
is supported by the fact that the clear wave pattern
found in the low-level w field ceases to exist about 2.6
km (Fig.10c). Such trapped waves initially coming
off the frontal region, being forced by the main con-
vective updraft, can interact with the gravity waves
forced by the mountain slope; based on the wave-
length, the wave crest seems to be in phase with that
forced by the mountain slope at this time (Fig. 10c),
which would enhance the upward motion there. Even
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S0, no significant precipitation is found near the moun-
tain top, which is believed to be due to the fact that
the near-surface air on the mountain slope is too cold
and dry. The presence of the surface downslope flow,
which causes surface flow divergence near the moun-
tain top also contributes negatively to precipitation
development near the mountain top. The model sim-
ulated results clearly show that the displacement of
the precipitation band away from the mountain slope
to over the water is due to the cold-air damming over
the eastern mountain slope and the establishment of a
coastal front off the shore.

Over the next three hours until 2100 UTC, the gen-
eral flow pattern in the vertical cross section did not
change much. The coastal front remained essentially
stationary while the frontal convection grew slightly
deeper. The frontal updraft, cold dome depth and
temperature, and the downslope flow all look very sim-
ilar to those of 3 hours earlier (not shown). The hor-
izontal cross section shows a slight southward shifting
of the precipitation region during this period (Fig.7).

At 0000 UTC the coastal front propagated east-
ward by about 4 km or one grid interval. The frontal
cloud is now lower than 1.5 km and the precipitation
reaching the ground has more or less disappeared (Fig.
11b, and also Fig 7e). The cold dome, as defined by the
272 K contour, is slightly deeper, and its internal ro-
tor circulation is slightly stronger. The downslope flow
speed maximum remains at about 9 m s=! (Fig. 11e)
although the maximum center is shifted away from
the mountain foot. The most significant change is
with the evident reduction in the speed of onshore
flow ahead of the front (Fig.11le), and this reduction
is an indication of the start of the wind shift from
northeasterly onshore flow towards the northwesterly
flow associated with the synoptic-scale flow pattern
change (Fig.2). In fact, by this time, the horizon-
tal winds at the A-B cross-section east of the front
is mostly northerly (Fig.11f), with a slight eastward
component and with v showing small positive values
(Fig. 11le) (note that the projection of the horizontal
winds onto the west-southwest and east-northeast ori-
ented A-B cross-section still shows onshore flow east
of the front at this time). This wind shift removes
the favorable cold-air damming condition. As the on-
shore flow weakens, the front and the cold air behind
it move away from the mountain, losing the dammed
air. The precipitation at the front therefore disappears
over the next a few hours, as observed. Because of the
strong temperature gradient therefore density gradient
across the front, the dammed cold air can move away
from the mountain like a density current when the on-
shore flow is taken away. Therefore, the coastal front
of this study developed as the Siberian High expands
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toward the northern part of the East Sea, resulting
in northeasterly onshore winds along the eastern coast
of Korean Peninsula. The dissipation of the front oc-
curs with the cession of the onshore winds when the
Siberian High shrinks.

4.3 Mountain blocking condition

The effect of mountain blocking can be quantified
by the Froude number, Fr = U/(NH,,) (e.g., Forbes
et al., 1987), where U is the speed of the component of
the undisturbed wind normal to the mountain, and N
is the Brunt-Vaséla frequency upstream of the moun-
tain, and H,, is the mountain height, which is about
900 m in this study. The square of Fr is proportional to
the ratio of the kinetic energy of the air to the amount
of potential energy that has to be raised for the air par-
cel to reach the mountain top. The air can flow over
the mountain without major deflection or blocking at
a large enough Fr. At a low Fr, ranging from 0.5 to
2.3 (e.g., Kitabayashi, 1977; Mason and Skyes, 1978;
Baines, 1979), the flow becomes blocked at low levels
by the terrain. Forbes et al. (1987) also showed in their
study of an Appalachian ice storm associated with the
cold-air damming that at a small Fr (about 0.3 to
0.4), the flow was blocked and was flowing mainly in
the mountain-parallel direction. In our case, the cal-
culated Froude number is about 0.3 to 0.4 at the early
and mature stages of cold-air damming. For exam-
ple, at 1800 UTC or 6 h of simulation, the low-level
inflow is about 2 m s=! (Fig. 10e), the vertical differ-
ence in the inflow potential temperature in the depth
of the mountain height is about 1 K (Fig. 10e). This
gives rise to Fr~0.35, therefore the blocking effect of
the terrain is dominant. The air flows are decelerated
(instead of running up the mountain slope) and then
turned leftward to become parallel to the mountains,
driven by the large-scale pressure gradient force in the
mountain parallel direction (Xu, 1990).

5. Summary and conclusions

The processes and mechanisms of a heavy snowfall
event that occurred in the Yeongdong coastal region of
the Korean Peninsula are studied using observational
data and through a high-resolution model simulation.
The numerical simulation using a 4-km horizontal res-
olution and 43 vertically-stretched levels reproduces
very well the narrow snowband located off the eastern
Korean coast, away from instead of over the coastal
mountain range. The general evolution of the snow-
band agrees quite well with the radar observations,
while the precipitation amount agrees reasonably well
with the radar estimate. The simulation results clearly
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show that this precipitation band developed due to the
forcing of a coastal front which developed because of
the damming of cold air against the eastern slope of
the coastal mountain range. The dammed cold air was
enhanced by the advection of cold air by a mountain-
parallel jet, which formed due to geostrophic adjust-
ment as previously published theory suggested, when
the on-shore upslope air was decelerated by the moun-
tain blocking.

While the cold-air damming and associated precip-
itation processes have been studied at other parts of
the world and in particular in the eastern coastal re-
gion of the United States in connection with the larger
Appalachian mountain range, detailed studies on such
events in the Korean region have not been done un-
til very recently. Furthermore, the coastal mountain
ranges and the associated features of cold-air damming
and coastal front are of much smaller scales in the Ko-
rean region than most of those that occur east of the
Appalachian mountain; the latter have received most
attention in the literature. Earlier studies, due to their
use of much coarser resolution data and model, fo-
cus more on the synoptic scale and mesoscale, instead
of the mesoscale to small scale. In this study, high-
resolution high-frequency radar observations are used
to verify the model simulation to better establish the
credibility of modeling results. The synoptic settings
as well as their evolution studied here also differ from
the typical situations in eastern United States. In this
case, the presence and migration of the Siberian High
played an important role in the establishment and dis-
mantling of cold-air damming. Specific evolution from
the initial to decaying stage of the particular snow
event studied in this paper is summarized as follows:

(1) With the expansion of the Siberian High, cold
air outbreak occurred over the northern part of the
East Sea. This provided the initial trigger for the
heavy snowfall near the coast. The cold air, being on
the east side of the High, was advected southwestward
over the warm sea surface, collecting a large amount of
heat and moisture. Scattered clouds formed over the
sea.

(2) Cold air flowing onshore, from the northeast
after a long fetch over the warm water, was dammed
against the eastern slope of the mountain range that
is parallel to the coast, due to the blocking effect of
the mountain barrier. The decelerated flow turned
leftward due to geostrophic adjustment, establishing
a northerly mountain-parallel jet that advects cold air
from the north and enhancing the cold-air damming.

(3) The dense cold air accumulating on the eastern
slope of the mountain range attempted to move downs-
lope towards the sea, enhancing the convergence and
temperature gradient along a coastal front that was
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established as a result.

(4) The development and organization of a cloud
band along the coastal front led to the heavy snowfall
along the coast, with its maximum located about 10
km off the coast. The cold-air damming and the for-
mation of the coastal front explain why the heaviest
snowfall was not found over the mountain slope, where
the orographic lifting is the strongest.

(5) A synoptic-scale pressure pattern change,
which in this case was the retreat of the Siberian High
away from the northern East Sea, led to the shift in
the wind direction from north-northeasterly to north-
westerly in the coastal region and off coast at later
times. This resulted in the weakening of convergence
and temperature gradient across the front and the sea-
ward propagation and eventual dissipation of the front.
The associated precipitation also ceased afterwards.

Due to the lack of detailed in-situ data over the
ocean, we were unable to verify some of the fine-scale
details of our simulation. When data are available, in-
cluding high-frequency radar observations, the agree-
ment between the model and observations is rather
good, lending creditability to the simulation results.
Many of the simulated meso-3 and meso-y scale fea-
tures associated with the sequence of events described
here are physically consistent. By analyzing the model
output, a much better understanding of the location,
structure and formation mechanism of the precipita-
tion has been gained for the specific geographic region
studied. The general understanding should also ap-
ply to similar events occurring at other parts of the
world that have similar geographic and synoptic situ-
ations. Compared to earlier numerical studies of cold-
air damming events, a much higher model resolution
is used here, which is necessary to resolve the smaller
scale geographical as well as atmospheric features that
seem to be typical of this particular geographical re-
gion. The numerical simulation did under-predict the
amount of precipitation somewhat; model resolution,
physics, as well as initial condition deficiencies can all
contribute to such quantitative errors. Accurate quan-
titative precipitation forecast is not the central focus
of this paper but can be investigated in future studies.
Finally, we point out that another similar case that
occurred in the Yeongdong region had been studied
by Lee and Kim (2008) and Lee et al. (2011) and the
results of the current study are consistent with theirs.
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