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Abstract. We applied eddy-resolving ocean data assim-2000; Davolio et al., 2009). Although sensitivities of the sim-
ilation to a cloud-resolving atmospheric simulation of a ulations to physical parameterization and sea surface temper-
show disaster and investigated the effects of mesoscale edture (SST) have been investigated (e.g., Kwun et al., 2009;
dies on a heavy snowfall event in late December 2005.Gomez et al., 2011; Katsafados et al., 2011), the influences
Ocean circulation model (OCM) data assimilation repro- of the mesoscale ocean processes on severe weather are not
duces mesoscale sea surface temperature (SST) strufiilly understood.

tures, which are smoothed out by optimum interpolation. The Sea of Japan is an important heat and moisture
This difference between OCM-assimilation and optimum- source of heavy snowfall in coastal areas. In particular, the
interpolation SSTs affects the atmospheric boundary layer§ sushima Warm Current in the southern Sea of Japan sup-
over oceanic mesoscale eddies. The atmospheric responsepiies much moisture and heat to the wintertime monsoon
the SST difference is complex at the cold tongue in the cen-and cold-air outbreaks that blow toward Japan (e.g., Manabe,
tral Sea of Japan. Although the horizontal wind and turbu-1957). Recently, satellite measurements have shown that the
lent mixing are quickly and locally affected by the low SST, subpolar front formed by the warm current affects the surface
the atmospheric temperature and water amounts are greatlyind and atmospheric boundary layer (Shimada and Kawa-
affected by the upstream high SST via the northwesterly admura, 2006; 2008). The dynamics of the Tsushima Warm
vection. In the heavy snowfall areas, the OCM assimilationCurrent determine the surface temperature distribution in the
greatly affects 10-day accumulated precipitation, though itsemi-closed Sea of Japan, where there are mesoscale oceanic
does not largely influence 10-day mean vertical structures oeddies near the subpolar front and the coastal area. The SST
wind, temperature and water vapor. Thus, we should recogdistribution resulting from oceanic processes can modify the
nize the significance of oceanic mesoscale eddies for heavgiry and cold air mass transported from the Eurasian continent
snowfall. via the upward heat and moisture fluxes over the sea (such
a modification is termed air-mass transformation). During

a cold air outbreak, this process can cause heavy snowfall
in the coastal area. However, because there are serious is-
sues for high-resolution measurement of the SST in cloud-

Heavy precipitation and severe weather often occur aroungovered marginal seas, we do not fully understand the ef-
semi-closed oceans (e.g., the Mediterranean Sea and Sea f§fft of oceanic mesoscale eddy dynamics on the atmospheric
Japan) and their neighboring marginal seas. Regional anffoundary layer and heavy snowfall. _
mesoscale atmospheric models are used for severe weatherBecause of its low resolution, low-frequency microwave
cases around the East Asian marginal seas (e.g., Kato arlgagery with a wide instantaneous field of view cannot av0|d_
Gonda, 2001; Heo and Ha, 2008; Lee and Ryu, 2010; valnissing data along the coasts of marginal seas. In addi-

mamoto 2011) and the Mediterranean area (e.g., Jansa et afion, long-term cloud cover is problematic for infrared ob-
servation over wintertime marginal seas. Thus, temporal and

spatial optimum interpolation is employed for the daily SST

Correspondence tayl. Yamamoto estimates to replace missing data. However, this interpola-
BY (yamakatu@riam.kyushu-u.ac.jp) tion smoothes the high-resolution SST structures resulting
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from oceanic mesoscale eddies. Recently, the surface ten®2 Data and model
perature of the Sea of Japan has been estimated by com-

bining satellite measurements of the SST and sea surfacg merged SST dataset was obtained from satellite iand
height (SSH) with an eddy-resolving ocean circulation modelgjy, gcean data by an optimum interpolation carried out at

(Manda et al., 2005; Hirose et al., 2007). The SST esti-he japan Meteorological Agency (JMA) (Sakurai et al.,
mated by the assimilation with the ocean circulation model2005)_ The grid data with 174resolution, which are used
(hereafter, the OCM-assimilation SST) reveals the fine strucby the JMA forecasting system and in meteorological sim-
tures of oceanic processes, such as oceanic fronts and eddi€§stions around Japan, are termed JMASST. The assimila-
which are masked by cloud and precipitation over alarge parfion estimates of satellite data were made using a Sea of
of the Sea of Japan. The assimilation SST agrees welliith Japan model of the Research Institute for Applied Mechan-

situmeasurements (Hirose et al., 2007). Compared with the.g (RIAM), Kyushu University, Japan. The SST was as-
smoothed SST data before the assimilation, fine structures ofjmijated by nudging with a relaxation time of 3 days, and

SST are improved by the eddy-resolving OCM assimilation. e SSH was assimilated using a reduced-order Kalman fil-
A significant difference between the optimum-interpolation g, (Hirose et al., 2007). The output of SST from the /12
and OCM-assimilation SST products is observed in the warmycean assimilation model is termed RIAMSST in this arti-
core and the cold tongue, where there are obvious fine strucsje  Thjs assimilation product provides high-resolution SST
tures in the OCM-assimilation SST that are smoothed in theyata for cloudy areas of the Sea of Japan and is consistent
optimum interpolation SST. These mesoscale SST structureg;itn mesoscale oceanic eddies detected in satellite altimeter
are persistent during the cold season. . observations (Morimoto and Yanagi, 2001).

For a developing extratropical cyclone and cold-air out- - 14 examine the influences of the two different Sea of Japan
break over the Sea of Japan (Yamamoto and Hirose, 200755 gatasets (RIAMSST and JMASST) from 00:00 JST
2008) and monthly precipitation in Japan (Yamamoto andz; pecember to 00:00 JST 30 December 2005 (when there
Hirose, 2009), the eddy-resolving OCM assimilation im- \yare heavy snowfalls in Japan), we used a Cloud Resolv-
proves the weather simulations with horizontal resolution Ofing Storm Simulator (CReSS) with 3km horizontal resolu-
10km. Although we have previously discussed the meteosjon and a terrain-following vertical coordinate of 60 lay-
rological effects of mesoscale oceanic processes for a few,g (0 to 14814 m). This model has been developed at the
cases, we have not explained thei_r dynamic influences Oyydrospheric Atmospheric Research Center, Nagoya Uni-
heavy snowfall, such as those leading to the weather hazargdy ity japan (Tsuboki and Sakakibara, 2001; 2002), and is
in the winter of 2005/2006 in Japan (Sato, 2006). Lee and,se for cold-air outbreaks and snowstorms (Liu et al., 2004;
Ryu (2010) applied a satellite-based SST dataset to a heavyjgesaka et al.. 2006: Ohigashi and Tsuboki, 2007).
snowfall event in Korea. In the present study, using heat and The model domains below 1. 5 and 10 km comprised 8
moisture budget analyses we focused on the meteorologicd}7 ang 47 layers, respectively. Thirty-hour simulations were
effect of the eddy-resolving ocean process in the OCM forgqnqycted for each day and the last 24-h of output data were
modeling a particular event that occurred in late December,caq for the analysis period. The experiments are termed

200s. _ ~ Exp.Jand Exp. R using daily JMASST and RIAMSST, re-
We applied the eddy-resolving ocean data assimilation t%pectively.

a cloud-resolving atmospheric simulation of a snow disaster, e daily SSTs were constant for the 30-h simulations
and investigated influences of the ocean data assimilationsjyce SST diurnal variations were very small. The initial
Technical issues concerning the resolution and interpolation,,q boundary conditions were determined from three-hourly
of sea surface measurements could greatly affect the metgyecast data obtained from the JMA regional spectral model.
orological simulation of heavy snowfall. However, we have ap explicit microphysics scheme of bulk cold rain processes
yet to investigate the impacts of the oceanic mesoscale ety six species of water (vapor, cloud, ice, rain, snow and
dies, which are smoothed out by optimum interpolation, ONgraupel) was used in the CReSS without cumulus param-
the heavy snowfall process. Thus, we conducted atmospherigierization (Tsuboki and Sakakibara, 2002). Subgrid-scale
simulations using both the optimum-interpolation and OCM- y,rplent mixing was parameterized by a 1.5 order closure
assimilation SSTs (Sect. 2) and discuss effects of the eddygith a turbulent kinetic energy (TKE) prediction (Tsuboki
resolving ocean assimilation on the modeling of weather inyg sakakibara, 2001). Surface fluxes of sensible heat, la-

the heavy snowfall event (Sect. 3). Because the long-terMgnt heat and net radiation were used for ground temperature
accumulation of snowfalls in the winter of 2005/2006 Causedprediction.

more than 100 deaths and major social disruption (including
collapse of houses, snow slides, electrical outages, and traffic
disturbances), this article focuses on the 10-day accumulated
precipitation and its related 10-day mean meteorological el-
ements. The results are summarized in Sect. 4.
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3 Results ical Data Acquisition System) precipitation-gauge measure-
ments (Makihara et al., 1996), and termed the JMA radar
The effects of the eddy-resolving ocean assimilation on theAMeDAS precipitation. The simulated precipitation in both
cloud-resolving simulation were investigated using the 10-experiments is higher than the radar AMeDAS precipitation
day meteorological fields, because the present work considin mountain areas. The over-prediction of precipitation was
ers oceanic mesoscale eddies that are persistent over the wialso seen in previous mesoscale simulations (e.g., Yamamoto
ter season and because the heavy snow accumulated durisgd Hirose, 2009). Because there are so few precipitation

late December 2005. gauges in mountain areas, the radar-AMeDAS estimate can-
_ _ not be accurately corrected by the gauges. In addition, snow-
3.1 Horizontal structures of meteorological elements falls are underestimated in the Japanese heavy snowfall ar-

eas, owing to the low catch rate of solid particles (Nakai and

Figure 1 shows the horizontal distributions of surface tem-yokoyama 2009). In such a case, the radar-AMeDAS precip-
perature, sensible heat flux and latent heat flux in Exp. Ritation might be inaccurate as a result of the lack of precipita-
There is a subpolar front (sharp SST gradient) in the centration gauges and underestimation of snowfalls. Accordingly,
Sea of Japan, where oceanic mesoscale eddies are predofis difficult to accurately estimate the root mean square er-
inant (Morimoto and Yanagi, 2001). Since the surface andror (RMSE) from the radar AMeDAS precipitation. In the
subsurface oceanic flows of the mesoscale eddies strongliigh-snowfall area (Shimane prefecture to Akita prefecture),
disturb the SST gradient, eddy-induced SST structures areghe model error estimated from observations made with pre-
likely to appear around the subpolar front. The warm watercipitation gauges is 7 % better in Exp. R (64.6 mm) than that
spreads northward from the Tsushima Strait (84129 E)  in Exp. J (69.4mm). The precipitation in Exp. R is 30 mm
to the Yamato Seamount (38, 135 E). A cold tongue is  |ess than that in Exp. J on the southern coast of the Sea of
found to the east of the Yamato Seamount. Surface latenjapan and greater than that in Exp. J in the northern Sea of
heat flux (evaporation) is high over the Tsushima Warm Cur-japan. Thus, the mesoscale SST anomalies greatly affect me-
rent. In particular, the maxima sensible and latent heat fluxeseorological elements (wind, heat and moisture fluxes, and
are located around the Yamato Seamount. These heat fluxgfecipitation) near the surface. The negative SST anoma-
along the cold tongue are lower than those in the adjacenfies weaken evaporation along the coasts of Japan and Ko-
area of the warm current. In the present case, the bathymetrbéa_ This lower moisture Supp|y results in negative precipi-
of the Yamato Seamount might influence the supply of heatation anomalies along the coast of the Japanese Islands be-
and moisture from the sea surface via the dynamics of theween about 36N, 136’ E and 39 N, 140 E. By contrast,
Tsushima Warm Current. the warm core in the upstream area (positive SST anomaly

A difference of more than 1K between the two SST dis- around 40 N, 135’ E) causes local positive anomalies of pre-
tributions is predominant over the Sea of Japan, as shown igipitation in the islands.
the right panel of Fig. 1a. RIAMSST is colder than IMASST
east of the Korean Peninsula. In contrast, the temperaturg.2 \Vertical structures of meteorological elements
bias is more than 1 K warmer in the northern Sea of Japan for
RIAMSST. The difference between RIAMSST and JMASST The vertical structures of atmospheric dynamics and mois-
(RIAMSST minus JMASST) directly affects the upward heat ture transport over oceanic mesoscale eddies have not been
flux from the sea surface. The horizontal differences in thefully investigated in the literature as yet, although they
surface sensible and latent heat fluxes are similar to the SS&re important in understanding how oceanic eddies modify
differences. In particular, small-scale patchiness of the heathe cold-air outbreak and lead to heavy precipitation. The
fluxes results from SST patchiness, which is due to oceanigresent study investigated vertical structures of dynamics and
eddies. We discuss later the influences of these oceanic eddyater quantity in the boundary layer, to describe the evolu-
structures on the atmospheric boundary layer according t@ion of air-masses over oceanic mesoscale eddies. In this arti-
analyses of the heat and moisture budgets. cle, we focus on the atmospheric structures over three sea ar-

A northwesterly cold-air outbreak, with surface wind eas indicated in Fig. 1: area EK (the east coast of the Korean
speeds in excess of 8 msblowing toward Japan, is appar- Peninsula), area NY (north of the Yamato Seamount), and
ent in Fig. 2a. The horizontal wind in Exp. R is stronger area CT (the tip of the cold tongue). Figure 4 shows the ver-
than in Exp. J in the northern Sea of Japan, where RIAMSSTical distributions of the wind speed, potential temperature,
is greater than JMASST, while it is weaker in the coastal TKE and the vertical component of wind velocity in area EK
area of the Korean Peninsula, where RIAMSST is less thar(37.0° N-37.5 N, 129.5 E-130.0 E). Below 500 m, where
JMASST. the lower troposphere is unstable, the wind speed and poten-

Precipitation is also affected by the SST differencestial temperature in Exp. R are lower than those in Exp. J. The
(Fig. 2b). High precipitation is observed over coastal JapanTKE, which is maximal at 250m, is lower in Exp. R than
(Fig. 3). The precipitation shown in Fig. 3 was estimatedin Exp. J. The low SST leads to low temperature because
from the JMA radar and AMeDAS (Automated Meteorolog- of low turbulent surface heat flux, and to low wind speed in
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Fig. 1. Horizontal distributions in the Sea of Japan(af SST (K), (b) surface sensible heat flux (WTR), and(c) surface latent heat flux
w m=2) averaged over 21-30 December in Exp. R (left) and their differences between Exp. R and Exp. J (right). EK, NY and CT indicate
the east coast of Korea, North Yamato Seamount and the cold tongue.

a situation of little vertical mixing of the strong upper-level rain water near the surface rapidly decrease with height. For
wind down to lower levels. The downward vertical veloc- cloud water (liquid and ice cloud water) and snow water
ity, which is capped by the upward motion layer of 2000 to (snow and graupel), the maxima are located at 1400 and
3000 m, is predominant below 1500 m. The vertical profile 3500 m, respectively. A small amount of water vapor due to
in Exp. J is shifted slightly upward compared with that in low SST results in low levels of cloud water content, snow
Exp. R. and rain. The SST anomaly leads to large differences in

Figure 5 shows the vertical distributions of the water cloud and snow water between the two experiments, not only

amounts over area EK. Large amounts of water vapor andh the surface mixed layer (thermally unstable region of 0 to

Nat. Hazards Earth Syst. Sci., 11, 253565 2011 www.nat-hazards-earth-syst-sci.net/11/2555/2011/
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Fig. 2. Horizontal distributions ofa) surface wind (m s1) averaged angb) precipitation (mm) accumulated over 21-30 December, in
Exp. R (left) and their differences between Exp. R and Exp. J. (right)

500 m in Fig. 4b), but also above the mixed layer via the en-decrease with height. There is air-mass transformation in this
hanced TKE and vertical flow. This indicates that the cloudregion below 700 m, where the TKE is large. Since the tur-
and snow above the convectively mixed layer are sensitive tdulent surface heat flux in Exp. R is less than that in Exp. J,

the oceanic mesoscale SST anomaly.

these source terms are also smaller in Exp. R. In summary,

Figure 6 indicates the apparent heat and moisture sourcdsw SST leads to weakening of the surface heat flux and hor-

calculated from the budget equations:
96 96 96 90

= tu—tv—tw—, 1
On=" “ox Vo VS (1)
and

L (0q aq aq aq

= —| — —_— - P E) 2
oM cp<8t+u8x+v8y+w8z @

respectively. Heret is time, x is east-west distance, is
north-south distance;, is vertical distancey is zonal wind
velocity, v is meridional wind velocityw is vertical wind
velocity, 6 is potential temperature, is mixing ratio of wa-

izontal wind and to decreasing of the air temperature, water
amount and precipitation.

In the north of the Yamato Seamount (area NY) (395
40.25 N, 134.25 E-134.75 E), where RIAMSST is higher
than JMASST, high SST enhances the horizontal flow and
potential temperature below 1000 m and TKE below 2000 m
(Fig. 7). Downward velocity is predominant in area NY. As
opposed to the situation in area EK, there are large differ-
ences in the vertical component of velocity above the unsta-
ble mixed layer (in the height range of 500 to 2500 m). The
downward velocity is weaker (the vertical velocity increases
in the positive direction) in Exp. R. High SST increases the

ter vapor,c, is the specific heat capacity at constant pres-Water amounts of vapor, cloud, snow, and rain, and enhances
sure, and. is the specific latent heat of vaporization. These the heat and moisture sources, as shown in Figs. 8 and 9.
source terms represent air-mass transformation over the sea. Atmospheric responses in area CT (3N540.0 N,
Thus, bothQy and Qp have maxima near the surface, and 138.0 E-138.5 E) are more complex than those in areas EK
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Nat. Hazards Earth Syst. Sci., 1258553011



2560

IBDO

250
200
150
100
50

1326 134E 1360 13BE 140E 142E 144E
Longitude (deg)

126E 128E 130E

Fig. 3. Horizontal distribution of precipitation (mm) accumulated

over 21-30 December, obtained from radar and precipitation gauges g

(JMA radar AMeDAS). The white areas indicate missing values or
areas outside the radar range.

HorizWind b PotenTemp

Horiz. wind (m/s) Poten. Temp. (K)

2000

2000
1500 1500
G G
5 1000 5 1000
3 S
S z
ES E
500 500
0 0
2
¢ TKE d wW
TKE (J/kg)
2000 /ka 6000
5000
1500
E E 4000
3 1000 5 3000
2 2
< < 2000
500
1000
0 0
-25 -20 -15 -10 -5

[

5

Fig. 4. Vertical distributions ofa) horizontal wind speed (nms),

(b) potential temperature (Kj¢) turbulent kinetic energy (J k_gl),
and(d) vertical velocity (mm 51) averaged over 21-30 December
in area EK (37.0N-37.5 N, 129.5 E-130.0 E) for Exp. R (solid
line) and Exp. J (dashed line).
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ditions where high-resolution infrared data are missing be-
cause of quasi-stationary cloud cover, the statistical inter-
polation generally smoothes the SST distribution. In com-
parison with the interpolation, dynamic ocean data assimila-
tion, which reinforces the sea surface flow with the SSH in
the model, is likely to enhance the large-scale SST anomaly

and NY. As the air mass moves across the subpolar front, itontrast across the subpolar front. In short, a positive (neg-
is strongly modified in the upstream area (the northern Seative) SST anomaly is observed upstream (downstream) of

of Japan) where RIAMSST is higher than JMASST. In con-

Nat. Hazards Earth Syst. Sci., 11, 253565 2011

the northwesterly wind across the front. In Exp. R, the air
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. a OH b QM
mass transformed by high SST over the upstream area (the
northern side of the subpolar front) is transported by the O_H (K/h) 2000 QM (K/h)
northwesterly to the tip of the cold tongue (the southern side
of the subpolar front). 1500 1500

In such a situation, where the air mass is strongly modified
in the upstream sea area, the horizontal wind is weaker anc
TKE is less in Exp. R than in Exp. J (Fig. 10a and c). This
implies that the SST anomaly quickly and locally affects the
horizontal wind and turbulent mixing. The potential temper- . .
ature in Exp. Ris higher than thatin Exp. J (Fig. 10b) because = ° **** ™ ' * e s EE L
the temperature increment in the upstream area (RIAMSST,

. . . ~ Fig. 9. Vertical distributions ofa) apparent heat source (K houp
higher than JIMASST) remains. Upward velocity is predomi- and(b) apparent moisture source (K hoth averaged over 21-30

nantin Exp. R (Fig. 10d) at the tip of the cold tongue and this pocemper in area NY (39.75-40.25 N, 134.25 E—134.75 E)

is consistent with the case analysis of the cold-air outbreakyr gxp. R (solid line) and Exp. J (dashed line).

around this area by Ninomiya (2006). In contrast, the vertical

velocity in Exp. J is downward in the boundary layer. Such

sensitivity of the vertical velocity to SST suggests that thetion that the velocity of upward wind is high and the quantity

sea surface process in the central Sea of Japan greatly affeat$ water vapor is large (as in Exp. R), a high mixing ratio

the formation of upward motion. Thus, a realistic SST esti- of snow particles might result from the enhanced snow pro-

mate is essential for realistically simulating boundary layerduction rate owing to the large amount of water vapor above

dynamics over the Sea of Japan. 500 m, or from the advection of the high snow concentration
The mixing ratios of water vapor below 400 m and cloud in the upstream area. Although the heat and moisture sources

and rain water below 1500 m in Exp. R are smaller than thosen Exp. R are weaker than those in Exp. J (Fig. 12), the po-

in Exp. J (Fig. 11a, b and d). By contrast, the mixing ratios tential temperature is higher in Exp. R. This indicates that

of water vapor above 400 m and snow water in Exp. R arethermal advection from the upstream area dominates the lo-

larger than those in Exp. J (Fig. 11a and c). In the situa-cal air-mass transformation. In comparison with the situation

1000 1000
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Altitude (m)

500 500
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Fig. 10. Vertical distributions ofa) horizontal wind speed (nTs), Fig. 11. Vertical distributions of mixing ratios dfa) water vapor (g

(b) potential temperature (Kjg) turbulent kinetic energy (Jkg), kg™, (b) cloud water (mg kg1), (c) snow water (mg kg'), and
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line) and Exp. J (dashed line). and Exp. J (dashed line).
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in Exp. J, there is slightly less water vapor below 400 m in

Exp. R because of lower surface moisture flux. In contrast, 2600 oh /. 2000 2= K/
there is more water vapor above 400 m in Exp. R because /

1500

moisture advection from the upstream area is predominant. 1500
Finally, we discuss the vertical atmospheric structures at

two coastal upper-air observation sites (Akita and Wajima)

in the heavy snowfall area (Fig. 13). It is difficult to com-

pare the simulation with the radiosonde data because of ¢

long sampling time and advection of the balloon near the L VR ST T T 0T or ok

coastline where the surface conditions rapidly change. For

potential temperature, large discrepancies with observationgig. 12, vertical distributions of(a) apparent heat source (K

are seen at both sites. The simulated surface Iayer is Unstarourfl) and (b) apparent moisture source (K h(jl}f) averaged

ble, while the observed one is stable. The difference in theover 21-30 December in area CT (39M6-40.0° N, 138.0 E—

static stability influences the vertical distributions of the wind 138.5 E) for Exp. R (solid line) and Exp. J (dashed line).

and water vapor. Compared with the observations, the sim-

ulated horizontal wind speeds are overestimated below the

900-hPa level, and the simulated mixing ratios of water va-The water vapor at Akita is weakened near the surface by

por are overestimated near the surface. In contrast, the simuhe relatively cold coastal SST in Exp. R, while that at Wa-

lated potential temperatures and mixing ratios are lower thajima is enhanced in the region from 950 to 800 hPa by the

the observed ones above the 950-hPa level. These discreprarm offshore SST. However the differences of the atmo-

ancies with observations must be improved in future work tospheric structures between the two simulations are small

provide accurate forecasting of heavy snowfall. in the coastal area, where large differences in precipitation
Differences in the meteorological elements between theare found (Fig. 2). This indicates that the meteorologi-

two simulations are much smaller than those from the obsereal impact of seasonally persistent oceanic mesoscale ed-

vations on the coastal land, where the differences in groundlies on the 10-day mean fields is barely apparent in the

temperature and surface wind are trivial (Figs. 1 and 2).coastal areas, whereas the impact on the 10-day accumulated
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136’ E and 39 N, 140 E. Thus the precipitation weakens in

a large part of the Japanese coastal area in Exp. R, owing
to the negative SST anomalies. By contrast, the warm core
around the Yamato Seamount in Exp. R locally enhances pre-
cipitation in the downstream area (3¥, 139 E). Thus, the
long-lived mesoscale eddies strongly influence the 10-day
accumulated snowfall. The effects of oceanic mesoscale ed-
dies on the accumulation of precipitation should be examined
in the analysis of heavy snowfall.
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4 Concluding remarks

b Potential temperature In this study, we applied eddy-resolving ocean data assimila-
200 Mkita (00UTC21t012UTC30) 700 Waiima (00UTC21t012UTC30) tionto a cIoud-resoIving simulation of a snow disaster. Dy-
namic ocean data assimilation using eddy-resolving OCM
7 70 intensifies meso- and large-scale SST structures in the Sea
i of Japan, which are smoothed by optimum interpolation be-
cause of frequently missing data. As a result, the SST dif-
ferences between optimum interpolation and OCM assimi-
500 lation are frequent over the Sea of Japan. Such SST differ-
ences would have greatly affected the vertical structures of
the atmospheric boundary layer over oceanic mesoscale ed-
100022 275 Wein o B o 10005254 275 e dies during the heavy snowfall event in late December 2005.
The air-mass transformation below 500 m, forming the un-
stable surface layer, is sensitive to the sea surface conditions.
The sensible and latent heat fluxes, weakened locally by the

850

Pressure (hPa)
i
®
2
Pressure (hPa)
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o

Water vapor mixing ratio

Akita (00UTC21t012UTC30) Wajima (00UTC21t012UTC30) low SST, reduce the heat and moisture sources in the convec-
700 700 . . .
tively mixed layer. For the east coast of the Korean Penin-
750 750 sula (area EK), the wind speed, potential temperature, and

atmospheric water amounts decrease in Exp. R, owing to a
negative SST anomaly that affects surface heat and mois-
ture fluxes. By contrast, north of the Yamato Seamount
- (area NY), these meteorological elements increase because
of a positive SST anomaly. The model results indicate that
the SST anomaly resulting from an oceanic mesoscale eddy
— - largely influences the cloud and snow water above the mixed
Woter' mixing ratio"{a/ke) *° Water mixing rato (g/¥e) surface layer. However, at the tip of the cold tongue (area
CT), the sea surface conditions in the upstream area compli-
Fig. 13. Vertical distributions of(a) wind speed (m s1), (b) po- cate the atmospheric response to the SST, because the ther-
tential temperature (K) angt) water vapor mixing ratio (g kgb) mal and water structures are affected by the high SST in the
averaged over 21-30 December at Akita 89N, 14C06E, left) - ypstream area via the northwesterly advection.
and Wajima (37 24N, 136" 54, right) for Exp. R (open circle), The OCM assimilation greatly affects the 10-day precip-
Exp. J (solid circle) and observation (open square). itation around the southern coast of the Sea of Japan, but
the vertical structures of the 10-day mean wind, tempera-
ture, and water vapor in the coastal observational sites (Akita
precipitation is evident (Fig. 2). In the upstream areas ofand Wajima) are much less influenced. Because the OCM-
the northwesterlies, the positive SST anomalies enhance heassimilation SST is lower than the optimume-interpolation
and moisture in the boundary layer over the mesoscale eddieSST along coastal Japan, heavy snowfall prediction in Japan
via the surface heat and moisture fluxes. After the air mass isluring the snowfall event is somewhat weakened by the
modified by the warm SST anomaly in the upstream area, itOCM assimilation. As a result, the RMSE in Exp. R
is further modified by the cold SST anomalies in the down- (64.6 mm) estimated using precipitation gauges is 7 % better
stream area. Since the latent heat flux is high in the southerthan that in Exp. J (69.4 mm) in the high-snowfall area. Un-
coastal area of the Sea of Japan, the coastal SST strongfgrtunately, it is difficult to accurately estimate the error of
affects precipitation in the Japanese Islands betwe&lN36 the observations because of technical issues (the absence of
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precipitation gauges in mountain areas and the wind-inducedliu, A. Q., Moore, G. W. K., Tsuboki, K., and Renfrew, I. A.:
decrease of catch rate for snow particles); however, a 10% The effect of the sea-ice zone on the development of boundary
difference in precipitation between Exp. R and Exp. J is layer roll clouds during cold air outbreaks, Bound.-Lay. Meteo-
significant in the modeling of heavy snowfall. Thus, the rol. 118, 557-581, 2006. . .
mesoscale SST anomalies lead to a large difference in long¥@esaka, T., Moore, G. W. K., Liu, A.Q., and Tsuboki, K.:
term accumulated precipitation. As mentioned above, we A Simulation of a lake effect snowstorm with a cloud re-
should recognize the significance of mesoscale ocean pro- SO'.\_”ng numerical model, Geophys. Res. Lett, 33, 120813,
e _ d0i:10.1029/2006GL026632006.

cesses on .heavy snowfall, spemﬁcally the chal air-masSyayinara, Y., Uekiyo, N., Tabata, A., and Abe, Y.: Accuracy of
transformation over the oceanic mesoscale eddies and the ef- ;5. AMeDAS precipitation, IEICE Trans. Commun., E79-B,
fect of the SSTs on coastal precipitation. 751-762, 1996.
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