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Abstract

Okhotsk Sea, it is a sea area has been a "sea of mystery" from the lack of
observational data.

Okhotsk Sea is the north of Japan; Okhotsk high that occurs in summer is
heavily involved in cool summer and Baiu season in Japan. To correctly evaluate the
influence of Okhotsk high is essential to weather forecast of Japan. However, as
mentioned, Okhotsk Sea is a "sea of mystery" from the lack of observational data, the
detailed mechanism of Okhotsk high has not yet been clear. In this study, using the
radiosonde data in Okhotsk Sea, which was observed in 2006 and 1998, and the
calculation results of regional climate model in close vertical resolution, to clarify how
the low sea surface temperature (SST) in Okhotsk Sea affects the synoptic scale
disturbance and the atmospheric boundary layer. SST used as boundary conditions in
the model is higher than SST observed in Bussol Sea, where is known SST is very low.
To estimate the effect of low SST gives the atmosphere in Bussol Sea around, providing
a run with a lower 5K boundary conditions of the SST (COLD), which is compared
with a normal run (CTL). From the observation, large surface inversion layer is
observed in Bussol Sea. Surface inversion layer is reproduced in the COLD run.
However it is not reproduced in the CTL. It is clear that this surface inversion is formed
by low SST around Bussol Sea. In comparing the COLD run and CTL run, high
pressure deviation in SST decrease area and low pressure deviation in the southwest are
formed in COLD run. The contitions to be formed this low pressure deviation is that
high pressure is the north and low pressure is the south across the Kuril Islands, and
northeast wind blow on SST decrease area. It is considered wave of pressure associated
with baroclinic instability wave has propagated and low pressure deviation is formed.

The results of this study suggest that low SST of Bussol Sea affects remotely.
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1. Introduction

It has been common that middle-latitude small-scale anomalous sea surface
temperature (SST) locally influences atmospheric circulations just over the anomalous
SST area, in particular in the Kuroshio and Gulf Stream regions [e.g., Sweet et al.,
1981; Minobe et al., 2008; Tanimoto et al., 2009]. However, it has not been common
that middle-latitude small-scale anomalous SST can remotely influence atmospheric
circulations far from the anomalous SST area. This study demonstrates that a
small-scale cold SST spot located between the North Pacific Ocean and the Okhotsk
Sea remotely influences synoptic-scale circulations.

The Okhotsk Sea (Figure 1) is semi-enclosed by Sakhalin Island, mainland
Russia, and the Kamchatka Peninsula, and the Kuril Islands separate it from the Pacific
Ocean. The Okhotsk Sea has two extraordinary climatic characteristics. One is the sea
ice formation. Very cold air outbreak from Siberia in winter enables the Okhotsk Sea to
be covered by sea ice in the southernmost area in Northern Hemisphere. The sea ice
remaining until June keeps the SST cold in summer. The other is strong tidal mixing. In
the Okhotsk Sea region a strong tidal flow combined with strong vertical mixing causes
cold intermediate water to crop out around the Kuril Islands [Nakamura et al., 2000a, b].
As a result, spots with very cold SST form there. The intermediate cold water formation
is related mainly to the wintertime sea ice formation in the Okhotsk Sea [Talley, 1991,
Ohshima et al., 2002; Shcherbina et al., 2003]. Summertime SST in the Okhotsk Sea
cold spots as low as 5 °C have been reported [e.g., Tachibana et al., 2008; Tokinaga and
Xie, 2009]. These two extraordinary climatic characteristics make the SST lower than
any other SSTs in other Northern Hemisphere seas at the same latitude. An anticyclone
covering the cold Okhotsk Sea, referred to as Okhotsk high, is occasionally formed with
cold marine-boundary layer associated with fog and low-level cloud between latter

April and early September. [Nakamura and Fukamachi 2004; Tachibana et al., 2004;



Tachibana et al., 2008]. The southward advection of the cold boundary-layer air mass
associated with the Okhotsk high brings about cool summer in Japan [Kodama, 1997;
Ninomiya and Mizuno, 1985; Nakamura and Fukamachi 2004] (Figure 2).

Some numerical simulations showed that the Okhotsk cold SST can raise the
local sea level pressure [Tokinaga and Xie, 2009; Koseki et al, 2012]. Koseki et al.
(2012) showed that the formation of low-level clouds associated with the clod SST
strengthens the Okhotsk high by a regional climate model. A numerical model by
Tokinaga and Xie (2009) demonstrated that the small-scale cold SST spot formed by the
ocean tidal mixing over the Kuril Islands is able to raise the overlying sea level pressure
(SLP) locally. Although these numerical approaches successfully captured the local SLP
rise over the cold SST, the comparison of simulated atmospheric structures over the
cold SST spot with direct upper air observations by radiosondes is crucial. We need to
assess the reproducibility of numerical simulations by direct upper air observations in
the Okhotsk Sea. However, radiosonde observations over the Okhotsk Sea, in particular
over the cold spot, are few. Only twice of the upper-air field campaign are executed in
1998 and 2006 [Tachibana et al., 2008]. Tachibana et al. (2008) showed that extremely
cold air-mass in the marine-boundary layer associated with dense fog or low-level cloud
over the Okhotsk Sea frequently observed. This observational result suggests that such
fog or low-level cloud as in Tachibana et al. (2008) must be reproduced in a numerical
model study. Vertically high resolution numerical model may simulate fog or low-level
cloud. The first purpose of the present study is to show that influence of the local
small-scale cold SST spot along the Kuril Islands upon an enhancement local
anticyclone by a numerical model with high vertical resolution in the lower troposphere
in comparison with the radiosonde data reported by Tachibana et al., (2008).

As mentioned above, the southward advection of the cold boundary-layer air

mass brings about cool summer in Japan. If a cyclonic circulation is located to the south



of the Okhotsk high, it is efficient for the southward advection of the Okhotsk cold air
mass. Kodama et al. (2009) showed that cold marine boundary air masses off eastern
coast of Japan occasionally come from the Okhotsk Sea by a trajectory analysis (Figure.
4 and Figure. 15 in Kodama et al (2009)). Tachibana et al. (2004) showed that a
cyclonic circulation tends to occur to the south of the Okhotsk high. These previous
results suggest that the presence of a pair of the northern Okhotsk high and the southern
low is important to make Japan cool. The second purpose of the present study is to show
that the southern low is strengthened by a remote influence of the cold SST spot along

the Kuril Islands by a numerical simulation and statistical data analysis.



2. Data and model simulation

This study uses GPS radiosondes data taken by Russian research vessel
Khromov [Tachibana et al., 2008]. In 1998 observation, GPS radiosondes were
launched over the Okhotsk Sea four times daily (0000, 0600, 1200, and 1800 UTC)
from 9 July through 18 July and twice daily (0000 and 0012 UTC) from 19 July through
25 July (Figure 3). In 2006 observation, GPS radiosondes were launched four times
daily (0000, 0600, 1200, and 1800 UTC) from 16 August through 31 August (Figure 4).
For each observation, surface atmospheric and oceanic measurements were executed
four times daily with inclusion of sea level pressure (SLP), SST, surface air temperature
(SAT), surface wind, surface humidity, and cloud cover. The Japanese 25 Year
Reanalysis (JRA25) 6 hours data with horizontal resolution 1.25° x1.25° from 1979
to 2004, and Japan Meteorologinal Agency Climate Data Assimilation System (JCDAS)
data from 2005 to 2010 are also used in this study [Onogi et al., 2007].

The International Pacific Research Center, University of Hawaii, regional
climate model (IPRC-RegCM, now referred to as iIRAM) [Wang et al., 2003] is used in
this study in order to designate to the experiment to determine influence of the cold SST
area along the Kuril Islands upon the atmospheric circulation. This model is succeeded
in the reproduction of low-level clouds over the Okhotsk Sea [(Koseki et al., 2012]. The
horizontal resolution is 0.25°x0.25°. The number of vertical levels is 36, and ¢ as the
vertical coordinate; top level pressure is 100 hPa. We made vertical resolution of the
lower troposphere high; 20 levels below 0.7¢. Atmosphere scheme adopted in this study
is the same as Koseki et al. (2012); Physical parameterizations for radiation [Edwards
and Slingo, 1996; Chou et al. 1998], cumulus convection [Tiedtke, 1989; Nordeng,
1995], turbulence vertical mixing [Detering and Etling, 1985], and cloud microphysics
[Wang, 2001]. The cloud microphysics consists of six hydrometeors: rain, cloud liquid

water, cloud ice, snow, graupel, and water vapor. Land surface scheme is that



Biosphere-Atmosphere Transfer Scheme (BATS) [Dickinson et al., 1993]. For More
details, we refer to Wang (2001) and Wang et al. (2003, 2004, 2007).

The model domain is set to be 35°N - 65° N and 130° E - 170° E. The lateral
boundary condition is set using 6 hourly JRA25/JCDAS data: zonal wind, meridional
wind, temperature, specific humidity, and cloud liquid water. These lateral boundary
conditions are linearly interpolated in time at every time step. Over the ocean, we use
National Oceanic and Atmospheric Administration (NOAA) optimum interpolation sea
surface temperature (OISST, daily), with an original resolution of 0.25° Xater® , as
lower boundary condition.

The comparison of the OISST with direct measurement the SST is shown in
Figure. 5. Obviously, the observed SST near the Kuril Island was much lower than
OISST. Thus, we use two kinds of boundary conditions. One is the same surface
boundary condition as the OISST, which is referred to control run (CTL). The other is
that SST near the Kuril Islands is set as 5 K lower than the OISST, which is referred as
cold SST spot run (COLD). Because Nakamura et al (2000a, b) pointed that the areas
along the Kuril Islands have large tidal mixing with outcrop of cold intermediate water,
the area along the Kuril Islands must be set colder than other areas in the COLD run.
The area that we decreased SSTs by 5 K is 150°E - 152.5°E and 45° N - 48° N,
152.5° E-155° Eand 46.5° N -49.5°N, and 155° E - 157.5° Eand 48° N-51° N
(Figure 6). COLD run, which includes the influence of ocean tidal mixing, is regarded
as the real run, whereas CTL run is regarded as the one without the influence of the tidal

mixing.



3. Results
3.1. Vertical structure of temperature

In 1998 and 2006, 16 and 20 radiosondes were respectively launches in the
Bussol Strait, in which the tidal mixing is strong. For each point, we calculate vertically
averaged temperature from surface to 3000m, and subtract the average temperature from
observed temperature (Figure 7). All the 36 points over Bussol Sea have sharp inversion
layer from the surface to about 500m high. Large-scale weather conditions in an
observational year are different from the other, and also they changed day by day during
each observation period. Nevertheless, vertical temperature profile did not largely
change. The wind direction and its speed, and mixing ratio in 1998 and 2006 were
clearly different between each other, and they changed day-by day (Figure not shown).
Thus, we consider that the temperature in the lower troposphere is consistently forced
by cooling from sea surface regardless of large-scale weather conditions. Over the
inversion layer, very dry mixed layer is observed in the profile of the most on the top of

inversion layer.

3.2. Calculation results of the model
3.2.1 Verification of reproducibility

Using the model grid points closest to the 37 observation point on the Bussol
Strait, we execute similar analysis to the observation In order to verify the model
reproducibility (Figure 8). Even in 1998 and 2006, the CTL run failed to simulate the
surface strong inversion layer such as in the observations. In COLD run such surface
inversion layer as in the observations are clearly seen. The average temperature in July
1998 in the COLD run is lower than CTL run over 100m (about 0.989 ¢). However, up
to 1200m (about 0.876 o) from 300m (about 0.967 o), COLD run is warmer than CTL.

The mixing ratio in CTL run is generally consistent with the observed value, however



COLD run simulates the mixing ratio more consistently with the observation (Figure
not shown). Both runs do not capture the change in fine wind speed and wind direction
like observations.  Still, it is sufficient to see the changes in the wind of synoptic scale.
From there comparisons, we can confirm that COLD run is regarded as reproducible run,

whereas the CTL run as the one without the influence of the oceanic tidal mixing.

3.2.2 Time series cross section

We note that the difference between the temperature of the COLD run and CTL
run is large in July 1998. In order to see the time evolution of temperature, the area
averaged temperature profile of SST decrease area we create time series of cross section
from July 1, 1998 until July 31, 1998 (Figure 9). Temperature rise to the border July 15.
Research ship Khromov has had observed Bussol Sea is a 15 to 18, it has been observed
period high temperature just right.

To compare the CTL and COLD run, Over the entire period, temperature of up
to 100m sea level of COLD run as low as about 3 K than CTL. This is due to the
difference of the sensible heat flux from the sea surface. The 11 to 14, low temperature
deviation occurs up to an altitude 500m. The 15 to 18, in 1200m altitude 300m
temperature of COLD run high about 2 K than CTL. At this period, temperature rises
due to reduce SST. Similarly, we compare long wave radiation, short wave radiation,
large scale condensation, vertical mixing, sum of the four variables (sum of heat)
(Figure 10 top), vertical flow (Figure 10 bottom), and cloud cover in the CTL and
COLD run. Sum of heat is defined as degC/day, vertical flow is omega, and cloud cover
is represented by 0-1. In the entire period, cooling in COLD run near sea level is strong.
The 11 to 14, negative deviation of sum of heat occurs up to an altitude 500m, and at

same position cloud cover is large. And in the sky, downward flow is enhanced.



3.2.3 Synoptic scale disturbance

We note July 11 to 14. In both CTL and COLD run, there is a high pressure to
the north and a low pressure to the south across the Kuril Islands; northeast wind blows
(Figure 11 and 12). In SST decrease area, for COLD run low level cloud is more than
CTL (Figure 13). The low level cloud referred to here is the average cloud cover from o
= 0.982 (about altitude 150m) to ¢ = 0.942 (about altitude 500m). For COLD run
pressure is higher than CTL in SST decrease area. And low pressure deviation is formed

in the southwest of this high pressure deviation (Figure 14).



4. Discussion

Low level clouds for COLD run is more than CTL from 11 to 14. Therefore,
strong cooling occurs in the lower layer by the long wave radiation. It is considered the
downward flow is enhanced by the upper layer in order to compensate for cooling, to
form a cold high pressure deviation with the lower clouds. There is a high pressure to
the north and a low pressure to the south across the Kuril Islands, and northeast wind
blows. For the northeast wind, cold air on SST decrease area moves on the warm sea in
south. Cold air is heated by the sensible heat flux and upward flow is enhanced. In
addition, the north area of northeast wind is cold in order to lower the SST, and the
south has a high temperature. Therefore, temperature gradient becomes steep, and
generation of low pressure due to baroclinic instability is suggested along this northeast
wind. It is considered wave train of high and low pressure is seen along the northeast
wind, wave of pressure associated with baroclinic instability wave has propagated.

It is important for this mechanism that the northeast wind blows in Bussol Sea.
For geostrophic wind, it is condition of blowing northeast wind that there is a high
pressure to the north and a low pressure to the south across the Kuril Islands. Therefore,
using the calculation results of the July of 1990 to 2010 of CTL, the days that the
difference between the area average pressure of 145°E - 155°E, 48°N - 54°N and area
average pressure of the same longitude 36°N - 42° N is or more 6.5hPa is picked up for
composite analysis. In comparing the CTL and COLD run, northeast high pressure
deviation and southwest low pressure deviation of Bussol is formed (Figure 15). This
indicates that the local change of SST around Bussol Sea influences not only the
atmosphere immediately above, widely downstream side. To form southwest low
pressure deviation, northeast wind anomalies occur in the Tohoku region of Japan. The
northeast wind corresponds to that wind affected by the cold sea to land in the Tohoku

region. It is said northeast winds in the Tohoku region in the summer such as this is



called Yamase for a long time, to result in a poor harvest of rice and cold summer in the
Tohoku region. The results of this study suggest that low sea surface temperature of

Busool Sea affects Yamase remotely.
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Figure captions

Figure 1 Map of the Okhotsk Sea and Kuril Islands.

Figure 2 Surface weather chart based on the JRA25, showing unfiltered mean-sea-level
pressure for 12 July 1998 (heavy solid lines at 2 hPa intervals), inferred surface

air temperature anomalies (dashed lines and shaded at -3, -4, -5 degC).

Figure 3 The observation route of Khromov in 1998, showing observation point (blue

dot) and observation number.

Figure 4 The observation route of Khromov in 2006, showing observation point (blue

dot) and observation number.

Figure 5 SST observed by Khromov (red line) and SST based on NOAA OISST of the
nearest grid from observation poinr (blue line). Top is in 1998, and bottom is in

2006.

Figure 6 SST based on NOAA OISST (daily) (shading 2 degC intrvals) of SST decrease

run in 17 July. Red frame area is SST decrease area.

Figure 7 Difference of air temperature and temperature average of height (Shading at 1 digC

intervals) each observation point on Bussol Sea.



Figure 8 Difference of air temperature and temperature average of height based on IPRC Regional
Climate Model CTL (top) and SST decrease run (bottom) (Shading at 1 digC intervals) each

observation point on Bussol Sea.

Figure 9 Difference of CTL and SST decrease run air temperature average of SST decrease area

(shading 1 degC intervals) in July 1998.

Figure 10 (top) Difference of CTL and SST decrease run heat budget average of SST
down area (shading 0.5 degC/day intervals) in July 1998. (bottom) In a similar

way, vertical flow (shading 0.01 o interval).

Figure 11 Sea surface pressure based on IPRC Regional Climate Model CTL (shading 2
hPa intervals), on 11 July 1998 (a), 12 July 1998 (b), 13 July 1998 (c), 14 July

1998 (d).

Figure 12 Sea surface pressure based on IPRC Regional Climate Model SST decrease
run (shading 2 hPa intervals), on 11 July 1998 (a), 12 July 1998 (b), 13 July

1998 (c), 14 July 1998 (d).

Figure 13 Difference of CTL and SST decrease run average cloud cover between ¢ =
0.982 and o = 0.942 based on IPRC Regional Climate Model SST decrease run
(shading 0.1 cloud cover intervals), on 11 July 1998 (a), 12 July 1998 (b), 13

July 1998 (c), 14 July 1998 (d).



Figure 14 Difference of sea surface pressure based on IPRC Regional Climate Model
CTL and SST decrease run (shading 2 hPa intervals), on 11 July 1998 (a), 12

July 1998 (b), 13 July 1998 (c), 14 July 1998 (d).

Figure 15 Difference of sea surface pressure of composit analysis based on IPRC
Regional Climate Model CTL and SST decrease run (shading 0.1 hPa
intervals). The condition of composit is that the area average pressure of
145°E — 155°E, 48°N — 54°N is or more 6.5hPa than the area average pressure

of the same longitude 36°N — 42°N.
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Surface weather chart based on the JRA2S5, showing unfiltered mean-sea-level
pressure for 12 July 1998 (heavy solid lines at 2 hPa intervals), inferred surface air

temperature anomalies (dashed lines and shaded at -3, -4, -5 degC).
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Figure 4  The observation route of Khromov in 2006, showing observation point (blue dot)

and observation number.
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Figure 5 SST observed by Khromov (red line) and SST based on NOAA OISST of the
nearest grid from observation poinr (blue line). Top is in 1998, and bottom is in
2006.
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Figure 6  SST based on NOAA OISST (daily) (shading 2 degC intrvals) of SST decrease run
in 17 July. Red frame area is SST decrease area.
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Figure 7  Difference of air temperature and temperature average of height (Shading at 1

digC intervals) each observation point on Bussol Sea.



Figure 8 Difference of air temperature and temperature average of height based on IPRC
Regional Climate Model CTL (top) and SST decrease run (bottom) (Shading at 1
digC intervals) each observation point on Bussol Sea.
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Figure 9 Difference of CTL and SST decrease run air temperature average of SST down

area (shading 1 degC intervals) in July 1998.
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Figure 10  (top) Difference of CTL and SST decrease run heat budget average of SST down
area (shading 0.5 degC/day intervals) in July 1998. (bottom) In a similar way,

vertical flow (shading 0.01 o intervals).
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Figure 11 Sea surface pressure based on IPRC Regional Climate Model CTL (shading 2 hPa
intervals), on 11 July 1998 (a), 12 July 1998 (b), 13 July 1998 (c), 14 July 1998 (d).
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Figure 12 Sea surface pressure based on IPRC Regional Climate Model SST decrease run

(shading 2 hPa intervals), on 11 July 1998 (a), 12 July 1998 (b), 13 July 1998 (c), 14
July 1998 (d).
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Figure 13 Difference of CTL and SST decrease run average cloud cover between ¢ = (0.982
and o = 0.942 based on IPRC Regional Climate Model SST decrease run (shading
0.1 cloud cover intervals), on 11 July 1998 (a), 12 July 1998 (b), 13 July 1998 (c), 14
July 1998 (d).
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Figure 14 Difference of sea surface pressure based on IPRC Regional Climate Model CTL
and SST decrease run (shading 2 hPa intervals), on 11 July 1998 (a), 12 July 1998
(b), 13 July 1998 (c), 14 July 1998 (d).
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Figure 15 Difference of sea surface pressure of composite analysis based on IPRC Regional
Climate Model CTL and SST decrease run (shading 0.1 hPa intervals). The
condition of composite is that the area average pressure of 145°E — 155°E, 48°N —
54°N is or more 6.5hPa than the area average pressure of the same longitude 36°N
—42°N.



