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Abstract

We investigate the formation mechanism of the summer Okhotsk High (OH) in terms of the land-atmosphere
coupling in Siberia. A reanalysis data indicates that the formation mechanism of the OH clearly differs between
early and late summer because it changes from a nearly barotropic to a baroclinic structure with seasonal changes.
Then, we assess the influence of springtime snow cover on the formation of the late summer OH with the baro-
clinicity using a regional climate model. The model performs well in reproducing the land-atmosphere coupling
in eastern Siberia and the OH in August 2008, when abnormal weather prevails in Japan, in conjunction with
the intensively developed OH. The August OH develops with a distinct baroclinic structure owing to increased
surface heating, which is related to land-atmosphere coupling in response to reduced spring snow cover in eastern
Siberia. The land-atmosphere coupling can help to reinforce and maintain the baroclinic structure through surface
heating, forming strong surface anticyclone to the southeast over the Sea of Okhotsk. Our results suggest that the
late summer OH is a regional climate system that involves coupling among the atmosphere, the cool ocean, and
the warm land surface.

Keywords Okhotsk High; snow cover; eastern Siberia

by land masses that remain warm in summertime.
A vast area of eastern Siberia is covered by boreal
The Sea of Okhotsk is a cool ocean bounded to the ~ forest on continuous permafrost, where snowmelt
north (far-eastern Siberia) and west (eastern Siberia)  water and rainfall infiltrate the soil that thaw the
) . frozen soil during the warm season and are stored as
Corresponding author: Shinji Matsumura, Faculty of —ce throughout the cold season. Boreal forests along
Env1ronmepta1 Earth Science, Hokkaido University, Kita 60°N in northern Eurasia are created and maintained
10-Jo Nishi 5, Kita-ku, Sapporo 0060-0810, Japan
E-mail: matsusnj@ees.hokudai.ac.jp by warm seasonal rainfall which is, in turn, caused by
©2015, Meteorological Society of Japan water vapor fluxes associated with transient distur-
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Schematic diagram of seasonal changes in early-snowmelt years from winter to autumn in eastern Siberia. E:

evaporation, Py: precipitation, and T surface air temperature (Matsumura and Yamazaki 2012).

bances at high latitudes (Yoon and Chen 2006). The
climate system of eastern Siberia is a unique and
interactive land-atmosphere system.

Snow cover in eastern Siberia plays a critical role
in land-atmosphere climate system. Matsumura
et al. (2010) investigated the effect of anomalous
springtime snow cover in northern Eurasia on the
summertime land-atmosphere climate system using
an atmospheric general circulation model (AGCM).
On the basis of the modeling study, Matsumura and
Yamazaki (2012) examined the land-atmosphere
climate system employing observation and reanalysis
data. Figure 1 shows a schematic of seasonal changes
in early-snowmelt years from winter to autumn
in eastern Siberia. Because the ground conditions
are sufficiently dry to enable the storage of snow-
melt water within the soil, the snow-hydrological
effect (e.g., Yasunari et al. 1991) is prominent during
summertime; that is, enhanced soil moisture (snow-
melt water) persist later into the summer, contributing
to surface cooling and a coupling between evapora-
tion and precipitation (precipitation recycling) (e.g.,
Numaguti 1999). Similarly, less snow cover in spring
results in reduced snowmelt water and correspond-
ingly lower soil moisture in summer (higher surface
air temperature), resulting in reduced cloudiness,
evaporation, and precipitation (higher surface air
temperature). Consequently, the snow-hydrological

effect and precipitation recycling maintain the surface
heating or cooling during summer in eastern Siberia.
This climate memory of soil moisture can persist for
a few months (Delworth and Manabe 1989; however,
just atmospheric forcings cannot persist.

Because of surface heating through the climate
memory effect, in late summer, tropospheric heating
is caused by condensation heating associated with
ascending air masses and adiabatic heating of
descending air masses, forming a stronger upper-
level anticyclone with a westward tilt. Because the
upper-level anticyclone with a baroclinic structure is
located to the west of the Sea of Okhotsk, Matsumura
and Yamazaki (2012) suggested that this anticyclone
may play a dominant role in the development of the
surface Okhotsk High (OH) in late summer.

The frequent occurrence of the summer OH, which
is a quasi-stationary surface high-pressure system
during the warm season from late April to early
September, often leads to abnormally cool summers in
northern Japan due to the cool and wet surface north-
easterly over cool sea surface, especially in July and
August (e.g., Ninomiya and Mizuno 1985a; Ninomiya
and Mizuno 1985b). Understanding OH is important
for seasonal forecasts of summertime weather in
northeastern Asia; however, it remains difficult to
predict its development because of the complex
interactions between atmospheric, oceanic, and land
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surface processes. In addition, tropical forcing (e.g.,
the Pacific-Japan (PJ) teleconnection pattern) (Nitta
1987) influences the variability of the OH (Wakaba-
yashi and Kawamura 2004). The formation mecha-
nism of the OH in early summer has been described in
terms of atmospheric dynamical processes (Nakamura
and Fukamachi 2004; Sato and Takahashi 2007),
whereas its mechanism in late summer remains
unclear.

The present study is mainly based on the results
of Matsumura et al. (2010) and Matsumura and
Yamazaki (2012), and attempts to make a connection
between springtime snow cover and development
of the late summer OH. To clarify the role of spring
snow cover in Siberia on summer OH, atmospheric
circulation outside the Siberia- Okhotsk region
should be prescribed for years when OH developed
because OH does not necessarily develop every year.
Therefore, using a regional climate model (RCM) is
useful for understanding the relationship between
snow cover and the quasi-stationary OH in terms of
land-atmosphere climate system. Fischer et al. (2007)
performed sensitivity simulations using an RCM
and demonstrated that soil moisture anomalies had a
substantial impact on the strength of the 2003 Euro-
pean summer heat-wave and affected the extent of
anticyclonic anomalies. Thus, using an RCM is highly
effective for reproducing the intensively developed
quasi-stationary OH in typical years.

The remainder of this paper is organized as follows.
Section 2 describes interannual variation of the OH
and discusses the seasonality of the formation mech-
anism of the OH. Section 3 presents the land-atmo-
sphere coupling in eastern Siberia and development of
the August OH in typical years. Finally, a discussion
of the results and the main conclusions are given in
Sections 4 and 5, respectively.

2. Seasonal variation of the OH structure

First, we describe the characteristic of the August
OH as well as the difference between the early and
late summer OH. We perform a regression analysis
defined by an August OH index (area-averaged 1000-
hPa geopotential height within the region 50—-60°N,
140-155°E), as shown in Fig. 2a, using the National
Centers for Environmental Prediction Department of
Energy Atmospheric Model Intercomparison Project
reanalysis (NCEP2) (Kanamitsu et al. 2002), which
is similar to the approach of Tachibana et al. (2004),
although they only focused on July. The August OH
index has a downward trend when long-term trend
is not removed (not shown). Figure 2a shows the

S. MATSUMURA et al. 231

monthly mean 1000-hPa geopotential height, which is
linearly regressed onto the detrended OH index from
1979 to 2012. Although the Sea of Okhotsk is usually
covered by dense fog in summer, the reanalysis data
are unable to reproduce fog with cold boundary layer
air masses, which may deform the lower levels over
the Sea of Okhotsk (Tachibana et al. 2004). Neverthe-
less, the results obtained using 850-hPa geopotential
height as the OH index are similar to those obtained
using 1000-hPa geopotential height.

Upper-level anticyclonic anomalies clearly form
over eastern Siberia (Fig. 2b), located to the west
of the center of the OH (Fig. 2a), and extend north-
ward to the Arctic coast and westward to the inland
area. Figures 2c and d show vertical cross sections
of the geopotential height and air temperature along
55°N, respectively. Geopotential height anoma-
lies exhibit a westward tilt with height, and signif-
icant positive air-temperature anomalies are found
between the surface and the upper troposphere over
castern Siberia, reflecting a distinct baroclinic struc-
ture throughout the entire troposphere. Consequently,
the OH develops with a distinct baroclinic structure in
eastern Siberia, suggesting that land surface forcing
can contribute to the amplification and maintenance of
the baroclinic structure.

Furthermore, eastern Siberia is more suitable for
the development of the stationary waves in August
as well as early autumn (Cohen et al. 2007) when
snow cover increases. Figure 3a shows climatological
300-hPa zonal wind (shadings) and wind vectors in
August for the period 1979-2012. The upper tropo-
sphere over eastern Siberia exhibits an anticyclonic
circulation, while over western Siberia it exhibits a
cyclonic circulation, indicating that the upper tropo-
sphere over northern Eurasia is dominated by the
wavy structure. In addition, because eastern Siberia
is located near the subpolar jet (Fig. 3b), the lower
troposphere with a baroclinic response because of
surface heating favors the upward propagation of
wave activity, especially in early snowmelt years
(Matsumura and Yamazaki 2012). These results
suggest that land surface forcing in eastern Siberia can
act to reinforce and maintain the baroclinic structure,
resulting in the August OH development.

Nakamura and Fukamachi (2004) reported that the
OH development in early summer is caused by inter-
action between a stationary Rossby wave packet and
surface baroclinicity (nearly equivalent barotropic
structure). Moreover, we examined the seasonality
of the summer OH in terms of interannual variations
using the same analysis linearly regressed onto the
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Fig. 2. Monthly atmospheric patterns linearly regressed onto the Okhotsk high index (regions surrounded by thick
solid lines: 50-60°N, 140—155°E) in (a) 1000-hPa geopotential height (5 m contour interval) and (b) 300-hPa
height (10 m contour interval) based on the NCEP2 reanalysis in August during 1979-2012. (c¢) Longitude-pres-
sure sections of height (5 m contour interval) and (d) air temperature (0.2 K contour interval) along 55°N. Light
and heavy shadings indicate statistical significance at the 95 % and 99 % levels, respectively.

June and July OH index (Figs. 4a, d). In June, upper-
level anticyclonic anomalies clearly form over and
around the Sea of Okhotsk (Fig. 4b), which account
for an equivalent barotropic structure throughout the
entire troposphere (Fig. 4c), even though the anoma-
lies exhibit a slight northward tilt with height. In July,
geopotential height anomalies exhibit a northwest-
ward tilt with height (Fig. 4e) as well as a surface
baroclinicity (Fig. 4f), indicating a nearly equiva-
lent barotropic structure. Consequently, the forma-
tion mechanism of the surface high clearly differs
between early and late summer because the August
OH develops with a baroclinic structure throughout
the entire troposphere over eastern Siberia. In June,
significant upper-level anticyclonic anomalies reach

only below the near-tropopause (approximately
250-hPa), in July above the tropopause, and in August
the highest in summer (Fig. 2c). In September, when
soil surface begins to freeze in northern Eurasia,
geopotential height anomalies exhibit an equivalent
barotropic structure in the troposphere over around
the Sea of Okhotsk (not shown), suggesting a weak-
ening of baroclinic structure. Consequently, the OH
changes from an equivalent barotropic to a baroclinic
structure with seasonal changes during the warm
season.

In addition, climatological upper westerlies differ
between early and late summer. Following strong
land-sea surface temperature contrast across the Arctic
coast, the subpolar jet becomes apparent over around
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the northeastern Siberia (north of 60°N) in June,
whereas over the Sea of Okhotsk westerlies weaken
and form a double-jet structure (Fig. 5a). Northeastern
Siberia is located near the subpolar jet (Fig. Sb),
suggesting that the upper troposphere favors wave
propagation from the west. In July, when the land-sea
temperature contrast across the Arctic coast is the
strongest, the subpolar jet clearly forms along the
Arctic coast, and the westerlies weaken along approx-
imately 60°N over the northern Eurasia (Fig. Sc),
indicating that the westerlies are roughly distributed
in the zonal direction over northern Eurasia (Figs.
Sc, d). Thus, the upper troposphere over northern
Eurasia favors wave propagation from the west.
Indeed, a stationary Rossby wave along the Arctic
coast contributes to the formation of an upper-level
ridge over the OH in July (Nakamura and Fukamachi
2004). These results suggest that eastern Siberia can
be a Rossby wave source in August, while in June

and July, the upper troposphere is influenced by wave
propagation from the west, which accounts for the
different formation mechanism of the OH between
early and late summer.

3. RCM experiments

3.1 Typical year of the August OH

In the previous section, we examined seasonal
variation of the OH using the monthly OH index.
However, the OH is a quasi-stationary surface
high-pressure system instead of a stationary system,
especially significant in late summer due to its baro-
clinicity. As noted earlier, the formation mechanism
of the OH in early summer has been well described
in many studies, whereas its mechanism in late
summer remains unclear. Moreover, the August
OH has not been clearly defined as compared to the
most developing early summer OH. However, it has
been suggested that in the late August of 2008 the
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Fig. 4. As in Figs. 2a, 2b, and 2c, but for June and July.

quasi-stationary surface high-pressure system around
the Sea Okhotsk contributes to heavy rainfall over
Japan (Japan Meteorological Agency 2008). There-
fore, we attempt to understand the development of the
surface high-pressure system as the August OH using
an RCM. Because the August OH does not necessarily
develop every year, we perform RCM experiments in
2008, when the August OH index is the highest in recent
decades, and additional experiments in 2002, when the
August index is the highest in the past few decades.
Prior to performing RCM experiments, we will
show the quasi-stationary surface high-pressure
system around the Sea of Okhotsk in late August
2008 as a typical scenario. Figure 6a shows sea-level

pressure (SLP), 10-m wind, and 300-hPa geopoten-
tial height during 16-28 August 2008 based on the
NCEP2 reanalysis. The surface anticyclone over the
Sea of Okhotsk intensively develops with a baro-
clinic structure and extends southeastward toward
northern Japan. Because the center of the anticy-
clone is located over the southern Sea of Okhotsk, the
surface north-easterlies over cool ocean causes lower
temperatures over northern Japan. These results indi-
cate that the quasi-stationary surface high-pressure
system in late August of 2008 has a common charac-
teristic similar to the OH. In eastern Siberia, on the
other hand, higher surface temperatures are observed
(Fig. 6b), and early snowmelt is seen (Fig. 6c).
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Therefore, we attempt to make a connection between
springtime snow cover and the development of the
August OH in 2008 using the same approach as the
AGCM experiments of Matsumura et al. (2010) to
isolate the impact of snow anomaly.

3.2 Experimental design

We used the Weather Research and Forecasting
(WRF) model version 3 with the Advanced Research
WRF (ARW) dynamic core (Skamarock et al. 2008),
which is based on compressible nonhydrostatic equa-
tions. The numerical simulation domain is the area
shown in Fig. 6, which is divided into 180130 grid
points with a horizontal resolution of 30 km and 28
vertical levels. The model uses the Yonsei Univer-
sity planetary boundary layer scheme (Hong et al.
2006); the Kain-Fritsch cumulus parameterization
(Kain 2004), representing the effects of convection
on subgrid scales; the WRF single moment 3-class
microphysical scheme (Hong et al. 2004); the Rapid
Radiative Transfer Model (RRTM) for longwave
parameterization (Mlawer et al. 1997); and the Dudhia
scheme for shortwave radiation (Dudhia 1989).
The land surface model (LSM) used in this study is
Noah LSM (Chen and Dudhia 2001), which is a
4-layer (0-10, 1040, 40-100, and 100-200 cm) soil
temperature and moisture model with fractional snow
cover and soil ice prediction.

The results of two experiments with initial snow
mass anomalies are compared to examine the influ-

180

40E  60E  80E  100E  120E  140E  160E 180

As in Fig. 3, but for June and July.

ence of springtime snow cover on the summer OH
development. The 6-hourly data of the NCEP2 reanal-
ysis are used as the initial and lateral boundary condi-
tions. Model integration was conducted from 1 May
to the end of September 2008 with the prescribed sea
surface temperature (OISST) (Reynolds et al. 2002)
for the control run (CTL run). For the heavy-snow
run (SNOW run), we prescribed an initial snow mass
(water equivalent) in the snow-covered region of the
Eurasian continent obtained from the reanalysis data
on 1 May, which is three times (x 3) than that in the
CTL run, using the same approach as the AGCM
experiments of Matsumura et al. (2010). We note that
the initial soil moisture is the same conditions in both
the CTL and SNOW runs. For stochastic manners
in an RCM experiment, the differences between
atmospheric initial conditions can be neglected, as
compared to the interannual variations (Fischer et al.
2007) because RCM is forced by lateral boundary
data. Under the same model configuration except
for the initial snow mass, we performed additional
experiments for the SNOW run, and obtained roughly
similar results.

3.3 Land-atmosphere coupling in eastern Siberia
We reproduced the land-atmosphere coupling in
eastern Siberia. Figure 7 shows time variation of
11-day low-pass-filtered surface parameters averaged
over the eastern Siberia in the CTL and SNOW runs.
The simulated surface air temperatures are consid-
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Fig. 6. (a) Typical weather pattern developed in
August OH for the period 16-28 August 2008
based on the NCEP2 reanalysis, showing mean
sea-level pressure (shadings; hPa), 10-m wind
(arrows; m s'), and 300-hPa geopotential height
(50 m contour interval). (b) Surface air tempera-
ture anomalies (°C) in August 2008 based on
the NCEP2 reanalysis. (c) Observed snow cover
ratio anomalies in May 2008 based on station
data (Yabuki et al. 2011).

erably well consistent with the variations observed
at Olekminsk (60°N, 120°E). The result of the CTL
run is similar to the observed temperature variations
than the result of the SNOW run, except for June. As
described by Matsumura et al. (2010), the less snow
mass in the CTL run results in increased solar radia-
tion and reduced snowmelt energy, which accounts
for the increase in surface heating during the melting
period. The CTL run underestimates the tempera-
ture in May that may have resulted from the NCEP2
reanalysis as the initial snow mass and soil moisture.
The difference in initial snow mass between the two
runs results in a large difference in surface soil mois-
ture in May.

In June, the observed temperature is more similar
to the SNOW run because of the increased cumulus
precipitation in the CTL run. Cumulus precipita-
tion contributes to the total precipitation differences
(bottom figure), resulting in decreased tempera-
ture due to increased cloudiness. After July, the total
precipitation shows a greater increase in the SNOW
run than in the CTL run, reflecting the increased soil
moisture and decreased surface air temperature. The
surface air temperatures in August are significantly
higher in the CTL run than in the SNOW run. After
July, the large-scale precipitation dominantly contrib-
utes to total precipitation differences between the
CTL and SNOW runs. In addition to ground condi-
tion, atmospheric conditions are also significantly dry
over eastern Siberia, where recycled water is a major
source of precipitation (e.g., Numaguti 1999). Thus,
the precipitation differences reflect initial anomalous
snow mass. After September, the surface air tempera-
tures in the CTL run are in good agreement with those
in the SNOW runs, but there are considerable differ-
ences between the two runs and observed temperature
variations. This indicates that surface climate memory
of soil moisture (herein anomalous initia I snow mass)
persists for only a few months (e.g., Walsh et al. 1985;
Delworth and Manabe 1989).

Further, influence of the land-atmosphere coupling
appears in deeper soil layers. Figure 8a shows the
time-depth sections of differences in soil tempera-
ture and moisture. After September, in deeper soil
layers soil moisture differences are enhanced with the
thawing of the frozen soil because of the decreased
precipitation in the CTL run after July. However, there
is little increased soil-thawing water in deeper soil
layers because thawing of the frozen soil reaches the
lowest layer by the end of August.

Prior to July, on the other hand, surface soil mois-
ture differences decrease as a result of infiltration of
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Fig. 7. Time series of 11-day low-pass-filtered surface parameters averaged over eastern Siberia (60°N, 120-130°E)
in the CTL (red shadings and lines) and SNOW (blue shadings and lines) runs from May through September in
2008. Top panel: 2-m air temperature (°C) and observed surface air temperature (dashed line) at Olekminsk (60°N,
120°E) based on station data. Middle panel: snow mass (shadings; mm) and 1040 c¢m soil moisture (%). Lower
panel: accumulated cumulus precipitation (CP), sub-grid scale precipitation (GP), and total precipitation differ-

ences (shadings) between the CTL and SNOW runs.

snowmelt water (Fig. 8a), while soil liquid water
increases with thawing of the frozen soil in the CTL
run (Fig. 8b) because of early thawing of the frozen
soil. Increased soil water in the shallow soil layer
might contribute to increase June cumulus precip-
itation in the CTL run because of local precipitation
recycling. Indeed, latent heat flux in the CTL run is
slightly larger than that in the SNOW run (Fig. 8c).
However, AGCM experiments of Matsumura et al.

(2010) do not capture the increased June convective
precipitation, which possibly depends on the cumulus
parameterization or model resolution. After July,
when the soil thawing reaches in deeper soil layers,
however, there is little soil-thawing water differ-
ence because of little soil temperature difference in
deeper soil layers. Consequently, soil moisture and
water rapidly decrease in the CTL run and reaches
a maximum in September. Corresponding to the
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As in Fig. 7, but for (a) time-depth sections of the CTL — SNOW differences in soil temperature (0.5°C

contour interval) and moisture (shadings; %), and (b) time series of the CTL — SNOW differences in vertically
accumulated soil moisture (dashed line) and liquid water (solid line) and (c) accumulated upward surface sensible
(solid line) and latent (dashed line) heat fluxes. The bold solid contours in (a) indicate 0°C in the CTL run.

decreased soil water, latent heat flux differences also
change its sign, which implies that the evaporation
in the CTL run decreases compared with that in the
SNOW run. Because evaporation efficiency decreases
with decreasing soil wetness, the evaporation in
the CTL run becomes much smaller than that in the
SNOW run. To balance the decreased latent heat flux,
sensible heat flux increases after July. Consequently,
the decreased evaporation contributes to the decreased
precipitaion, which further contributes to maintain
the drier soil moisture conditions and warmer surface
temperature, leading to the land-atmosphere coupling
in late summer.

In conclusion, reduced springtime snow cover
results in less snowmelt water and correspondingly
lower soil moisture, resulting in turn in reduced evap-
oration and precipitation after July. These are consis-
tent with the results of Matsumura et al. (2010)’s
AGCM experiments, and support that the combination
of the snow-hydrological effect and coupling between
evaporation and precipitation leads to anomalous
surface heating or cooling in eastern Siberia.

3.4  Development of the August OH
To examine the atmospheric response to anomalous
snow cover, we focus on the period of lasted surface
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heating (9-28 August in Fig. 7). Figure 9a shows
SLP, 10-m wind, and 300-hPa geopotential height
during the first half (9-15 August) of the period in
the CTL run. Significant OH is not developed in the
CTL run. However, the SLP differences between the
CTL and SNOW runs (CTL minus SNOW) are clearly
appeared over the southern Sea of Okhotsk (contours
in Fig. 9b). The lower surface temperatures in the
CTL run are because of the cool surface north-easter-
lies over the cool sea surface of the Sea of Okhotsk,
while in eastern Siberia, higher surface temperatures
appear, as shown in Fig. 7. The 850-hPa height differ-
ences are also enhanced over the southern Sea of
Okhotsk and eastern Siberia (Fig. 9¢). In the upper
troposphere, however, strong anticyclonic differences
develop over eastern Siberia, whereas cyclonic differ-
ences form over the Sea of Okhotsk (Fig. 9d). These
results indicate that the intensified SLP over the Sea
of Okhotsk develops with a distinct baroclinic struc-
ture due to initial anomalous snow mass.

Figure 10a shows the August OH during the second
half (16-28 August) of the period of lasted surface
heating. The CTL run well reproduces the observed
OH (Fig. 6a). The OH extends southeastward to
near northern Japan, forming a baroclinic structure,
which is similar to the observed OH. The intensi-
fied OH is clearly appeared over the Sea of Okhotsk
(contours in Fig. 10b). In addition, another inten-
sified SLP is located to the east of the Kamchatka
Peninsula, suggesting that it was formed during the
first half of the period. Although in eastern Siberia
positive temperature anomalies may be caused by
not only thermal heating but also the intensified OH,
higher surface temperature last, whereas in the Sea of
Okhotsk and northern Japan lower surface tempera-
tures last (shadings in Fig. 10b), strengthening the
land-sea thermal contrast. The 850-hPa height differ-
ences are also enhanced over the Sea of Okhotsk
and ecastern Siberia, extending southeastward to near
northern Japan (Fig. 10c). In the upper troposphere,
strong anticyclonic differences develop over eastern
Siberia, whereas cyclonic differences form around the
Sea of Okhotsk (Fig. 10d). These results suggest that
land-atmosphere coupling in eastern Siberia contrib-
utes to the development of the August OH with a
distinct baroclinic structure.

Now, we will show the vertical cross-sections of
differences in geopotential height, air temperature,
and vertical velocity averaged for the area 50-60°N
between the CTL and SNOW runs during the first
and second half of the period, as shown in Fig. 11.
In the first half of the period, strong anticyclonic
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differences exhibit a westward tilt with height over
eastern Siberia and the Sea of Okhotsk. Enhanced
ascent appears over eastern Siberia and signifi-
cantly enhanced descent appears over the Okhotsk
Sea between the surface and the upper troposphere.
Because of surface heating through the snow-hy-
drological effect, in late summer, tropospheric
heating is caused by condensation heating associated
with ascending air masses and adiabatic heating of
descending air masses, forming a stronger upper-level
anticyclone with a baroclinic structure (Matsumura
and Yamazaki 2012). In the second half of the period,
the strong anticyclonic differences extend eastward,
weakening its baroclinicity. However, enhanced
descent remains over the Okhotsk Sea, resulting in
surface anticyclonic differences called “the Okhotsk
High” in this area. Consequently, the regional land-at-
mosphere coupling can help to reinforce and maintain
the baroclinic structure through surface heating over
eastern Siberia, forming strong surface anticyclone.

3.5 August OH in 2002

To further confirm the formation mechanism of
the August OH, we also performed additional sensi-
tivity experiments in 2002, when the August OH
index is the second highest year since 1979. Figure
12a shows SLP, 10-m wind, and 300-hPa geopoten-
tial height for the period of lasted surface heating
over eastern Siberia 13-27 August 2002 in the CTL
run. The CTL run well reproduces the August OH
in 2002 (not shown), although the OH tends to
develop significantly over the Sea of Okhotsk. The
OH extends northeastward to the Kamchatka Penin-
sula, causing surface north-easterlies. The upper-
level ridge is located over eastern Siberia, forming a
baroclinic structure. Figure 12b shows differences in
surface air temperature, SLP, and 10-m wind between
the CTL and SNOW runs. Higher surface tempera-
tures appear in eastern Siberia, whereas lower surface
temperatures appear in Mongolia and northern China
(shadings), resulting in the north-south contrasting
responses across 50°N. The lower surface tempera-
tures are mainly due to north-easterlies and increased
cloudiness. This is because of the strengthening of
the OH-like response in the CTL run (contours), even
though the center of the intensified SLP is not located
over the Sea of Okhotsk. The intensified OH-like
response appears to extend east-southeastward to near
northern Japan. The 850-hPa height differences are
also enhanced over southeastern Siberia, extending
southeastward to the Sea of Okhotsk (Fig. 12¢). In
the upper troposphere, however, strong anticyclonic
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(a) Distribution of sea-level pressure (shadings; hPa), 10-m wind (arrows; m s™') and 300-hPa geopoten-

tial height (50 m contour interval) for the period 9-15 August 2008 in the CTL run. (b) Differences in 2-m air
temperature (shadings; °C), SLP (0.5 hPa contour interval), 10-m wind (arrows; m s!), (c) 850-hPa and (d)
300-hPa geopotential height between the CTL and SNOW runs.

differences develop over eastern Siberia, whereas
cyclonic differences form over the Okhotsk Sea and
northern China (Fig. 12d), forming a baroclinic struc-
ture. These results also support that land-atmosphere
coupling in eastern Siberia can help to reinforce and
maintain the baroclinic structure.

4. Discussion

4.1 Role of snow cover in the seasonal evolution of
the OH

What is the meaning of the different forma-
tion mechanism of the OH between early and late
summer? In early summer, stationary Rossby waves
contribute to the formation of an upper-level ridge
over around Sea of Okhotsk, forming the surface OH
because of a nearly equivalent barotropic structure
(Nakamura and Fukamachi 2004). Our experimental

results of July OH 2008 also indicate that geopoten-
tial height over the Sea of Okhotsk simulated by the
CTL run strengthens than that of the SNOW run in
the entire layer of the atmosphere (not shown), which
account for a nearly equivalent barotropic structure
throughout the entire troposphere. In August, on the
other hand, the regional land-atmosphere coupling
can contribute to the amplification and maintenance of
the baroclinic structure through surface heating over
eastern Siberia, forming strong anticyclone with a
baroclinic structure.

Observations only capture one realization of many
possible climate variations, and include both atmo-
spheric internal variability and anomalies forced by
slowly varying surface boundary conditions such as
snow cover and soil moisture in northern Eurasia. The
atmospheric internal variability also contributes to the



April 2015

a) SLP, Z300

320

160E

140E

—_
1004 1008 1012 1016 1020 10

c) 7850 CTL—SNOW

160E

140E

S. MATSUMURA et al. 241

2300 CTL—SNOW

120E

Fig. 10. Asin Fig. 9, but for the period 16-28 August 2008.

development of the OH because blocking formation
leads to the development of the OH in early summer,
as shown by many previous studies. Seasonal evolu-
tion of the land surface warming accompanied with
snowmelt in northern Eurasia leads to the land-sea
temperature contrast across the Arctic coast, which
may help to determine a favorable environment for
the occurrence and maintenance of blocking. Indeed,
snow cover and land surface temperature anoma-
lies can modulate regional blocking activity (Arai
and Kimoto 2005; Garcia-Herrera and Barriopedro
2006). However, changes in snow cover solely
cannot account for the interannual variations in the
OH because tropical forcing such as PJ pattern has
a significant influence on the variability of the OH
(Wakabayashi and Kawamura 2004). Indeed, our
regression analysis indicates that the PJ-like pattern
corresponds to the OH index, especially in the
mid-troposphere (not shown).

4.2 Role of rainfall and frozen soil in land-atmo-
sphere coupling

For the land-atmosphere climate system, it is
important to better understand the role of individual
processes, i.e., not only snow cover but also rain-
fall and frozen soil. Rainfall processes over eastern
Siberia are different in early and late summer under
anomalous initial snow conditions. Yamada (2007)
demonstrated that the influence of land surface mois-
ture conditions on convective rain cannot be ignored,
they simulated rainfall over the Tibetan plateau and
showed that dry elevated surface is favorable for
more convective rain whereas wet surface condi-
tion is favorable for stratiform cloud but with more
rainfall, which is similar to our results. Dry ground
conditions in eastern Siberia are very similar to the
elevated region, reflecting light snow (dry) and heavy
snow (wet) conditions. In early summer, surface
heating under dry conditions (CTL run) leads to
increased cumulus precipitation, resulting in turn in
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lower surface air temperature due to increased cloud
cover. In late summer, on the other hand, wet condi-
tions (SNOW run) lead to increased evaporation and
grid scale precipitation, resulting in lower surface air
temperature. Therefore, it is necessary for the better
understanding of the rainfall processes to use a higher
resolution RCM so that it can resolve convective rain-
fall in dry ground conditions.

The impermeability of frozen soil to spring melt-
water leads to increased runoff; consequently, summer
soil wetness is significantly reduced, resulting in turn
in an increase in summertime surface temperatures
over boreal continents (Takata and Kimoto 2000).
Furthermore, we did not consider the insulating effect
of snow cover from the time of snow-appearance
to the melting period. A thicker snow cover would
prevent the ground from cooling, whereas a thinner
snow cover would enable heat transfer from the atmo-
sphere. Consequently, snow mass affects the frozen
soil temperature, snowmelt water within the soil, and
the resulting snow-hydrological effect. It is possible

that the reproducibility of RCM in eastern Siberia
during autumn depends on the land surface processes
such as the timing of snow-appearance and soil-
freezing.

5. Conclusions

A reanalysis data indicates that the formation mech-
anism of the OH clearly differs between early and
late summer because it changes from an equivalent
barotropic to a baroclinic structure with season. Thus,
we assessed the influence of springtime snow cover
on the formation of the August OH with the barocli-
nicity using an RCM. The model performed well in
reproducing the August OH in 2008, and the results
are useful for understanding the nature of the regional
land-atmosphere climate system. The August OH
develops with a distinct baroclinic structure due to
increased surface heating via land-atmosphere coupling
in eastern Siberia. The land-atmosphere coupling influ-
ences the amplification and maintenance of the baro-
clinic structure through surface heating. These results
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Fig. 12.  As in Fig. 9, but for the period 1327 August 2002.

suggest that the OH pressure system is not simply a
regional meteorological phenomenon but a part of the
land-atmosphere climate system in northern Eurasia
during the warm season. We need to understand the OH
as the land-atmosphere climate system without sepa-
rating the atmospheric and land processes. Because
soil moisture and snow cover can act as agents of
climate memory at the land surface in northern Eurasia,
regional land-atmosphere coupling can play a dominant
role in abnormal summertime weather. However, the
OH does not necessarily lead to cool summers in East
Asia because tropical forcing also have influences on
the variability of the OH. Further research is required
to understand the OH as a climate system that involves
couplings among the atmosphere, the warm land
surface, and the cool ocean.
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