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Abstract

The effect of excessive snow mass over the Eurasian continent on the spring and summer climate
is investigated by using the MRI-GCM. The ensemble mean of the four runs (SNOW runs) with the
excessive snow mass of 5 cm (water equivalent) at the beginning of March over the snow cover area of
the continent is compared with that of the control runs, to deduce the effect of the snow mass on the
climatic parameters in the later seasons.

The main results are summarized as follows:

(1) In spring, the albedo effect is dominated in the lower latitudes particularly over the Tibetan
Plateau. The reduced net radiation by the anomalous snow cover balances the reduced surface sensible
and latent heat fluxes, which account for the significant decrease of surface temperature, cloudiness
and total diabatic heating over there in the SNOW runs. '

(2) In summer, in contrast, the snow-hydrological effect is significant, particularly in the mid-latitudes.
The increase of ground wetness in the SNOW runs causes anomalous cooling and higher pressure near
the surface. A moderate signal of the weakened Asian summer monsoon is also obtained. However,
the increase of evaporation activates cumulus convection, which partly compensates for the decrease
of total diabatic heating by the cooling near the surface. This evaporation/convection feedback seems
to work, on the other hand, to sustain the increased ground wetness throughout the summer.

(3) The atmospheric teleconnection patterns induced by the anomalous snow cover over the Tibetan
Plateau and east Asia significantly appear over the north Pacific and the North American continent in
spring through late summer. These anomalous circulations cause the considerable decrease of surface
temperature over the northeastern part of North America.
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(4) The implication of these results for the Ice Age issue is also briefly discussed.

1. Introduction

At the end of the last century, Blanford (1884)
first pointed out the possible relationship between
the Himalayan spring snow cover and the succeed-
ing summer monsoon rainfall over India, though his
result attracted little attention from meteorologists
for a long time afterwards. By using satellite snow
cover data over FEurasia, Hahn and Shukla (1976)
re-demonstrated the link, showing the apparent re-
verse relationship between the Eurasian snow cover
extent in winter and the India monsoon rainfall in
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the following summer. Several succeeding studies
(Dey and Bhanu Kumar, 1983: Dickson, 1984, etc.)
confirmed their results.

In addition, recent observational studies have
strongly suggested that the snow cover over Eurasia
plays an important role in producing the anomalous
condition of the coupled ocean/atmosphere system
in the equatorial Pacific (e.g., El Nifio) by means of
the Asian monsoon (Barnett, 1985; Yasunari, 1987,
1990, 1991).

These observational relationships between the
Eurasian snow cover in winter and spring and the
tropical climate system in later seasons are sug-
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gested to be based principally on two physical pro-
cesses. Onme is the albedo effect, as suggested by
Hahn and Shukla (1976). The high albedo of the
snow reduces the total incoming solar radiation,
which may in turn reduce the heating of the ground
surface of the continent from spring to summer sea-
son. Some general circulation model (GCM) stud-
ies with the Ice Age surface boundary conditions
(Williams, 1975; Manabe and Hahn, 1977; Prell and
Kutzbach, 1988, etc.) have supported this idea.

The other process is the snow-hydrological effect,
which was first examined by Yeh et al. (1983) by us-
ing a simplified GCM. Miyakoda and Chao (1982)
pointed out the importance of this effect on long-
range forecasting. Recently, Barnett et al. (1989)
attempted to discuss this effect as well as the albedo
effect more comprehensively by the aid of GCM ex-
periments with full physics and geography. That is,
the snow mass not only consumes the solar energy
during the snow melting, but also reduces the heat-
ing of the ground after the snowmelt by moistening
the surface soil layer with the melted snow. This ef-
fect may provide a plausible explanation of the time-
lag relation between the winter snow cover and the
summer monsoon. Yamazaki (1989) has suggested
that the combination of these two effects is actually
important for producing the anomalous atmospheric
condition over the continent in summer. These two
effects of snow cover are schematically shown in Fig.
1.

On the other hand, recent observational studies
have suggested some significant time-lagged telecon-
nection patterns in the mid-latitudes induced by the
anomalous snow cover over Eurasia. By using lag-
correlation synoptics Morinaga (1987) and Morinaga
and Yasunari (1987) deduced some significant lag-
correlation patterns between the anomalous snow
cover over central Asia and the atmospheric anoma-
lies, particularly on the downstream-side of the con-
tinent. Kodera and Chiba (1989) showed that the
Okhotsk high intensity at 500 mb in June, which is
an important factor in controlling the Baiu (frontal
rain) activity over Japan, is highly correlated to the
snow cover anomaly over central Asia in April, pre-
sumably by means of stationary wave trains over
eastern Eurasia. Iwasaki (1991) pointed out the ap-
parent 1-year lag correlation between the snow cover
over eastern Eurasia and that over the north Amer-
ican continent.

Furthermore, Kuhle (1987) argued the possibility
of the “Tibetan Ice Sheet” during the Quaternary
Ice Age and its role on triggering the global-scale
glaciation itself.

The results of these observational and paleo-
climatic studies urge us to assess more quantita-
tively the effects of the Eurasian snow cover anomaly
on the local as well as remote or global-scale re-
sponses under different basic states of atmosphere.
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Fig. 1. Schematic diagram for the albedo feed-
back and the hydrological feedback of snow
cover during the seasonal march from win-
ter to summer.

For example, it has not been clear how and to what
extent the snow mass anomalies of each season and
each area produce atmospheric circulation anoma-
lies via the anomalous energy balance on the ground
surface and in the atmosphere. Seasonal as well as
spatial dependencies seem to be crucial for the two
physical processes (Fig.1). Particularly, the rela-
tive importance of snow cover anomalies over the
Tibetan Plateau should be investigated in more de-
tail from these points of view. How the snow cover
process interacts with other physical processes, e.g.,
ground-hydrology, evaporation and cumulus convec-
tion, may also be a key factor for producing atmo-
spheric anomalies.

This study focuses on these problems through the
analysis of the GCM experiments with anomalous
snow cover in spring over Eurasia.

2. Design of GCM experiments

2.1 The Model

The GCM utilized for this study is a tropospheric
version of the MRI-GCM-I (Tokioka et al., 1984)
produced at the Meteorological Research Institute
(MRI). The model atmosphere consists of 5-layers in
the vertical with a top at 100 mb, and has a horizon-
tal grid resolution of 5° in longitude and 4° in lati-
tude. The formulation of diabatic processes includes
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the cumulus parameterization of Arakawa and Schu-
bert (1974), interacting with the planetary bound-
ary layer (PBL) and the radiative process. The di-
urnal and seasonal variations of solar insolation are
taken into account.

The land surface processes in the model are as
follows: The soil moisture is predicted by using the
one-layer bucket model with a field capacity of 15
gcm~2. The heat and water budgets at the model
surface are governed by

CdT,/dt = Ry — Ry, — Fs — F,, + H;, (1)
dW/dt = P, — E — R+ Sy, (2)
E = BE,, (3)
B = min(1.0, 2 x GW), (4)
GW = W/Wiax, (5)
R=(R*+D%)" - D,, (6)
Doy = Winax — W, (7)

Ty is the ground temperature, C the bulk heat ca-
pacity of the ground, R the solar flux absorbed at
the surface, R; the net upward longwave flux at
the surface, Fs the sensible heat flux, F, the latent
heat flux (i.e., F\,=Lx E, L is the latent heat of
water vapor), H; the snow melt and/or heat conduc-
tion through sea ice, W the available soil moisture,
P, the precipitation rate, E' the evapotranspiration
rate, R the surface runoff, S,, the snowmelt, the
evapotranspiration efliciency, E, the potential evap-
otranspiration rate, GW the ground wetness, Wi,
the maximum available soil moisture, and D,, the
soil moisture deficiency. Here, Wy, =15gcm™? is
adopted for all land grid points. Surface runoff R is
a function of P, and D,, (see Eq. (6)), so that it can
occur when rainfall occurs even if the ground is not
saturated.

The seasonally varying land surface albedo is
adopted from Matthews (1983) depending upon veg-
etation conditions. Surface albedo over the ocean is
taken from Posey and Clapp (1963). Surface albedo
(a) over the snow is a function of snow mass and
masking depth of snow which depends on the ter-
rain height as follows:

_ Sy
ap + (as ab) dsw SN < dsw (8)
(e SN 2 dgw
where oy is the bare land albedo by Mathews (1983),
a; is the deep snow albedo (=0.70), Sy is the snow

mass. The masking depth of snow ds,, is defined as
follows:

dsw = max(1,5 — 2h)
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Fig. 2. (Upper) simulated precipitation and

wind vector at 850 mb in the control run
The shaded
(dotted) area denotes precipitation of more

for the northern summer.

than 5mm (less than 1mm) per day.
(Lower) observations based on the 1979-
87 NMC wind and the Jaeger (1976) pre-
cipitation.

where h is the surface terrain height in km.

The sea surface temperature is prescribed with
the monthly climatological data over the whole
ocean. The snowfall rate is predicted by using the
precipitation rate and the air temperature at the
surface. The snow mass over land is predicted as a
result of heat balance of the land surface.

2.2 Experiments

The model is integrated for three and a half years
starting from March 1 as a control run (hereafter re-
ferred to as the CNTL run). The model performance
of the CNTL run, particularly for the Asian mon-
soon is essential as a premise of the evaluation of
the anomaly run discussed later. This CNTL run
is fundamentally the same as Kitoh and Tokioka
(1986) and Kitoh et al. (1988), which successfully
reproduced the Asian and African monsoons. Fig.
2 shows the mean wind vector field at 850 mb and
total precipitation for summer (June, July, August)
from (a) the CNTL run and (b) the observations.
The large-scale features of the Asian monsoon, such
as the southwest monsoon flow over the Arabian sea,



476

SNOBW MASS CONTROL
90N T

MAR
Y, e 2
sON .Il/////// ////T.;‘.’l“r/_f.a\\ilt
33038 1)
ol e o S -
O 30f 60E SOE 1206 1SOE 180 I1SOW 120F SOW 60W 30H 0O
SNOW MASS CONTROL

SON ooV IOV TR T e e e Lo 00 s " U s e e
; Yzgaigl A v,

60N

\4’q»r

SON

1 P=Y R S S U A W W WA N S N0 W W G W W '
90E 120E 1SOE 180 150W 120W 90K

MASS CONTROL

T T T T T T T T T T T TS a0
T

i

30E

60E

980

o
»
1

T O S T B S W

Ny lnl 11
60E S0E 120E 1S0E 180 1S0H 120W

NSNBN MASS CONTROL

1
30E 90K

90

Fig. 3. Snow mass distribution in the CNTL r
NOAA/NESDIS data (right) for March through June. In the left diagrams, values of more than 1.0 cm
(water equivalent depth) are shown with solid lines, and values of more than 5 cm are shaded. Values
between 1.0 cm and 0.1 cm are heavily dotted. and those between 0.1 cm and 0 cm are lightly dotted.
In the right diagrams, snow cover frequency of more than 50 % (during the 21 years) are indicated.

rainfall distribution over the monsoon Asia and cen-
tral Asia, subtropical high over.the Pacific etc., are
simulated well in the CNTL run, though the rain-
fall and westerly wind over the equatorial western
Pacific is considerably less than the observations.
In the anomalous snow cover run (hereafter re-
ferred to as the SNOW run), 5cm (water equiva-
lent) snow mass anomaly was added only over the
snow-covered area between 30°N and 60°N of the
Eurasian continent on March 1 of every CNTL run
year as an initial condition to minimize the shock
of abrupt change in the integration. The model is
integrated for 184 days up to September 1. Maxi-
mum snow mass in the CNTL run appeared at the
end of February, which is nearly coincident with
that of the observation. A remarkable feature in the
CNTL run is a very reasonably simulated seasonal
change of snow cover area if we refer to the obser-
vation from NOAA/NESDIS data, as shown in Fig.
3. Although the best climatology of (water equiva-
lent) snow depth over Eurasia is not yet available,
the maximum snow depth distribution in the CNTL
run seems to be highly compatible with the observed
distribution from Schutz and Bregman (1987) over
the major part of the continent. The snow depth
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in the model tends to show a larger value locally in
the lower latitudes and in the eastern part of the
continent.

Four half-year (March to August) sets of the
SNOW run are thus obtained as shown in Fig. 4,
and the ensemble means of the outputs from the
four SNOW runs are compared with those from the
four corresponding CNTL runs, to deduce the ef-
fects of the anomalous snow cover in spring (March
1). It may be a tough question as to how reasonably
we can give the snow mass anomaly in the model,
since we have so far very little information about
the interannual as well as seasonal variability of real
snow mass (depth) on the continental scale. How-
ever, recent satellite-derived snow depth information
from Nimbus-7 SMMR data for 7 years (Chao et al.,
1987) suggested the areal-mean year to year maxi-
mum snow depth over the whole snow-covered area
ranges 5cm to 8cm (water equivalent), which im-
plies that a 5cm (water equivalent) anomaly over
the major part of Eurasia seems to be a very rea-
sonable value for the interannual variability in the
present climate. The mean snow mass distribution
in the CNTL run and the anomaly added in the
SNOW run on March 1 are shown in Fig. 5.
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Fig. 4. Design of the GCM experiment for
the control (CNTL) runs and the anomaly
(SNOW) runs.
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Fig. 5. Distribution of anomalous snow cover
(5 cm water equiv alent depth) added in
the SNOW run on March 1.

3. Changes in the suface condition over Eura-
sia

Since the two physical processes, i.e., the albedo
effect and the snow-hydrological effect, are supposed
to be essential for producing the anomalies in the
atmosphere as shown in Fig. 1, the differences in
surface parameters over the Eurasian continent be-
tween the CNTL run and the SNOW run are ex-
amined in this section. Figure 6 shows the sea-
sonal change (from March to August) of the monthly
mean values of the two runs and the anomaly
(SNOW run-CNTL run) of snow mass and albedo
averaged over the Eurasian continent east of 75°E.
The increases of albedo in the SNOW run are no-
ticeable along the southern periphery of snow cover
area of each month in spring (March to May), mostly
corresponding to the delayed snowmelt. This albedo
change is, however, hardly recognizable after June,
when the snow-covered area over Eurasia almost
completely disappeared in the SNOW as well as the
CNTL runs. :

Figure 7 shows the same diagram as Fig.6 but
for surface air temperature (7s) and soil moisture
(GW). The Ty (and GW) anomaly shows totally
negative (and positive) values particularly in the
mid-latitudes (30°N-50°N), undoubtedly associated
with the excesses in snowmass and albedo (Fig. 6).
It should be noted that there seem to be two stages
in the seasonal march of the negative Ts anomaly,
one in the lower latitude (around 30°N) in spring
(March and April), and the other in the higher lat-

10N

RS # |
500

Fig. 6. Seasonal change (from March to Au-
gust) of monthly mean snow mass (upper)
and albedo (lower) of each latitude for the
CNTL run (left), SNOW run (middle) and
its difference (SNOW-CNTL) (right). The
unit of snow mass is cm (water equiva-
lent). The heavily (lightly) dotted area in
snow mass shows 0.1-1.0 (0-0.1) cm depth.
The unit of albedo is %. Areas of 5cm
(40 %) or larger are shaded in snow mass
(albdo) diagrams of CNTL and SNOW
runs. Negative values are shaded in the
SNOW-CNTL diagrams.
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Fig. 7. Same as Fig. 6 but for surface air tem-
perature (TS) and ground wetness (GW).
The unit of TS is C. The unit of GW is
% of the full water storage (15cm water
equivalent).

itudes (40°N-50°N) in summer (June to August). A
similar feature in the positive GW anomaly is also
noted, but in this case the anomaly in the second
stage (in summer) is far larger than that in the first
stage (in spring).



478 Journal of the Meteorological Society of Japan

ALBEDO ANM-CTL APR
SON LI S S B S S S B S B B SR R S S B B B S S S O
60N
30N

a
J I T P I = N Y N U NN TN VU SO TN U (SN T U U N U 1 S U -

o] 30E 60E 90E 120E 1SOE 180  150W 120W 90W 60W 30HW

SOIL MOISTURE ANM-CTL APR
T B B B o L e e e B e e

- ~ = . ]

[s]
son | R
% *
30N t Z ! LS S } 3
@D H =} a& ! g q
L - b
Lodeietl ol =1 L) WA TS T T T T T S . . 1 41 1

0 30E 60E 90E 120E 1SOE 180 150W 120W 9O0W 60W 30W 0

TS ANM-CTL APR
SON‘ =TT ww

= T
BON H L 1
H oW
L .
ELIYS @) Lt " ¢

r e =] H o AL

IR EN, oo let | 1A ON 1 AN I c Ny

0 30E 60E SOE 120E 1S0E 180 150W 120W 90W 60W 30W 0

(b)

DNALBEDU ANM-CTL AUG

TT T T T T T T 1T

if ol
0 30E 60E OOE 120€ 1S0E 180 150W 120W GOH 60W 30H

SOIL MOISTURE ANM-CTL AUG

LIS A S S R SN S B S SO BN SN R B N SN N S N SN0 SN SN GO S R S |

= o fi7adi Yan'=
0 30E 60E GOE 120E 150E 180 150 120K 9OH 60K 30W O

ANM-CTL

Fig. 8. Distributions of albedo (%), GW (%)
and Ts (°C) anomalies over the north-
ern hemisphere in (a) April and (B) Au-
gust. Areas of positive (negative) anomaly

with the significant level of 5 % or less are
shaded (dotted).

The distributions of albedo, GW and T, anoma-
lies over the northern hemisphere in April and Au-
gust are shown in Fig. 8, to see more precisely the
difference in the spatial distribution of these anoma-
lies between spring and summer. It is apparent
that the negative Ts anomaly as well as the positive
albedo and GW anomaly in the subtropics (30°N)
in spring (April) are mostly due to the significant
anomalies over the Tibetan Plateau. In summer
(August), on the other hand, the large negative Tj
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anomaly in mid-latitudes (40°N-50°N) is mostly re-
lated to the anomaly in east Asia to the northeast
of the Tibetan Plateau.

The distribution of the GW anomaly is compli-
cated, but the area of the large negative T's anomaly
between 80°E and 120°E totally corresponds to the
positive GW anomaly there. However, there is no
albedo anomaly there. It is worthwhile to state
that the large anomalies in the second stage (over
east Asia in summer) appear completely after the
snowmelt over the whole of Eurasia while those in
the first stage (over the Tibetan Plateau in spring)
seem to be related to the in-situ snowmass and
albedo anomaly. These features suggest that the ef-
fect of snow cover appears in a different way depend-
ing upon seasonal timing and geographical location,
as is also pointed out by Barnett et al. (1989). This
aspect will be discussed further in the next section.

4. Changes in heat and water balance over
Eurasia

The large negative T's anomalies at the two stages
(i.e., in spring and in summer) are supposed to re-
sult from the different physical processes at the sur-
face, since the anomalies of other related parame-
ters (GW, albedo, etc.) have shown considerably
different features between the two stages. To exam-
ine this aspect more in detail, the seasonal changes
of heat and water balance at the surface and in
the troposphere, and their anomalies (SNOW run—
CNTL run) are computed for the typical areas at
each stage, that is, over the Tibetan Plateau (32°N-
40°N, 75°N-105°E), and over east Asia (40°N-48°N,
90°E-120°E), as shown in Fig. 9 and Table 1, respec-
tively.

Over the Tibetan Plateau in April (the first stage)
the albedo effect is dominant as shown in Table 1.
This stage is obviously characterized by the fact that
snow exists where normally it would not. In the
SNOW run the net short-wave radiation (RS) is sig-
nificantly reduced due to the large positive snow-
mass (SN) or albedo («) anomaly. Because of the
relatively cooled surface, both latent heat flux (FW)
and sensible heat flux (FS) are considerably sup-
pressed. Less cloudiness (N) and precipitation (Pr)
associated with more stable atmosphere and rela-
tively downward motion may be responsible for the
significant reduction of total heating (Q) in the at-
mospheric column.

Over east Asia in August (the second stage), in
contrast, although there is no SN and o anomaly,
large negative Ts and Tg anomalies are still appar- -
ent. This is due to the relative cooling of the surface
basically by the increase of FW (evaporation) and
the decrease of F'S, which are directly related to the
increase of GW after the snowmelt of the excessive
snowmass. In addition, less RS due to the increase of
cloud cover (N) through the increased evaporation
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Fig. 9. Surface heat and water balance and

cloudiness over (a) Tibetan Plateau in
April and (b) east Asia in August. The left
(right) column of each pair represents the
value in the CNTL (SNOW) run. Units
and notations are indicated in Table 1.

may also be partly responsible for the large nega-
tive Ts (or Tg) anomaly. This snow-hydrological
effect on Ts (and Tg) becomes more significant in
late summer (July -and August) than in early sum-
mer (June), presumably because evaporation non-
linearly increases as Ts (or Tg) increases following
Clausius-Clapeyron’s law.

Although the decrease in Ts and Tg is extremely
large in the SNOW run, there is no significant
change in Q, which implies that the increased di-
abatic heating in the upper and middle part of the
troposphere by cumulus convection, caused by the
increased evaporation from the surface compensates
the cooling effect near the surface. The increased
Pr, on the other hand, has a role in the mainte-
nance of wet ground throughout the summer. That
is, the snow-hydrological effect in this model seems
to be very effective for cooling in the lower tropo-
sphere, but not for the reduction of total heating in
the whole troposphere. This characteristic nature
of the model response to the excess snowmass and
wet ground seems to be closely associated with the
cumulus parameterization of Arakawa and Schubert
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(1974), where cumulus convection is very sensitive to
evaporation, or more directly, the moisture amount
in the planetary boundary layer (PBL).

5. Asian summer monsoon anomalies

The anomalies in some Asian summer monsoon
indices, induced by the excess snow mass in the
SNOW run are described here. As is pointed out
in the previous section, the snow-hydrological ef-
fect in this model to the total heating of the at-
mosphere is more or less diluted by the evapora-
tion/cumulus convection feedback. Nevertheless,
some signals of a weakened Asian summer monsoon
are found, particularly in late summer (July and
August). Sea level pressure (SLP) over the conti-
nent is a measure of land surface heating. Figure 10
shows the monthly mean SLP in the CNTL run and
the anomaly (SNOW run—CNTL run) for August.
There is an indication of a weaker monsoon trough
over northern India (positive SLP anomaly) in the
SNOW run, although it is not significant. It is in-
teresting to note that a large negative SLP anomaly
area is seen along the northern and eastern periph-
ery of the positive SLP anomaly, and another broad
area of positive anomaly exists over Alaska and the
north polar region. These significant anomalies are
discussed further below.

The other parameters particularly related to the
monsoon activity (i.e., wind, precipitation, diabatic
heating, divergence) show the weakening of the mon-
soon in the SNOW run, though most of the anoma-
lies are marginally significant. Figure 11 shows the
same diagram as Fig. 10 but for the wind field at
850 mb. The easterly anomaly over the Arabian sea
is noticeable, indicating the weaker southwest mon-
soon flow in the SNOW run. This weaker monsoon
wind is consistent with the weaker monsoon trough
over northern India.

Another important measure of the monsoon is
precipitation. Figure 12 shows the same diagram as
Fig. 10 but for the total precipitation. The CNTL
run has simulated well the broad feature of the ob-
served distribution of Asian summer monsoon rain-
fall (e.g., refer to Legates (1987)). The anomaly
distribution shows a general decrease of rainfall of
about 20 % in the area of maximum monsoon rain-
fall over southeast Asia. Over northeast Asia and
central Asia, in contrast, a positive anomaly of pre-
cipitation is noticeable, associated with the snow-
hydrological feeadback as discussed in Section 4.

The total heating of the atmosphere over India
through southeast Asia is also considerably reduced.
Associated with the reduced atmospheric heating
and convective rainfall, the velocity potential field
in the upper troposphere (200 mb) shows a weak-
ened divergent monsoon circulation over south and
southeast Asia, as shown in Fig. 13. Although this
weakened monsoon circulation in the SNOW run is
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Table 1. Anomaly (SNOW run-CNTL run) of heat and water budget over (a)the Tibetan Plateau and (b)
Mongolia (east Asia). Gothic values are those with the significant level of 5 % or less.

Heat and Water Budget

a) Tibetan Plateau (32-40N, 75-105E)

90N

60N

30N

mon SN 1-a RS RL FW FS HG N Ts Tg Q E R Pr GW
Mar 5.2 -9 -25 -12 -5 -9 0 7 -09 -03 -6 —02 00 03 03
Apr 3.5 —14 -43 —-11 -17 -20 5 -3 -19 -31 -52 —0.6 00 -0.8 1.8
May 00 -4 -15 -5 5 —19 4 -3 —15 -23 —33 02 00 -04 20
Jm 00 -0 -5 -4 3 -4 1 3 -08 -07 -4 01 00 00 1.1
Ju 00 -0 -6 -5 6 -6 -0 5 —07 —02 7 02 00 04 11
Ag — — -1 1 -0 -1 -0 1 -01 -01 1 —-00 00 -00 0.9
b) Mongolia (40-48N, 90-120E)
mon SN 1-a RS RL FW FS HG N Ts Tg Q E R Pr GW
Mar 46 -15 -26 -9 -12 -4 -1 3 -2.6 -3.3 —-21 -04 0.0 —-04 0.5
Apr 24 -9 -20 -7 -12 -7 6 3 -08 -13 -6 -—-04 0.1 0.2 21
May 04 -3 -15 -8 -5 -7 4 6 -2.0 -1.9 4 -0.2 0.1 0.3 2.6
Jun o -0 -7 -8 18 -—-17 0O 4 -24 -18 -0 0.6 0.0 0.5 3.2
Jul — — -4 —-13 32 -24 0 4 -3.6 -—-27 12 1.1 -0.0 1.3 2.6
Aug — — -10 -16 27 -21 0 8 -5.0 -32 -5 0.9 -00 0.6 2.7
SN snow depth (cm water) Ts  surface air temperature (°C)
1—a 1-—surface albedo (%) Tg  ground temperature (°C)
RS net shortwave radiation (W/m?) Q total diabatic heating (W/m?)
RL net longwave radiation (W/m?) E evaporation (mm/d)
FW  latent heat flux (W/m?)=LxE R runoff (mm/d)
FS sensible heat flux (W/m?) Pr  precipitation (mm/d)
HG  net heat budget at the surface GW  soil moisture (cm water)
N cloudiness (%)
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Fig. 10. Monthly mean SLP in the CNTL run
(upper) and the anomaly (SNOW run-—
CNTL run) for August. In the upper dia-
gram, pressure values of 1020 mb or more
(1000 mb or less) are shaded (dotted). In
the lower diagram, positive (negative) val-

ues with the significant level of 5 % or less

are sh

aded (dotted).
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Fig. 11. Same as Fig. 10 but for wind vectors
at 850 mb.

typically shown in August, similar features associ-
ated with the weakened convective activity over the
southeast Asia through the western Pacific are also
apparent during late spring (May) through summer.
Thus, the weakening of the Asian summer monsoon
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Fig. 12. Same as Fig.10 but for precipita-
tion. In the upper diagram, values of 7
mmday ™" or more (1 mm day-1or less) are
shaded (dotted).
positive (negative) values with the signif-
icant level of 5% or less are shaded (dot-
ted).

In the lower diagram,

principally by the snow-hydrological effect of the
anomalous snowmass has been confirmed.. These
results for the Asian summer monsoon, are funda-
mentally the same as obtained by Barnett et al.
(1989), though the details of the experimental pro-
cedures and the results are quite different from each
other. Further comparisons between the present re-
sults and theirs will be made later.

6. Teleconnections in middle and high lati-
tudes

It has been established both from observations
and theories (Hoskins and Karoly, 1981; Webster,
1982 etc.) that the anomalous diabatic heating in-
duced by the anomalous surface heating condition
produces anomalous local and remote responses in
the atmospheric circulation field.. Some observa-
tional studies have suggested that the anomalous
snow cover over Eurasia induces the in-situ and re-
mote anomalous circulation referred to in the in-
troduction. Here the anomalous circulation field
(SNOW runs—CNTL runs) is examined from this
point of view.

Figure 14 shows the monthly mean geopotential
height anomaly at 500 mb from March to August.
In spring the anomalous patterns are very similar to
each other, particularly in March and April. A neg-
ative anomaly is significant over east Asia. It should
be noted that to the northeast of this negative
anomaly there exist a distinct positive anomaly area
over Kamchatka Peninsula/far east Siberia and also
another negative anomaly over the Labrador/Baffin
Bay area, suggesting the propagation of a Rossby
wave train forced by the anomalous vorticity over
east Asia. The negative height anomaly over east
Asia can be explained as a local response to the

.2
60K

Fig. 13. Same as Fig. 10 but for velocity po-
tential at 200 mb.

increased diabatic cooling over and around the Ti-
betan Plateau (see Table 1 and Fig. 8) and the in-
crease of diabatic heating over the north Pacific near
the east coast of Asia, as theoretically pointed out
by Smagorinsky (1953). Interestingly, the same type
of anomaly pattern was obtained in the observed
anomaly pattern for April, relevant to the anoma-
lous snow cover over central Asia (Morinaga, 1987).

In June an area of large negative anomaly appears
over the Kamchatka Peninsula where the Okhotsk
high is located in this season. An area of posi-
tive anomaly is also found over the Canadian arctic
region, to the northeast of the negative anomaly,
and another area of negative anomaly is marked
over the northeast of North America, which again
shows a Rossby wave-train pattern originated from
the Okhotsk high area.

The change of the anomaly pattern over east
Asia from the previous spring months may be re-
lated to the change of the seasonal basic state there.
The monthly mean total heating field shows that in

- this month the heating/cooling contrast between the

continent and the ocean is completely reversed from
the winter and spring condition to the early sum-
mer condition, i.e., heating over the continent and
cooling over the Okhotsk sea. This seasonal change
in horizontal contrast of diabatic heating seems
to be essential for the formation of the Okhotsk
high or ridge in the middle troposphere (Asakura,
1968). The anomalous cooling over the continent
by the snow-hydrological effect weakens the heat-
ing contrast, and may result in the weakening of
the Okhotsk high or ridge. Surprisingly enough, the
anomaly pattern shown here is quite similar to that
deduced from the observed lag-correlation pattern
between the anomalous snow cover over central Asia
in April and 500 mb height anomaly in June (Kodera
and Chiba, 1989), as reproduced here in Fig. 15.

In July there is no significant change in the circu-
lation patterns as a whole. This seems to be related
to the basic state of the zonal wind and the spatial
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Fig. 14. Monthly mean geopotential height
anomaly at 500 mb in March through Au-

gust. Positive (negative) values with the
significant level of 5% or less are shaded
(dotted).

distribution of total heating in this month. The mid-
latitude westerly wind in this month over Eurasia is
the weakest in the year, and the area of maximum
heating associated with the Asian monsoon is con-
fined to the easterly zone in the lower latitudes both
in the CNTL run and the SNOW run. Under this
condition the anomalous cooling near the surface by
the anomalous soil moisture in east Asia seems to
be too small to produce effectively the anomalous
circulation in the mid/high latitudes.

In August the anomalous circulation with the
Rossby-wave-like pattern is again evolved over east
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LATITUDE

160
LonCi Tuse

Fig. 15. Correlation coefficients (x 100) be-
tween April snow cover over central Asia
(50°-80°E, 50°-60°N) and 500 mb height
in June, based on the data for 1968-86.
Positive values (of 0.45 or more) are dot-
ted (shaded). (Kodera and Chiba, 1989).

MOBISTURE FLUX ANM-CTL o - AUG
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Fig. 16. Moisture flux anomaly (SNOW run-—
CNTL run) at 850 mb in August. The unit

isgms™!.

Asia through the arctic north American region. A
remarkable feature in this month is the anomalous
heat source and upper-level divergence (Fig. 13) over
the coastal area of east Asia, i.e., over Japan is-
lands. This anomalous heat source seems to be re-
lated to the activated baroclinic disturbances associ-
ated with the intensified warm and moist advection
from the southeast ahead of the intensified trough
there, as shown in Fig. 16. It is noteworthy that this
intensified trough seems to have been non-linearly
amplified by the interaction of cold air advection
along the north-eastern periphery of the anomalous
cold high in the lower troposphere over the Mongo-
lian region and the warm air along the east coast of
the Eurasian continent, as is demonstrated in Fig.
10 and Fig. 11. The mean westerly wind in the tro-
posphere over this region has become stronger than
that in July, which enables a stronger teleconnection
on the downstream side.

Barnett et al. (1989) also noted the teleconnection
patterns over east Asia through the north American
continent in their model results for the anomalous
snow cover over Eurasia, though the spatial scales of
their anomaly patterns are generally far larger than
those of ours. This difference between the two model
results may be due to the difference of the spatial
scales as well as the thickness of snow cover anomaly
given in each model. The snow mass anomaly in
their model seems to have a whole-continent scale,
while that in our model is more regionally confined
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to the interior of the continent. This aspect of the
snow cover issue, i.e., the sensitivity of the telecon-
nection pattern to the size and volume of snow cover
anomaly, may be one of the important problems to
be investigated further.

7. Discussion

7.1 Seasonality in the snow feedbacks

The aforementioned results have elucidated that
the feedback of anomalous snowcover over the
Eurasian continent produces atmospheric anomalies
through the anomalies in the surface heat and water
balance. The albedo effect is proved to be significant
in spring in the lower latitude, particularly over the
Tibetan Plateau, where the incoming solar radia-
tion in this season is extemely strong. Although the
direct response of the atmosphere (e.g., lower Ts,
higher SLP etc.) to this effect is limited over and
around the Tibetan Plateau, the indirect response
by way of the teleconnection appeared nearly hemi-
spherically as described in Section 6. This result at
least partly contrasts with the argument by Barnett
et al. (1989).

During summer months, the snow-hydrelogical
feedback has induced a weakening of the Asian sum-
mer monsoon to some extent, particularly in the
SLP, precipitation and divergence field. The anoma-
lies of these parameters over the monsoon region are,
however, generally less significant and more local-
ized in size than those appearing in the experiments
by Barnett et al. (1989). This may be partly due
to the enormous snow mass anomaly in their ex-
periments, where the snow mass difference between
their SNOW (D) run and the CNTL (C) run in June
averaged over Asia was 10cm. In our experiments
this difference in June was only traceable over the
limited area of northern Asia, as shown in Fig. 6,
which seems to be more realistic if we compare the
seasonal change of our model snow mass distribution
to that of the observed snow mass distribution esti-
mated from Nimbus-7 SMMR data (Morinaga and
Igarashi, 1991).

7.2 Evaporation/convection feedback

Another reason for a less significant monsoon in
our SNOW runs may be due, as commented in Sec-
tion 4, to stronger evaporation/cumulus convection
feedback in our model. That is, the areas of positive
soil moisture anomaly in the SNOW run correspond
well with the areas of positive anomaly in evapora-
tion, water vapor content in the PBL, precipitation,
and total diabatic heating in the air column partic-
ularly in summer months (not shown). This effect
may at least partly dilute the cooling effect of evap-
oration near the surface to the total heating of the
atmosphere, by adding the more cumulus heating in
the middle and the upper atmosphere.

This result contrasts with that by Barnett et al.
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(1989), where surface cooled by surplus moisture
flux suppresses convection there. This notable dif-
ference between the two model results may be partly
due to the difference of cumulus parameterization
in the models. In our model with the Arakawa-
Schubert scheme, convection seems to be more sen-
sitive to the moisture amount in the PBL than
their scheme (i.e., Kuo’s parameterization), where
it needs large-scale moisture convergence.

On the other hand, this evaporation/convection
feedback enhances and prolongs the snow-
hydrological feedback near the surface by increas-
ing cloudiness and precipitation, which tend to sus-
tain reduced Rs and increased GW and, as a result,
lower Ts and higher SLP throughout the summer.
Fundamentally the same results as ours are noted
in the GCM experiment by Yeh et al. (1984), who
examined the effect of the excessive soil moisture on
the climate anomaly. They pointed out that the ex-
cessive soil moisture over the mid-latitude rain belt
tends to prolong the moisture anomaly and increase
precipitation by recycling water between land sur-
face and atmosphere. By contrast, this effect is rel-
atively weak over the dry regions in the subtropics.

We have so far very little information about the
real feature of cumulus convection and precipitation
in the interior of the Eurasian continent in sum-
mer. We should emphasize, however, that this evap-
oration/convection feedback is supposed to be fea-
sible particularly over the seasonally-heated conti-
nent in summer, where large-scale convergence in
the lower troposphere is generally dominant. In
fact, the GCM experiment by Delworth and Man-
abe (1989) with the realistic geography also suggests
that this feedback by soil moisture anomaly is sig-
nificantly large in the middle latitudes over the con-
tinent in summer. Once this feedback works over
east Asia through the interior of the continent in the
mid-latitudes, localized circulation anomalies may
be produced there by the anomalous diabatic heat-
ing in the middle and upper troposphere.

It seems to be crucial for the snow-hydrological
feedback, therefore, how the increased evapora-
tion by the excessive snow affects convection/pre-
cipitation processes. In other words, the charac-
teristic nature of the combined snow-hydrology
/evaporation /convection feedback seems to provide
a clue for the late effect of snowmass to the summer
climate. This may really be a new but important
aspect of the snow cover issue that should be exam-
ined further. It includes the assessment of, e.g., the
large-scale water cycle, and of a more realistic cumu-
lus parametarization over the interior of the summer
continent, associated the snow-hydrological process
during spring through summer.
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Fig. 17. Surface air temperature anomaly in March through August. Contours are 1°C and negative values

are dashed.

7.8 Teleconnection over North America and the Ice
Age issue

The PNA-like teleconnection pattern during
spring through summer, induced by the anomalous
forcing over east Asia associated with the anomalous
snow mass over Eurasia, may be one of the impor-
tant features of the general circulation in this ex-
periment. This model result is in good agreement
with the observed circulation pattern deduced by
Kodera and Chiba (1989) (Fig. 15). Yasunari (1988)
has also offered observational evidence for the dom-
inance of this pattern particularly in late summer of
a weak Indian monsoon year. Large month to month
changes in the teleconnection patterns may be most
probably due to the seasonal changes of the zonal
mean state, as has been noted by Kang (1990).

Associated with this pattern, an intense anoma-

lous trough at 500 mb over the northeast part of the
North American continent (Fig.14) has appeared
during spring through summer in the SNOW run.
This persistent trough may be very important for
the issue of the Ice Age initiation, since this trough
seems to provide a favorable condition (i.e., persis-
tent negative Ts anomaly) for the snow accumula-
tion there, as shown in Fig. 17. We will note here
the important implication of the present result for
the Ice Age problem.

Lamb (1977), for example, suggested that the for-
mation of an ice sheet over the North American
continent could lead the earth to the stage of full
glaciation by triggering another ice sheet over Scan-
dinavia by way of the downstream adjustment of
stationary planetary waves. He commented further
that the persistent cold trough over this region even
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through the warmer seasons may be a key factor for
the formation of the Laurentide Ice Sheet, though
he did not mention how the cold trough could have
been maintained. Kuhle (1987) suggested, on the
other hand, the key role of the cooled Eurasian
continent, particularly the completely-glaciated Ti-
betan Plateau, in triggering hemispheric cooling and
glaciation, though he did not mention the possible
dynamical process of hemispheric cooling.

The present result may suggest a common answer
to their questions. That is to say, the persistent
anomalous snow cover over Eurasia including the
Tibetan Plateau, which might be the first signal of
reduced solar radiation by some external or internal
forcing, could be responsible for the anomalous cir-
culation over North America noted by Lamb (1977),
by means of the downstream teleconnection deduced
here. In fact, a very recent model study by Short et
al. (1991) has suggested that the maximum response
of surface temperature change associated with the
Milankovitch forcing occurs over the interior of the
Eurasian continent, not over the polar regions. A re-
cent GCM study by Oglesby (1990) also showed that
in addition to Alaska, western Canada and Siberia,
the Tibetan Plateau is one of the “glaciation sensi-
tive” regions to the initial imposition of heavy snow
cover. These problems should, of course, be further
examined by the long-term integration of the models
with interactive oceans.

8. Conclusions

The effect of excessive snow mass over the
Eurasian continent on the spring and summer cli-
mate has been investigated by performing the MRI
-GCM model experiments. The ensemble mean of
four SNOW runs with the excessive snow mass of
5cm (water equivalent) on March 1 over the snow
cover area of the continent has been compared with
that of the CNTL runs, to deduce the effect of the
snow mass on the climatic parameters. The main
results are summarized as follows:

(1) In spring, the albedo effect is dominated in
the lower latitudes particularly over the Tibetan
Plateau. The reduced net radiation by the anoma-
lous snow cover balances the reduced surface sensi-
ble and latent heat fluxes. Cloudiness is also reduced
and the total diabatic heating in the atmosphere is
considerably diminished. Although the direct re-
sponse of the atmosphere to this effect is more or
less localized, the teleconnection pattern induced by
this localized anomaly seems to be an important fea-
ture of the total influence of the snow cover.

(2) In summer, the snow-hydrological effect is sig-
nificant particularly in the mid-latitudes. The in-
crease of ground wetness in the SNOW run causes
anomalous cooling and higher pressure near the sur-
face. However, the change in the total diabatic
heating is not significant mainly due to the evap-
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oration/cumulus convection feedback, which partly
counteracts the cooling near the surface. This evap-
oration/convection feedback seems to work, on the
other hand, to sustain the increased ground wetness
throughout the summer.

(3) Some parameters of the Asian summer monsoon
activity indicate a weaker monsoon in the SNOW
run, although the snow-hydrological effect seems to
have been diluted to some degree by the evapora-
tion/convection feedback as mentioned above. As-
sociated with this weak monsoon signal, the sea level
pressures have increased over the Asian monsoon re-
gion through the equatorial Indian Ocean as a whole
in early northern summer. This feature is consistent
with the observed initial stage of an ENSO event.
(4) A remarkable feature in this experiment is the
atmospheric teleconnection patterns over the north
Pacific through the North American continent, in-
duced by the anomalous snow cover over the Tibetan
Plateau and east Asia during spring through late
summer. These circulation patterns are responsi-
ble for the considerable decrease of surface tempera-
ture particularly over the northeastern part of North
America. These results are partly supported by the
observed circulation anomalies associated with the
weak Asian monsoon condition (Yasunari, 1988).
The signatures in this experiment also suggest the
possible role of the anomalous snow cover over Eura-
sia on the initiation of the Ice Age.

The results obtained here are, however, still tenta-
tive since the parameterization of ground hydrology,
which may be a key factor of the snow-hydrological
feedback, is too simple in this model. The inter-
action of snow-hydrology feedback with the evap-
oration/cumulus convection feedback may also be
an important problem to be further investigated for
this snow cover/climate issue. The remote responses
related to the ENSO and the Ice Age issues may

_ be very interesting aspects of the Eurasian snow

cover, but these problems should be re-examined by

the more sophisticated coupled atmosphere/ocean
GCMs.
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