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ABSTRACT

In this study, in order to investigate the global climatic oscillations forced by sea surface temperature
(SST) anomalies over equatorial central-eastern Pacific, two numerical schemes with different SST distri-
butions (normal and anomalous cases) are tested by using a nine-layer global spectral model. Experiment
results show that (i) in northern summer, a wave train that is similar to the teleconnection pattern stiggested
by Nitta (1987) and Huang (1987) in the Northern Hemisphere and another one in the Southern Hemisphere
are reproduced; (ii) simulated results suggest that the response of atmosphere in middle-high latitudes of both
hemispheres to an anomalous heating source is more sensitive in tropical western Pacific than in equatorial
central-eastern Pacific; and (iii) in northern summer, the formation of low-frequency oscillations on monthly
(seasonal) time scale results from energy dispersion as well as interactions between eddies and zonal flow;
and between eddies.

I. INTRODUCTION

Teleconnection is a very important phenomenon in the atmosphere. It not only reveals
that there is a process of remote response in the atmosphere, but also has very important
significance for improving the long-range weather prediction or the short-range climatic pre-
diction. The phonomenon and the concept were first found and proposed by Walker and
Bliss (1932), Afterwards, observed facts identified existence of the teleconnection phenomenon
in the atmosphere (Sawyer, 1970: Van Loon and Rogers, 1978; Wallace and Gutzler, 1981;
Blackmon et al., 1983; Mo and White, 1985; Nitta, 1987). These teleconnection patterns
are regarded as evidence of the effects of thermal forcing, such as sea surface temperature
anomalies (SSTA) and thermal state of land surface on the atmosphere. -Especially,
attention has commonly been placed on studying the effects of SST on the atmosphere
in recent years. Bjerknes (1966) and Rowntree (1972) have studied the effects of SSTA
over equatorial Pacific and northern Atlantic on the atmosphere, respectively. Rusmusson
and Carpenter (1982) and Blackmon (1983) further insighted into the ENSO phenomenon.
The above investigations clearly indicated that equatorial SST has a significant influence on
the global climate and general atmospheric circulation, especially the PNA pattern may be
produced in the northern winter. Advance in studying the effects of SSTA on the atmos-
pbere has greatly been made by using GCM. Simulated results showed that in the northern
winter, a wave train was produced by equatorial SSTA, which bears a resemblance to the
PNA teleconnection pattern (Blackmon et al., 1983; Geister et al., 1985). In the southern
winter and summer, the remote response was simulated, which basically was in agreement
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with observations, in the middle and high latitudes (Webster, 1981), while a response
which resembles the remote response suggested by Nitta (1987) and Huang (1987) was also
simulated in the northern summer (Huang and Wu, 1988).

Theoretical studies indicated that the mechanism of the above teleconnection patterns
may be cither dispersion of two-dimensional Rossby wave resulting from the localized
forciig (Hoskins and Kalory, 1981; Horel and Wallace, 1981) or internal dynamic process
of the atmosphere (Lau, 1981). Simmons et al. (1983) have explored relationship between
propagation of the Rossby waves, barotropic unstable modes of basic flow and atmospheric
teleconnection and indicated that the western Pacific and Atlantic areas were sensitive areas
of atmospheric response to the external forcing. As a result, the barotropic unstable modes
of mean basic flow were developed over these areas and generated the teleconnection patterns.

The generation and propagation mechanisms of the two-dimensional Rossby waves
resulting from response of the atmosphere to El Nino are not very clear although the -in-
vestigations mentioned above indicate that the dynamical processes of atmospheric response
to SSTA have been correspondingly understood (Gill, 1980; Webster, 1981; Sadeshmukh and
Hoskins, 1985; Held and Kang, 1987). Therefore, the project is worthy of further investi-
gation, |

In this paper, in order to study the above problem we attempt to analyze the evolution
processes of local and reomte response in the Northern and Southern Hemispheres using the
simulated data by Lin and Sun (1987). '

" A brief description of the model and the experiment schemes is provided in Section
I1. . The simulated, teleconnections in the Northern and Southern Hemispheres are detailed
in Section 1I1. The evolution processes of the local and remote responses are given in Sec-
tion IV. The formation and propagation mechanisms of the waves are discussed in Section
V, and summary and conciusions in Section VI, '

II. BRIEF DESCRIPTION OF THE MODEL AND EXPERIMENT SCHEMES

A detailed description of the global model used in this study and the assessment of its
simulation capability can be found in McAvancy and Bourke (1978). The model is only
briefly described in this paper.

The basic dynamic and thermodynamic equations of the model consist of horizontal
divergence cquation, vorticity equation, the tendency equation of logarithmal surface pres-
sure, thermodynamic equation, the moisture tendency equation, and diagnostic equations
for vertical velocity and the hydrostatic relationship. Cast on spherical coordinate in the
horizontal and sigma coordinate in the vertical, these equaticns are solved by using the
Galerkin procedure when model variables are represented as truncated expansion of spherical
harmonics with rohmbodal truncation at wavenumber 15. The model makes use of the semi-
implicit time integration scheme with a time step of 30 min. h

In the model, the physical processes and parameterizations include short-wave radiation,
long-wave radiation, large-scale condensation and convection, vertical diffusions of momen-
tum, heat and moisture and the effects of underlying surface (including ocean, polar ice and
siow cover) and topography on the model atmosphere are considered.

In order to investigate the formation mechanism and the propagation characteristics of
the short-range climatic oscillation forced by SSTA over the equatorial Pacific during the
El Nino pericd, two different experiment schemes are tested and compared each other:

Scheme 1, control case (hereinafter referred to as Exp 1). SST used in the model is
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climatological mean values in July and CO,, O,, snow cover and polar ice coverage are also
climatological mean values in July and sun’s altitude angles in mid-July are used.

Scheme 2, anomalous case (hereinafter referred to as Exp 2). SST used in the model
is the idealized SSTA field similar to observed SSTA over eastern Pacific (shown in Fig. 1,
Lin and Sun, 1987), superposed upon the climatological mean SST field in July. The max-
imum SSTA is 44°C. Others in the model are same as Exp 1. '

The model was spun up with perpetual July boundary conditions and forcing starting
with a rest atmosphere and integrated for 492 days. Then the two schemes are continuously
run for 40 days with simulation at Day 492 as initialization and the July monthly average
simuiated results are obtained from the last 30 - day averaged simulations of two experi-
ments, respectively.

IOI. MONTHLY (SEASONAL) RESPONSE OF ATMOSPHERE TO EL NINO IN NORTHERN AND
SOUTHERN HEMISPHERES

Fig. 1a and Fig. 1b represent the monthly averaged geopotential height difference between
Exp 2 and Exp 1 simulations at 300 hPa and 850 hPa in July, respectively. Comparison
of Fig. 1a with Fig. 1b shows that the response of atmosphere to equatorial SSTA in the
Southern Hemisphere (winter hemisphere) is stronger than that in the Northern Hemisphere
(summer hemisphere).  Furthermore, the response of atmiosphere is more evident in areas
where are farther away from the heat source in both hemispheres. Fig. 1 also shows that
not only strong remote response exists in the winter hemisphere, but also there is apparent
remote response in the middle-high latitudes of the summer hemisphere. These results are
in disagreement with Webster (1982), who suggested that the response in middle-high latitudes
of the summer hemisphere was weak, but analogous to the simulation with SSTA over equa-
torial central and eastern Pacific by Keshavamurty (1982).

A comparison between upper and lower atmospheric responses to the equatorial heat
source shows that there are a pair of positive geopotential difference response on both north-
west and southeast sides of the SSTA area at 300 hPa and a pair of negative geopotential
difference response on west side of the equatorial heat source at 850 hPa. However, the
remote response to the north of subtropic zone far away from the heat source is in phase
between upper and lower troposphere in both hemispheres, which sheds much light upon the
equivalent barotropic structure. The above results show the local response and remote
response in the model atmosphere comparatively agree with theoretical results (Gill, 1980;
Webster, 1981, 1982; Lau et al., 1984),

The observed geopotential height anomalies of the northern hemisphere at 500 hPa in
July, 1972 are given in Fig. lc. Comparing Fig. 1a with Fig. Ic indicates that the negative
anomaly area over South China and the tropical western Facific and the positive anomaly
area over Japan and Northeast China are simulated although in contrast, the simulated po-
sitive area is extended further westward compared with the observed in Fig. lc. However,
the observed precipitation anomaly map (not shown) shows that the negative precipitation
anomaly area is located in the belts along the Changjiang and the Huanghe Rivers, which
corresponds to the distribution of simulated geopotential height differences. In Fig. Ic, a

- strong positive anomaly area exists over northeastern Asia, Alaska and the east coast of
North America, and the positive difference arca corresponding to the above positive anomaly
area in the simulated geopotential height difference at 300 hPa can be found. The observed
facts, i. e,, the positive anomaly areas are over Europe and central-north Africa, the negative
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anomaly areas are over Mediterranean Sea and neighbourhood and the central Canada, and
the positive anomaly area to the southeast of the negative areca are over the central Canada,
are reproduced in the model (see Fig. 1a). However, the centers of the simulated negative
area over northeastern Asia and the simulated positive area over North America are lccated
further west compared with observations. The reason why this discrepancy is given rise to
so far is not clear. The point to stress is that up to now, the general circulation models
have probably been behaving in a manner consistent with the above discrepancy in the light
of simulations. It is noteworthy that the resemblance of alternating the positive and the
negative difference areas between simulations and observations in the Northern Hemisphere
is suggestive of a wave train propagating northward from the tropical western Pacific. This
result is in agreement with the teleconnection in summer of the Northern Hemisphere found
by Nitta (1987) and Huang (1987). Furthermore, the negative center located over bound of
. Canada and eastern United States existing in both simulations and observations might be
viewed as the fifth activity center of the above wave train. The correspondance between
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Fig. 1. Simulated July mean geopotential height difference map (Exp 2
minus Exp 1) at 300 hPa (a) and 850 hPa (b).
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Fig. 1c. Observed geopotential height anomaly at 500 hPa in the Northern
Hemisphere in July, 1972 (units: 10 m; internal: 40 m).

the geopotential height difference mentioned above and precipitation difference is also clear
evidence of existence of the above wave train (not shown). It is with this dilemma in mind
how to check the simulation in the Southern Hemisphere because of lack of observation data.
Fortunately, Ramage (1975) analyzed the stream function anomaly field at 700 hPa and
200 hPa over tropics and subtropics in summer, 1972. Therefore, the simulated results in
tropics and subtropics might be compared with Ramage (1975) while simulation in middle-
high latitudes can only be compared with simulated results by Webster (1982) and Kesha-
vamurty (1981).

Fig. la shows that in the Southern Hemisphere, a wave-train with wavenumber 3
propagates southeastward from a negative difference center over equatorial western Pacific,
and then turns northeastward. Its difference centers are respectively located over equatorial
central Pacific, south of Southern Pacific, the South Pole region, central South Indian Ocean
and north of South Indian Ocean. Extension of each positive or negative member of the
wave-train in east-west direction is much longer than that in south-north direction. There-
fore, the long axis exhibits a northeast-southwest orientation. The distribution of the
geopotential height difference in either the upper or lower troposphere mentioned above
agrees with the simulated results by Webster (1982) and Kesavamurty (1981), and simulation
in tropics and subtropics is basically analogous to analysis by Ramage (1975).

According to activity center position of the wave train in the Southern Hemisphere, it
is seen that the Mascarene high is situated in the last negative difference region whereas the
Austrlia high is situated in the first positive difference region. The former weakens the
Mascarene high, resulting in weakening the Somali jet; while the latter strengthens the Austra-
lia high, resulting in strengthening the cross equatorial flow at 110°E (Ni et al., 1989).
The above results show that response of ’ atmosphere in the Southern Hemisphere to El
Nino not only causes anomalous general circulation and precipitation, especially the increase
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of rainfall in Brazil, but also it has an important influence on atmospheric circulation in the
Northern Hemisphere via the thermally forced wave train in the Southern Hemisphere,
especially summer Asian circulation.

Overall, in northern summer, the wave train propagating eastward from the west coast
of Pacific in the Eastern Hemisphere to the east coast of Pacific in the Western Hemisphere
plays an important role in the change of atmospheric circulation over East Asia and North
America in the Northern Hemisphere, and in the Southern Hemisphere anothér wave train
propagating southeastward from tropical western Pacific, through South Pacific and South
Atlantic then entering the Indian Ocean has an evident influence on not only circulation
and precipitation of the Southern Hemisphere, but also circulation of the Northern Hemi-
sphere, especially summer Asian circulation due to the monthly (seasonal) response of at-
mosphere in Northern and Southern Hemispheres to El Nino.

1V. PROPAGATION CHARACTERISTICS OF THE EQUATORIAL THERMALLY FORCED
SHORT-RANGE CLIMATE OSCILLATION DURING NORTHERN SUMMER

Figs. 2a and 2b represent the simulated geopotential height difference at 300 hPa on
Day 2 and Day 8, respectively.
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Fig. 2. Simulated 300 hPa geopotential height difference map on Day 2 (a)
and Day 8 (b).
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Fig. 2a shows that there is a positive center (a negative center at 850 hPa) to the
northwest of the heat source in the Northern Hemisphere and another positive center (a
negative center at 850 hPa) to the southwest of the heat source in the Southern Hemisphere
at 300 hPa on Day 2. Obviously, these difference centers result from baroclinic response
of the atmosphere to the heat source at equator (Gill, 1980: Webster, 1981). It is noteworthy
that the response is asymimetric about the equator, and the response to northwest of the
heat source in the lower is stronger than that in the upper in the Northern Hemisphere and
the reverse of this happens in the Southern Hemisphere. The response in the flow field
is analogous to that in the geopotential height field (not shown).

In the upper troposphere on Day 4 (not shown), a wave train with four activity centers
starting from the positive center near the equator and propagating northwestward is ap-
parently generated. It is interesting to rote that a negative center exists in the upper over
equatorial western Pacific. Obviously, anomalous SST weakens the Walker circulation
resulting in weakening convection activities over tropical western Pacific. Therefore, a po-
sitive difference center in the lower and a negative in the upper are generated. Similarly, a
wave train propagating southeastward is formed in the Southern Hemisphere. Two wave
trains in the lower as same as those in the upper exist in both hemispheres. They ex-
hibit equivalent-barotropic structure in the middle-high latitudes (not shown).

On Day 6 (not shown), the two wave-trains continuously propagate northeastward
then return toward southeast and southwestward then return toward northeast, respectively,
and new activity centers are formed. It is noteworthy that another wave train is propa-
gating northward from tropical western Pacific when the wave train to northwest of the heat
source is formed in the Northern Hemisphere. Member phases of the former are same as
the latter apart from the source region. Obviously, this is the wave train found by Nitta
(1987) and Huang (1987). which is forced by anomalous convection activities over tropical
western Pacific in summer and propagates along the west coast of Pacific through the polar
region into the east coast of Pacific. This wave train is superposed on the northwestward
dispersed wave train forced by the heat sourcc in equatorial central-eastern Pacific. As a
result, it strengthens intensity of the summer wave-train in the Northern Hemisphere, which
is found by Nitta (1987) and Huang (1987).

Integration on Day 8 (Fig. 2b) shows that disturbance members of the northward pro-
pagating wave train in the Northern Hemisphere are continuously developing and the positive
difference area over central North Pacific is extended westward and the whole western Pacific
is occupied by the negative difference. It is interesting to note that the wave train north-
ward propagating from tropical western Pacific is gradually strengthened and dominated
in the Northern Hemisphere other than the wave train northwestward propagating from the
warm pool in equatorial central-eastern Pacific. These results indicate that propagation
direction and activity center position of wave trains in the Northern Hemisphere begin to
adjust whereas in the Southern Hemisphere, position of the wave train is relatively stable,
in which disturbances are continuously developing and a complete wave train is gradually
formed.

On Day 10 (not shown). activily centers of northward and northwestward propagating
waves are further combined and developed. It clearly appears to be the summer wave pat-
tern in the Northern Hemisphere, which is similar to that found by Nitta (1987) and Huang
(1987). This result clearly suggests that even in summer, the response of atmosphere in
mid-high latitudes of the Northern Hemisphere to anomalous convection over tropical
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Fig. 3. Five-day averaged geopotential height difference at 360 hPa from simulation:
(a) the second five-day average after integration; (b) the fourth five-day average;
(¢c) the sixth five-day average; and (d) the eighth five-day average.

western Pacific is very sensitive and the source region of atmospheric remote response in mid-
high latitudes of the Northern Hemisphere seems to be in tropical western Pacific. This
result is in agreement with the conclusion suggested by Branstator (1985) who analyzed the
mechanism of the remote response in the northern winter. In the Southern Hemisphere,
the wave train is developed into the strongest stage with complete structure and wavenumber
4 on Day 10.

Figs. 3a—d represent the second, fourth, sixth and eighth five-day averaged geopotential
height differences at 300 hPa, respectively, after the model is integrated.

Fig. 3a indicates that there is a wave train northwestward propagating from northwest
of the heat source in equatorial central-eastern Pacific then turning northward through the
polar region into the east coast of Pacific and another one northward propagating from
tropical western Pacific. Both these two wave trains are combined as a northward pro-
pagating wave train over Japan. In winter of the Southern Hemisphere, there is a wave
train with wavenumber 3 southeastward propagating from equatorial central Pacific, then
entering into South Atlantic and turning toward northeast into the Indian Ocean and almost
passing through all the Southern Hemisphere.

In Fig. 3b, it is seen that main members of the wave train located in north of subtro-
pics are moved eastward with a speed of 30m/s once the wave train in the Southern Hemi-
sphere is formed. In contrast to the fourth five-day averaged zonal flow (not shown), it is
clear that each member of the wave train is under the control of west wind. Therefore, the
disturbances are steered by the westerly. However, the change in position and intensity
of the wave-train members with latitudes is due to nonuniform zonal flow. It is noteworthy
that there are a pair of positive difference areas (corresponding to negative areas in the lower)
to the northeast and the southwest of the heat source in the second five-day averaged dif-
ference at 300 hPa. Apparently, this is reflection of baroclinic response of Rossy waves in
the upper as mentioned above. However, the positive difference center near the heat source
in the Northern Hemisphere disappears and another center in the Southern Hemisphere
shifts to the ocean to east of Australia in the fourth five-day averaged difference map. The
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abave facts imply that the source region is likely located in the anomalous convection ac-
tivity aréa of tropical western Pacific (weakening of Walker cell results in weakening con-
vection in tropical western Pacific) rather than the heat scurce region in equatorial cen-
tral-eastern Pacific in the Southern Hemisphere. A similar variety of the source region of
the wave train in the Northern Hemisphere has happened. Members of the wave train are
developed and their positions are adjusted in middie-high latitudes of the Northern Hemi-
sphere. Itis also clearly seen that circulation in the Northern Hemisphere is adjusting during
the third and fourth five-day period.

Fig. 3c gives the sixth five-day averaged geopotential height difference at 300 hPa after
the model is integrated. It is found that the phase of the difference center over the Pacific
in the Southern Hemisphere is almost oppsite to that in Fig. 3b. What is important is
that the tropical western Pacific is regarded as the source region of the wave trains not
only in the Northern but also in the Southern Hemispheres. At that time, structure of
the wave train in the Northern Hemisphere has been adjusted and it appears to be a similar
pattern to that proposed by Nitta (1987) and Huang (1987).

The position and the phase of the difference centers in the Southern Hemisphere at
300 hPa in the second five-day avcraged difference map appears to be rejuvenated as the
model is integrated for the eighth five days (see Fig. 3d). The ray path of the wave train
in the Southern Hemisphere as well as the phases basically agrees with each other in both
maps. The important difference between these two maps is that the source region is shift-
ed from equatorial central-eastern Pacific (Fig. 3a) to tropical western Pacific (Fig. 3d). 1In
the Northern Hemisphere, it is clearly seen that a wave tarin exists, which is similar to the
pattern suggested by Nitta (1987) and Huang (1987). By comparing Fig. 3d with 2a, the
phases and positions of difference centers in the cighth five-day averaged difference map
at 300 hPa arc in basic agreement with those in the monthly averaged difference map at 300
hPa. )

Of the above, it clearly indicated that first, the heat source in equatorial central-eastern
Pacific may excite a wave train in each hemisphere in terms of the time scale within 10 days
and their source region is situated in the heat source of equatorial central-eastern Pacific.
-It obviously reflects that these wave trains result from energy dispersion of the tropical dis-
turbance forced by the equatorial heat source: sccond, the disturbance near the heat source,
which is a member of the wave train on short time scale excited by the tropical heat source,
results from local baroclinic response of tropical aimosphere to the heat source. Phases
of the disturbance in the upper and lower troposphere are reverse. However, other members
of the wave train far away from the heat scurce are equivalent-barotropic structure; third,

-main members of the wave train on time scale more than 10 days are developed and moved
with basic flow and even change of reverse phase may take place during this period.
These facts clearly indicate that with respect of short time scale, remote response of the
atmosphere may result from energy dispersion of the heat source, but the energy dispersion
does not play an important role in maintenance of atmospheric remote response and seems
to be related 1o basic flow; fourth, it takes 35 days to complete the evolution and adjust-
ment processes of atmospheric remote responsc in the winter hemisphere whereas in the sum-
mer hemisphere, it takes relatively longer. This phenomenon might be related to the struc-
ture of basic flow; fifth, the source region of the wave trains in both hemispheres shifts
to tropical western Pacific although the positive SSTA over equatorial central-eastern Pacific
still exists after the model is integrated for more than 10 days. This simulation shows that
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remotc response in middle-high latitudes may be viewed as the result of Walker cell weaken-
ed by warm SST over equatorial central-eastern Pacific rather than direct forcing of anoma-
lous SST over equatorial central-eastern Pacific. As a result, it causes anomalous con-
vective activitics resulting in exciting a wave train in both the Northern and Southern He-
mispheres. Therefore, the main energy source of generating the wave trains on time scale
less than 10 days is energy dispersion of disturbances forced by the heat source, and anomalous
convective activities over tropical western Pacific dominates when the time scale greater than
10 days is considered, in which the main energy source region of wave trains in both hemi-
spheres is tropical western Pacific. The above results is not only in agreement with the

conclusion suggested by Branstator (1985), but also logically extended to the Southern
Hemisphere.

V. DEVELOPMENT AND MAINTENANCE OF THE SHORT RANGE CLIMATIC OSCILLATIONS
ON MONTHLY (SEASONAL) TIME SCALE

In the previous section, it has already been pointed out that development and mainte-
pance of the short range climatic oscillation on monthly (seasonal) time scale is related
to basic flow. Therefore, in order to investigate this problem, we have respectively cal-
culated the barotropic conversion term of eddy kinctic energy and the conversion term from
potential energy of disturbances to eddy kinetic energy. Assuming that short range clima-
tological mean flow is a function of not only y but also x, the eddy kinetic energy equa-
tion describing the change of eddy kinetic energy is written as

K
8 CK o+ CK uir +CK (1)
where
o (2)
oo ax
- _— I au aU
CKyrr=—u"v <8yb - 6'; )
~ —u*v*%g}b ’ (3)
_ __ */ a“* avﬂz 7
C[“’_"SKaeray) . (4)

where 4, and g, represent the zonal and meridional components of basic flow, respectively;
u*,v* and ¢* represent departures of y, v and ¢ from the normal case, that is, disturbed
quantities. The first term is combined with the second terms in (1) as follows:

(%3], = |

(=)}
~—

where

£ = — (u* — ¥ u*v™), (6)
E represents the horizontal component of EP flux. Eq. (5) gives the barotropic conversion

term of eddy kinetic energy. Eq. (4) gives the conversion from potential energy of distur-
bances to eddy kinelic energy.
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(1) Maintenance of climatic oscillaticn in ihe monthly averaged differcnce nup

According to Eqgs. (2) and (3), it is seen that barotropic conversion of eddy Kkinetic
energy depends mainly on the zonal and meridional shear of the zonal basic flow, the
meridional transport of disturbance momentum and the difference between zonal and
meridional kinetic energy of disturbance (it reflects the difference between lengths of south-
north and east-west axes, that is, horizontal structure of the disturbance). The conversion
term of eddy Kkinetic energy formulated by (4) depends on the potential energy and diver-
gence of disturbances.

Fig. 4 gives distribution of monthly averaged eddy kinetic cnergy conversions. The
stippled regions with slopping lines and bars represent positive barotropic conversion of
eddy kinetic energy and conversion from eddy potential ecnergy to eddy kinetic energy,
respectively.

The results show that the increase regions of barotropic conversion of eddy kinetic
energy (decrease areas not shown) are situated in each disturbed member area of the wave
train in both hemispheres, that is, large zonal and meridional shear areas of basic flow.
However, the computed results also show that computed values from Egs. (2) and (3) are
of same magnitude. This result agrees with Simmons (1983).
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Fig. 4. Distribution of July mean eddy kinetic energy conversions from simulation.
The stippled regions with slopping lines represents conversion from zonal
kinetic energy to e¢ddy kinetic energy; and the stippled regions with bars gives
conversions from eddy potential cnergy to eddy kinetic cnergy.

Fig. 4 further indicates that barotropic conversion of eddy kinetic energy mainly takes
place in the entrance of westerly jets to the north and west of the Xizang Plateau and the
strongest shear region between westerly and easterly in the Southern Hemisphere. These
regions just are location of members of wave trains in Southern and Northern Hemispheres.
It is noteworthy that the narrow zone to the cast of the heat source and along the equator
is a positive barotropic conversion area of eddy kinetic energy and it is also a strongest
westerly difference region to the east of the heat source. It implies that this region is a
Kelvin wave response region to the east of the heat source. Therefore, Kelvin wave over
the east of the equatorial heat source results from zonal kinetic energy converting to eddy
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kinetic energy. (The conversion is induced by barotropic instability of zonal flow). Resuits
also show that the magnitude of eddy potential energy conversion term is comparable (o
that of barotropic conversion term. Furthermore, there is a one-to-one correspondence
between the eddy potential energy conversion area and the member of the wave train in
Southern and Northern Hemispheres and there is a larger conversion in the area where is
closer to high latitudes.

The results described above clearly show that in the monthly averaged difference map,
maintenance of two wave trains in Northern and Southern Hemispheres is directly related to
barotropic conversion of eddy kinetic energy and the conversion from potential energy of
disturbance to eddy kinetic energy. In other words, maintenance of short-range climatic
oscillation on monthiy time scale is not only related to barotropic instability of zonal flow,
but also unstable development of disturbances (potential energy of disturbance converts to
eddy kinetic energy). Comparing their magnitude, it is seen that both energy conversion
terms play an important role in maintaining the wave trains. This result is not completely
in agreement with Simmons (1983) who pointed out that oscillation on time scale more than
one week was only related to barotropic instability. Therefore, gaining eddy kinetic energy
from conversion of eddy potential cnergy for maintenance and development of disturbances
is due to interaction between disturbances although vertical structure of short-range climatic
- oscillation on monthly time scale is cquivelant-barotropic.

(2) Effects of energy conversions on evolution processes of short-range climatic osciflations

Fig. 5a represcats distribution of the second five-day averaged encrgy conversion of cddy
kinetic energy. From Fig. 2a it may be scen that a southeastward propagating wave train
in the Southern Hemisphere and a wave train which propagates nerthwestward through near
Japan then northward are formed on both sides of the equatorial heat source via energy disper-
sion, From Fig. 5a, it is seen that energy conversion from zonal kinetic energy and eddy
potential energy to eddy kinetic energy has iaken place in the location of the first two mem-
bers of the wave train in the Southern Hemisphere. Similar conversions appear in the first
two members of the wave train in the Northern Hemisphere.  As a result, eddy kinetic energy
is increased and disturbances of the wave trains arc further developed. It is noteworthy
that conversion from cddy poteniial energy to eddy kinetic encrgy exists in tropical western
Pacific, South China and Indo-China Peninsula. It results in development of the northward
propagating wave train over tropical western Pacific. ‘

Fig. 5b represents distribution of the eighth five-day averaged conversion term of eddy
kinetic energy, and indicates that large value areas of the conversion {rom zonal kinetic
energy and eddy potential energy to eddy kinetic energy are just situated in the location
of wave train members. Therefore, disturbances of the wave train gain eddy kinetic energy
from zonal kinetic energy and eddy potential energy, then members of the wave train are
maintained and developed. The result mentioncd above clearly suggests that a disturbance
gains eddy kinetic energy {rom zonal kinetic cnergy and eddy potential energy once it is form-
ed by a localized forcing, and it disperses energy toward downstream and a new disturbance
center is formed. If the new disturbance simultaneously gains eddy kinetic energy from
zonal flow and eddy potential energy, the new disturbance is developed (otherwise, the new
disturbance is suppressed, decayed and disappeared) and energy is continuously dispersed,
and next new disturbance centers are generated. This dynamical process is continuously
repeated and finally, a wave train is formed. Therefore, the formation procedure of a wave
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train is schematically illustrated as shown in Fig.6.

From the flow chart mentioned above, it is clearly seen that only encrgy dispersion
process is far too weak to account for propagation, development and maintenance of a wave
train and their plausible explanation is a result of energy dispersion as well as interactions
between eddies and zonal flow, and eddies. This result corrects the theory of energy disper-
sion proposed by Hoskins and Karoly (1981).

(3) A numerical experiment of “switch off " SSTA over equatorial central-eastern Pacific

In order to identify importance of energy conversions from zonal kinetic and eddy
potential energy to cddy kinetic encrgy in the development and maintcnance of the short

90N

- N v~ s - N A A N Gl N
RS 7 r - -
(LR N L A A A S NN SN
LR AR L S
YIININNITEL T e 2L
Xoa [t R - -~
m"“'-’“‘f‘:::{:\\\“'/ SIS T (RO
AL N SRS ¥ L 4 2ZZIN K Favels
LAy TN N INN\NAN ST TRV LY T
P I A SR N R Tt o b oo NI
z: ,«‘,\,,;;-\.\\n\\‘\\’/’/\_;_‘__;;/‘/ e A TERR Y
Kl R WA SN N e S S S AN il TR N A
‘_‘.7:*\'\_:;:.-—__—7-”- RN -’/ ————Te s ~ [N
NSRS NSRS A / IIIL; SRS
A ),"‘;’/;”"‘"r K e bttt tIlzo
R Tl iiiT e N1
X I s A v,
RN FLANIIIO NN )
-~ ~ g ) | T -~ TSN BN
NN\ 7 AN Al - [ R - > o~ ]
E1L B\ NN L) DR PRI EANT RS2
A W RN . [ S AN\ [N
P TN > .—-{:,,\\\‘\\:.\\\_.\\\\\-/,'//'\-/
[ =~-<< o0 T NN T 2 NN
Pt =~ ”'\\\'\1"\\\:.*, 2"y
60':-’"5"'"’“"’ R I et L N LV
HE IS S
R N AR R AN R A A R NSRS SRR R
[ e zoa o DUV NNYNNS T 2 B 2L YRR
:l""",""..-.\\\\\\\“:é VRTINS =207
grsh L VRS e - \\\\n\\\~\\\\\\\“-,:5//////H
CXApASST™ 1 L, ! 1 I | el VA AV, W B
v 60°E 1207E 180 120° W 50° W 0

Fig. 7. The third five-day avecaged difference flow [rom “‘switch off™
experiment,

range climatic oscillation, the model with removal of SSTA over cqualorial central-castern
Pacific, that is, recovery of normal mean SST field (same as SST field in Exp 1), is integrated
for 15 days, after the model with SSTA in the same region is integrated for 40 days ( e-
folding time in the model is less than 10 days). This experiment is referred to as “switch
off” experiment. Fig. 7 gives the third five-day averaged difference flow from “switch off”
experiment. and clearly shows that anticyclonic difference circulations over south-east coast
of China and west coast of North America and a cyclonic difference circulation over the
northeast of China still exist in the Northern Hemisphere whereas in the Southern Hemisphere
a wave train propagating toward southeast then turning northeastward is still maintained.
This result further identifies that energy for the development and maintenance of short
range climatic oscillation on monthly (seasonal) time scale mainly comes from interactions
between eddies and zonal flow, and eddies. In otlier words, conversions from zonal kinetic
energy and eddy potential energy to eddy kinctic energy are main energy source.

VI. CONCLUSIONS
According to the above simulation, the following conclusions can be drawn.

(1) Response of northern and southern atmosphere to SSTA over equatorial central-
eastern Pacific is evident in northern summer. In the Northern Hemisphere, a wave train
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that is similar to the teleconnection pattern suggested by Nitta (1987) and Huang (1987) is
formed. The wave train has an influence on general atmospheric circulation and precipta-
tion in Fast Asia and North America. Another wave train is also generated in the Southern
Hemisphere, which affects not only atmospheric circulation there but also Asian summer
monsoon via its effect on cross equatorial flow. Therefore, it is shown that SSTA over
equatorial central-eastern Pacific may have an infiuencc on atmospheric circulation in the
Northern Hemisphere through short-range climatic cscillation in the Southern Hemisphere.

(2} In northern summer, the formaticn of two branches of wave trains on 10 day
time scale in both hemispheres results from direct forcing of SSTA over cquatorial central-
eastern Pacific and the source region of wave trains is situated in the SSTA regions of equa-
torial central-eastern Pacific; when the time scale greater than 10 days is considered, the
source region of wave trains is moved westward to tropical western Pacific although SSTA
over equatorail central-eastern Pacific stili exists. This fact shows that atmospheric remote
response on menthly (seasonal) time scale in middle-high latitudes does not result from
direct forcing of SSTA over equatorial central-castern Pacific but arises from convection
activity anomalies over tropical western Pacific, which is caused by SSTA over equatorial
central-eastern Pacific. 1t is also shown that responsc of the atmosphere in middle-high
latitudes of both hemispheres to the heating source over cquatorial western Pacific is more
sensitive than that to the heating source over equatorial central-eastern Pacific. These results
not only confirm Branstator's (1985) conclusion but also can be Jogically extended to the
Southern Hemisphere.

(3) In Northern summer, the process of preducing the short-range climatic oscillation
is not encrgy dispersion only and it arises as a result of cnergy dispersion as well as inter-
actions between zonal flow and eddies, eddies. This result corrects the thicory of energy
dispersion suggested by Hoskins and Karoly (1981).

(4) Energy conversions from zonal kinetic energy and cddy potential cnergy to eddy
kinetic energy play an important role in the development and maintenance of short-range
climatic oscillation and arc also an important cncrgy sourcc.
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