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ABSTRACT

A set of atmospheric general circulation model (AGCM) experiments under idealized conditions is performed
to investigate atmospheric response to surface boundary forcing by extratropical land—sea contrast, large-scale
orography, and tropical sea surface temperature (SST) distribution. Stationary eddies forced by the extratropical
land—sea distribution are strongest in high latitudes, but their amplitudes are modest and comparable to internal
chaotic variability. By contrast, the stationary eddy response to zonal variations in tropical SST is strong and
robust in both the subtropics and midlatitudes. While these SST-forced stationary waves are trapped within the
troposphere, those induced by orography show a strong vertical propagation into the stratosphere. Analysis of
transient eddies indicates that orography is effective in generating a zonally localized storm track while extra-
tropical land—sea contrast has little effect on the zonal variation of upper-level storm activity.

A vorticity budget analysisis carried out to understand tropical SST forcing mechanism to set up extratropical
stationary eddies. In the subtropics, the dominant balance is reached between the vortex stretching and zonal
advection. North of the tropical warm water pool, a subtropical anticyclone forms in the upper troposphere in
response to the divergence of the locally enhanced Hadley circulation. The authors further show that this
subtropical response to tropical SST variations has nonlinear characteristics in both its amplitude and zonal
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phase.

1. Introduction

The wintertime atmospheric flow in the Northern
Hemisphere displays large zonal asymmetry. The upper
tropospheric zonal wind has well-defined maximacalled
subtropical westerly jet cores over the east coast of Asia
and North America (Blackmon et al. 1977), in associ-
ation with extratropical wave patterns in the time-mean
height field (Lau 1979; Wallace 1983). For example,
zonal wind speed at 250 hPa exceeds 70 m s—* over
Japan, straddling a low pressure center over eastern Si-
beria and a high over the Philippines. In the lower tro-
posphere, temperature varies strongly in the zonal di-
rection: very cold over the continents but relatively
warm over the oceans. These geographically fixed pat-
terns appear not only in the time-mean fields but also
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in synoptic variability. Synoptic height fluctuations are
stronger over the Pacific and Atlantic in zonally local-
ized bands called storm tracks (Blackmon 1976).
Extensive literature exists on the mechanisms for
developing zonal asymmetry in the Northern Hemi-
sphere winter climate. The forcing lies ultimately on
earth’s surface: large-scale mountains, zonal variations
in sea surface temperature (SST), and land—sea distri-
bution. Their relative importance for stationary eddies
has been mainly investigated by linear models. Char-
ney and Eliassen (1949) and Smagorinsky (1953) pi-
oneered the study of the linear response to orographic
and extratropical thermal forcing, while tropical ther-
mal forcing is emphasized by Simmons (1982). Hos-
kins and Karoly (1981) built a theoretical framework
for studying this problem on the sphere. They exam-
ined the response of alinear model to variousidealized
orographic and thermal forcings, and noted that the
response to these two forcings differs qualitatively:
tropical heating induces local ascending motion, ex-
tratropical heating causes the northward heat transport,
and orography induces a high sea level pressure (SLP)
around the summit. Nigam et al. (1986, 1988) studied
the response of alinear model to forcing derived from
two atmospheric general circulation model (AGCM)
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simulations with and without mountains. They found
that extratropical forcing is more important than the
tropical one and that the quantitative estimation is
somewhat sensitive to the damping imposed in the
model Tropics to avoid the singularity at the critical
latitude for Rossby wave propagation. Valdes and Hos-
kins (1989) used a high-resolution linear model to in-
vestigate its response to orography and diabatic heating
derived from operational weather analysis. They sug-
gested that tropical diabatic heating is the most im-
portant for extratropical stationary waves while orog-
raphy explains 30% of the amplitude. On the other
hand, Huang and Gambo (1982) emphasized extra-
tropical thermal forcing. These simple modelsarevery
useful for understanding the formation of stationary
eddies, but the quantitative use of these linear model
results is subject to the sensitivity to the choice of the
basic state, damping coefficients, and estimated dia-
batic heating.

AGCMs have also been used to assess relative im-
portance of different forcingsto create stationary eddies.
Using a Geophysical Fluid Dynamics Laboratory—Na-
tional Oceanic and Atmospheric Administration
(NOAA) AGCM, Manabe and Terpstra (1974) com-
pared experiments with and without mountains. Based
on their results, Held (1983) suggested that orograph-
ically forced waves have about the same amplitude as
thermally forced ones and that the former waves show
stronger vertical propagation than the latter. With aMe-
teorological Research Institute of Japan’s AGCM, To-
kioka and Noda (1986) extended the above work by
dividing the orographic forcing into that associated with
the Tibetan Plateau and the Rockies-Greenland. Black-
mon et al. (1987) examined tropical SST effects using
a National Center for Atmospheric Research’'s (NCAR)
Community Climate Model (CCM).

All the model studies pointed out the importance of
thermal forcing for stationary eddies in the upper tro-
posphere. In AGCMs, thermal forcing specified at the
lower surface may further be divided into that due to
land—sea distribution and to zonal variations of SST.
Inatsu et al. (2000, hereafter IMX) conducted a set of
experiments with the Center for Climate System Re-
search (CCSR)/National Institute for Environmental
Studies (NIES) AGCM under both idealized and re-
alistic conditions, and found that the extratropical
land—sea distribution is much less effective in forming
the westerly jet core than the zonal variation in tropical
SSTs. In this study, we will extend IMX’s work by
examining the three-dimensional structure of station-
ary eddies in response to three types of forcing: ex-
tratropical land—sea distribution, tropical SST varia-
tion, and orography. We will further investigate the
relationship and interaction between stationary and
transient eddies. The latter concerns the formation of
the storm track. For this purpose, we have carried out
perpetual January integrations for 1500 days, a period
long enough to ensure stable statistics, which enable
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us to study the robustness of model stationary eddies.
Motivated by the following previous studies, we will
carry out detailed analysis of the model response to
zonal variations in tropical SST.

SST-induced changes in tropical deep convection are
known to affect extratropical atmosphere through so-
called teleconnection (Horel and Wallace 1981). Geisler
et al. (1985) showed that a geographically fixed Pacific—
North America (PNA) pattern is excited by SST anom-
alies at various longitudes across the tropical Pacific in
AGCM experiments. They also noted nonlinearity in
the model response. While the tropical response in-
creases at a faster than linear rate with tropical SST
anomalies, the midlatitude response saturates when the
imposed SST anomalies exceed a certain magnitude. By
analyzing the response of a nonlinear model to several
types of prescribed diabatic heating in the Tropics, Hen-
don (1986) showed that the linear-viscous approxima-
tion (e.g., Matsuno 1966; Gill 1980) is valid only for a
weak tropical forcing. With a strong forcing, the sub-
tropical anticyclone in the upper troposphere shifts east-
ward due to nonlinearity. However, Ting and Held
(1990) noted insignificant nonlinearity in the response
of their AGCM to strong zonal variations in tropical
SSTs. We will examine this nonlinearity in extratropical
stationary eddies.

Subtropical jet core and storm tracks in the winter
extratropical climate interact intimately with each other.
Blackmon et al. (1977) suggested that transient eddies
induce an ageostrophic southerly wind, which decel-
erates the westerly jet speed. The northward transient
heat flux weakens the baroclinic westerlies, while the
transient momentum flux converges on the poleward
edge of the jet exit, destroying the baroclinic jet struc-
ture. The high baroclinicity (Lindzen and Farrell 1980)
off the east coast of large continents is hypothesized to
be essential for the downstream development of storm
tracks (Hoskins and Valdes 1990). Hoskins et al. (1983)
suggested that while low-frequency eddies reduce the
westerly wind speed at the jet exit, synoptic eddies ac-
celerate barotropic westerlies in the storm track region
by reducing the vertical wind shear at the entrance of
the storm track. We will investigate the action of tran-
sient eddies on the time-mean flow in this study.

The rest of this paper is organized as follows. We
describe the model and experimental design in section
2, and extratropical and subtropical responsesin section
3. Section 4 studies the formation mechanism of sta-
tionary wavesforced by extratropical land—seaheat con-
trast and orography. Section 5 focuses on the tropical
SST forcing mechanism. Section 6 is a summary.

2. Model and experiments
a. Model

Here, we use CCSR/NIES AGCM that is jointly de-
veloped by CCSR at University of Tokyo and NIES in
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Fic. 1. Stationary eddy components of 250-hPa geopotential height in Jan averaged from 1990 to 1997 based
upon European Centre for Medium-Range Weather Forecasts (ECMWF) data (a) and for CTR (b). Contour intervals
are 30 m with negative contours dashed and zero contours removed. The light and heavy shadings are <—60 m
and >60 m, respectively. (c) (d) Same as the upper panels, but for synoptic eddy activity defined as std dev of
2.5-6-day geopotential height fluctuations. Contour interval 10 m. The light and heavy shadings >60 m and >80

m, respectively.

Japan. This model is based upon the primitive equation
on the sphere. The physicsincludes the parameterization
for radiation, cumulus convection, large-scale conden-
sation with prognostic cloud water, vertical diffusion,
gravity wave drag, surface flux, and ground hydrology.
See Numaguti et al. (1997) for a more detailed descrip-
tion of this model. This AGCM has been applied to
studies of atmospheric hydrological cycle (Numaguti
1999) and interannual variability of the monsoon (Shen

et al. 1998), and coupled with ocean models for climate
studies (Watanabe et al. 1999; Xie and Saito 2001).
We use a version with a triangular truncation at the
zonal wavenumber 42 in horizontal and 20 sigmalevels
in vertical. All numerical integrations are carried out
under the perpetual January condition. To focus on the
effect of zonal variations of SST, land—sea contrast, and
orography, we set other surface boundary conditions
zonally uniform: roughness, wetness, albedo, ozone, and
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TaBLE 1. Experiment conditions.
Expt Continent SST Mountain
A0 Aqua Planet « = 0.0in Eq. (1) No
Al Aqua Planet « = 1.0in Eq. (1) No
A2 Aqua Planet « = 2.0in Eq. (1) No
A3 Aqua Planet « = 3.0in Eq. (1) No
A4 Aqua Planet « = 4.0in Eq. (1) No
A5 Aqua Planet « = 5.0in Eq. (1) No
A6 Aqua Planet « = 6.0in Eq. (1) No
A7 Aqua Planet « = 7.0in Eq. (1) No
A8 Aqua Planet « = 8.0in Eq. (1) No
10 Idealized a = 0.0in Eq. (1) No
HO |dealized a = 0.0inEg. (1) h = 4000 in Eq. (2)
CTR Realistic Realistic Realistic
NM Realistic Realistic No
Tx0 Realistic Zonally uniform No

sea-ice thickness. After an 1-yr spinup period, the model
outputs are stored twice daily for 1500 model days,
including horizontal [u = (u, v)] and vertical velocity
(w), temperature (T), geopotential height (2), stream-
function, vorticity (), velocity potential, and divergence
(D) on the isobar surfaces of 1000, 950, 900, 850, 700,
500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and
10 hPa, rainfall, SLP, and surface air temperature (SAT).
All the statistics presented are based on the 1500-day
average.

b. AGCM performance

We conduct a control simulation (CTR) with the ob-
served climatological SST and orography and compare

O
T:(A, ¢) = ELFO
714

where A and ¢ denote longitude and latitude, respec-
tively. Here T, = 301.15 K, T, = —32.0 K, ¢, = 8°S,
and « = 0, 1, ..., and 8 for AO, Al, ..., and AS,
respectively. For example, the prescribed SST distri-
bution in A5 is displayed in Fig. 2. An idealized ** Eur-
asian” continent that spans from 90°E to 90°W, north
of 20°N, is placed in experiments labeled 10 and HO,
with zonally uniform SSTs. Land surface is flat at sea
level in 10, while a large-scale mountain with a height

distribution,
(b =35V | (A - 180°)?
(27 el ()] @

H.(A, ¢)
with h = 4000 m, is used in HO. The designs of the
AOQ, Al, ..., A8, 10, and HO runs allow us to isolate

= h exp
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it with observations. Figures 1a and 1b compare 250
hPa geopotential height between the observed January
climatology and the 1500-day model average. The ex-
tratropical stationary wavesin CTR arein areasonable
agreement with observations. The anticyclone over the
northeastern Pacific is slightly strong while the ampli-
tude of the cyclone over Hudson Bay and the anticy-
clone over Europe are slightly weak compared with the
observed climatology.

We next compare synoptic transient eddies. Following
Blackmon (1976), the transient eddy activity is defined
asthe standard deviation of geopotential height variation
with 2.5-6-day periods. The regions of high eddy ac-
tivity in the upper troposphere, that is, the storm tracks,
are found over the Pacific and the Atlantic in both ob-
servation and CTR (Figs. 1c and 1d). The position and
strength of these storm tracks in CTR closely resemble
those in observations, except that the Atlantic storm
track extends too south into Europe in the model. This
may be related to weaker diffluence of the time-mean
flow over the Atlantic (Fig. 1b).

c. Experiment designs

We conduct a set of idealized experiments designed
to isolate the effect of surface boundary forcing (Table
1). Letter ““A” standsfor Aqua Planet experiments, with
SSTs given by

¢2
200 1)

elsewhere,

and study the effects of tropical SST, land—sea distri-
bution and orographic forcings.

3. Extratropical and subtropical response

In this section, we describe the results from four ex-
periments, AQ, A5, 10, and HO (Table 1). By comparing
these runs, we will investigate the response to extra-
tropical land—sea contrast, large-scale mountain, and
tropical SST variation. More detailed analyses will fol-
low in sections 4 and 5.

a. Zonal-mean structure

Figure 3 displays zonal-mean zonal wind velocity and
meridional circulation for A0, A5 minus AO, 10 minus
A0, and HO minus AO. Figures 3b—d illustrate the effects
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Fic. 2. The prescribed SST distribution for experiment A5.
Contour interval is 2.5 K.

of tropical SST variation, extratropical land-sea con-
trast, and large-scale mountain plus land—sea distribu-
tion. The subtropical westerly jet is centered at 30°N
and 250 hPa. Its maximum speed is about 60 m s2,
but is dlightly weaker at 50 m s=* in A5. Consistent
with the theory of the axisymmetric flow (Held and Hou
1980), the subtropical jet is located in the descending
branch of the Hadley cell. In 10, the upper branch of
Hadley circulation extends slightly poleward so that the
westerly jet axis shifts northward (Fig. 3c). In 10 and
HO, strong cooling occurs in the extratropical lower at-
mosphere (light shading in Figs. 3c and 3d) due to ra-
diative cooling over the continent. Such an increased
temperature gradient leads to an increased vertical shear
of westerly wind in the extratropics. High-latitude tem-
perature increases asindicated by the heavy shade above
the tropopause in 10 and HO are indicative of the pole-
ward heat flux associated with vertically propagating
Rossby waves (Andrews et al. 1987).

In the Tropics, easterly winds prevail in the upper
troposphere for A0, 10, and HO, but westerly for A5,
where the subtropical jet is much broader and extends
into the equator. The equatorial superrotation in A5,
unrealistic in some sense, takes place. This corresponds
to westerly duct over the eastern equatorial Pacific dur-
ing a strong La Niha winter (cf. Matthews and Kiladis
1999). The A5 minus AO difference is consistent with
the westerly deceleration (acceleration) due to the mo-
mentum flux divergence (convergence) associated with
the generation (dissipation) of Rossby wave (Edmon et
al. 1980) in the extratropics (Tropics). See Hoskins et
al. (1999) for amore detailed discussion. Thus, the mod-
ulation of the Rossby waves forced by zonal variation
in surface boundary conditions causes changes in the
zonal-mean circulation of the atmosphere. The rest of
this paper will focus on the generation and propagation
of the stationary waves.

b. Sationary eddies

Figure 4 displays the stationary eddy geopotential
height and zonal wind in the upper troposphere. In
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FiG. 3. (a) Zonal-mean and time-mean zonal wind velocity (con-
tours) and meridional circulation (vectors) for AO. Contour intervals
are 8 m s* with negative contours dashed. The reference arrows on
theright are 5m s—*and —0.1 hPas~* for the meridional and vertical
velocities, respectively. Differences from the AO run of the zonal
velocity (contours), meridional circulation (vectors), and temperature
(shading) in (b) A5, (c) 10, and (d) HO. Contour intervals are 4 m s—*
with negative contours dashed and zero contours removed. The ref-
erence vectors are 2.5 m s~t and —0.05 hPa s~*. The light and heavy
shadings are <—5 K and >5 K, respectively.

10, the subtropical jet speed shows small zonal vari-
ationswith arangelessthan 5 m s—* (Fig. 4d). Modest
geopotential height variations of zonal wavenumber
one are found around 60°N (Fig. 4a). In HO, centers
of eddy geopotential heights are located in lower |at-
itudes (Fig. 4b), and the zonal variation in subtropical
westerly speed is much stronger than in 10. As the
isolated orographic forcing contains many zonal
wavenumber components, smaller-scale response is
also evident in HO.

Whereas stationary eddies are largely confined in
mid- and high latitudes in HO, large eddy geopotential
heights are found in both the extratropics and the sub-
tropics in A5. With sign change across 30°N, these ed-
dies induce large variations in the westerly jet speed.
The speed maximum (minimum) of the subtropical
westerlies is located roughly to the north of the SST
maximum (minimum) in the Tropics.
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Fic. 4. (a)—(c) Stationary eddy components of geopotential height and (d)—(f) zona wind on 250 hPa for (a), (d)
10, (b), (c) HO, and (c), (f) A5. Contour intervals are (a)—(c) 30 m and (d)—(f) 3 m s~* with negative contours dashed
and zero contours removed. The thick solid lines denote the coastline of the idealized continent. The thick dotted line
is 800 m above the sealevel. The W and C in (c) and (f) are positioned at the center of the prescribed tropical warm

and cold water pools, respectively.

Large zonal asymmetry appears not only in the upper
troposphere but also in SLP and SAT (Fig. 5). In 10
and HO, cold air occupies the continent while SAT is
largely determined by prescribed SST over the ocean
because of strong heat exchange across the air—seain-
terface. Such zonal SAT variation induces high (low)
SLP over the land (ocean), corresponding to the ob-
served Eurasian high (Aleutian low). See the next sec-
tion for adetail diagnostic analysis for both 10 and HO.
Whereas little zonal asymmetry appears in the Tropics
for these two experiments, a pair of low and high SLP
centers appear in the Tropicsin A5, over the warm and
cold SST, respectively. North of 30°N in A5, SLP is
in phase with the upper tropospheric geopotential
height, indicative of barotropic Rossby waves (Fig.
7¢). In the subtropics, by contrast, the first baroclinic
mode of Rossby waves dominatesin eddy geopotential
height fields (Fig. 7d).

Plumb (1985) proposed an useful diagnostic quantity
to trace the three-dimensional propagation of stationary
Rosshy waves, which is called stationary wave activity
flux F, defined as

D—*—*_gﬁ —% *) O
H 2f ox H
F, = pcospg—U*v* — gi(U*z*) o 3
© 2f ax
e 90l
&v T T ('iX(T Z )[j

where the overbar denotes the time average, the as-
terisk the zonal deviation, p the sigma pressure, g the
gravity acceleration rate, f the Coriolis parameter, and
S static stability averaged over the Northern Hemi-
sphere. The zonal averages of F. is equal to the Elias-
sen—Palm flux (Edmon et al. 1980). In thelimit of plane
waves, F. is paralel to the group velocity of Rossby
wave.

Figure 6 displays 250-hPa horizontal (vectors) and
500-hPavertical (contours) wave activity flux for 10 and
HO. While wave activity flux isinsignificant everywhere
in 10, wave propagation is pronounced in HO: vertical
wave activity flux is quite large around 40°N corre-
sponding to the northern edge of the prescribed moun-
tain; the horizontal component of wave activity flux is



1904

(a) SLP Ts : I0

60N
40N
20N

EQ

60N £
40N E
20N
EQ

60N

40N E
20N |
EQ

260
Fic. 5. SLP (contours) and SAT (shading) for (a) 10, (b) HO, and
(c) A5. Contour intervals are 5 hPa. The temperature (K) shadings

are as the grayscale on the bottom for reference. The W and C no-
tations are as in Fig. 4.

220 240

strongly divergent along 35°N, the latitude of the max-
imum elevation, indicative of atendency for the waves
to propagate away from the mountain.

The vectors in Fig. 7 show the wave activity flux F.
Stationary eddies induced by extratropical and tropical
forcings are quite different in their vertical propagation.
Extratropical land—sea contrast forces little amplitude of
Rossby waves and their wave flux does not propagate
into the stratosphere in the midlatitudes (Fig. 7a). The
large-scale mountainisvery effectivein causing vertical
propagation of stationary waves (Fig. 7b). The response
to the tropical forcing, by contrast, shows little vertical
propagation (Fig. 7c).

c. Internal variability

The extratropical atmosphere contains high internal
variability, which can mask stationary eddies. Here we
assess how robust those stationary eddies are in our
1500-day integrations. We apply the Fourier expansion
to a model variable q(A, t),
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Fic. 6. Horizontal components of wave activity flux at 250 hPa
(vectors) and vertical component at 500 hPa (contour) for (a) 10 and
(b) HO. Contour intervals are 0.05 m? s=2. The reference arrows on
the right denote x and y components of 10 m? s=2 and 10 m? s-2,
respectively. Arrows are plotted only in regions with westerly winds.

a(r, t) = a,(t) + i [a,(t) cosnA + b, (t) sinnA],  (4)

where a, isthe zonal mean, and a,, and b,, are the Fourier
expansion coefficients that represent the amplitudes of
stationary eddies. Here we focus on the wavenumber-
one component, which dominates the model response.
Figure 8 is a schematic example of a[a,(t), b,(t)] scat-
terplot. The amplitude and phase of the wavenumber-
one component of the stationary eddies are defined as
R = Va?+ pzand ¢ = arg(a, + b, V—1), respec-
tively. The standard deviation around the centroid of the
scatter in a,—b, phase space, S = V(a2 + b;j2), will
tell us the stationarity of the wavenumber-one compo-
nent. Here the prime denotes the deviation from the time
average. The stationary response with R > S can be
regarded as robust. Otherwise, the wavenumber-one
wave changes its phase and amplitude so much that
stationary component is hardly recognizable in a snap-
shot or monthly mean map.

Figures 9a— display the scatterplots of selected var-
iables in 10. The SAT pattern (Fig. 9a) is highly sta-
tionary, with very low values below the freezing point
over the continent as south as 30°N in this perpetual
January run. Over the model ocean, they are strongly
tied to prescribed SSTs and remain warm. Despite this
robust zonal variation in SATS, stationary eddies in the
upper troposphere are weak, and the wavenumber-one
amplitude does not exceed the noise level even in high
latitudes (Figs. 4aand 9c). The small amplitude, in com-
bination with their high-latitude location, makes these
stationary eddies ineffective in modulating the subtrop-
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FiG. 7. Vertical cross sections of the stationary eddy geopotential
heights (contours and shading) and wave activity flux (vectors) in (a)
10, (b) HO, (c) A5 at 46°N and (d) A5 at 20°N. Contour interval is
20 m with negative contours dashed. Dotted shading <—80 m; stripe
shading >80 m; the horizontal and vertical flux reference vectors are
20 m?2 s72 and 0.1 m? s~2, respectively.

ical jet (Fig. 9b). Adding a large-scale mountain in HO
leads to a stronger and more robust stationary response
in midlatitudes (not shown).

In A5, by contrast, the stationary eddies are very
strong in the subtropics, and their time-mean amplitudes
are more than three times the chaotic variability (Fig.
9d). The high-latitude response is also robust and twice
of the standard deviation of internal noise (Fig. 9f).
Thus, the wavenumber-one modulation of the subtrop-
ical jet stands out as highly robust in responseto tropical
SST forcing (Fig. 9e).

d. Transient eddies

The surface forcing described above modulates not
only stationary but also transient eddies, due to their
mutual interaction. As reviewed in the introduction,
baroclinic eddies are generally considered to develop
downstream of the westerly jet core in the extratropics
(Blackmon et al. 1977; Hoskins and Valdes 1990).

Figures 10 and 11 display the statistics of the upper
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Fic. 8. Illustration for scatterplots of the Fourier expansion coef-
ficients [a,(t), b,(t)] in Eq. (4). Parameters R and ¢ are the amplitude
and phase of a stationary wave. Parameter S is the std dev of the
scatter or the average distance in a,—b, phase space from the time
mean of [a,(t), b,(t)].

and lower tropospheric transient eddy activity, respec-
tively. See section 2b for the definition of transient
eddy activity. In 10, the storm track at 250 hPais nearly
uniform in the zonal direction (Fig. 10a), except for a
weak maximum in the central continent. Rainfall
(shading in Fig. 11a) is concentrated over the ocean
in the midlatitudes. Such a strong zonal asymmetry in
rainfall is associated with the availability of moisture
rather than due to changes in storm activity. The eddy
heat flux at 850 hPa (contour in Fig. 11a) is large over
the high-latitude ocean and the midlatitude continent,
regions of large meridional temperature gradient (Fig.
5a). In contrast with the nearly zonally uniform dis-
tribution of upper-level eddy activity in 10, storm track
is localized over the ocean in HO (Fig. 10b), and so
are the precipitation and eddy heat flux (Fig. 11b). In
A5, storm track in the upper troposphere develops
downstream of the jet core in association with en-
hanced heat flux near the surface. Asin observations,
the upper-level storm activity extends farther down-
stream compared with the heat flux, which isindicative
of the baroclinic growth of the transient eddies. The
storm track is lightly tilted northeastward like the At-
lantic storm track and has a much broader meridional
scale than the band of maximum eddy activity to the
west. The latter isindicative of Rossby wave radiation
into lower and higher latitudes (cf. Hoskins et al.
1983).

Given the enhanced baroclinicity off the east coast
and high precipitation over the ocean in 10, it is some-
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Fic. 9. Scatterplots of [a,(t), b,(t)] for surface temperature at (a) 54°N, (b) zonal wind at 29°N and 250 hPa, and
(c) geopotential height at 54°N and 250 hPa in 10. (d) Geopotential height at 20°N and 250 hPa, (e) zonal wind at
29°N and 250 hPa, and (f) geopotential height at 43°N and 250 hPa in A5. See the text and Fig. 8 for details.

what surprising that the storm track is rather zonally
uniform and the weak maximum in storm activity is
located on the eastern continent than off the coast in
the ocean, contrary to observations. Following this set
of three experiments, the orographic and tropical SST
forcings appear important in forming a localized storm
track downstream of the westerly jet core. In the real
atmosphere, they work cooperatively to produce the ob-
served storm track, which is much more concentrated
than in either HO or A5.

4. Extratropical forcing mechanism

In this section, we analyze the budget of the time-
mean thermodynamical equation in order to reveal the
mechanism to form stationary eddies by the extratrop-
ical forcings.

a. Extratropical land—sea forcing

The time-mean thermodynamical equation is written
as!

720+ 5% L v.vg - Q,
ox ay p

I | | | | | | | l_l_l
@ (b) (© (d)
where (x, y) = (ar cos¢, a¢), a is the earth’s radius, 6
potential temperature, and Q is diabatic heating. The
terms (a), (b), and (c) in Eg. (5) indicate time-mean

06
u— +

(5)

zonal, meridional, and vertical advection of potential
temperature. The diabatic heating in this analysisis ob-
tained as the sum of all the terms in the left-hand side
of in Eq. (5).

Figure 12 depicts longitude—height cross section of
terms (a), (b), (c), and (d) in Eqg. (5) at 40°N for 10. In
the lower troposphere, the zonal advection term (a) has
large positive values only at the eastern edge of the
continent, while it is negative in the other region. The
meridional advection term (b) has large negative values
of about —3 K day~* just above the continent, and it
becomes approximately zero above the ocean. The term
(c) is aimost zero near the surface. Since the heat flux
divergence associated with transient eddies has negli-
gibly small values near the ground, consistent with
the maximum of northward transient heat flux at 40°N
(Fig. 114a), the diabatic heating term (d) is nearly bal-
anced by the sum of terms (@), (b), and (c). Strong
localized diabatic heating at the eastern edge of the con-
tinent balances the strong cooling due to the zonal ad-
vection. Over the rest of the continent, diabatic cooling
dominated above the continent is balanced by northward
meridional temperature advection (Fig. 12b; see also
Fig. 5a). This explains the anticyclone (cyclone) near
the surface in the eastern (western) coast of the conti-
nent, consistent with the Hoskins and Karoly (1981)
scenario for response due to shallow heating in the mid-
latitudes.

On the other hand, it is much more difficult to explain
the generation mechanism for the upper tropospheric
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Fic. 10. Same as Fig. 5, but for transient eddy activity at 250 hPa.
Contour intervals are 10 m.

stationary eddies in the high latitudes in 10. Since the
wave activity flux is very small except near the surface
(Fig. 7a), upper tropospheric eddies could be indepen-
dent of near-surface ones. As upper tropospheric sta-
tionary eddies are not robust for 10 compared with the
chaotic noise level (Fig. 9¢), we will not discuss further
their formation mechanism.

b. Extratropical orographic forcing

We next examine the formation mechanism at sta-
tionary eddiesin HO by extratropical orographicforcing.
For this analysis, we use the following time-mean vor-
ticity equation:

A i NS
Ul/,& + Ud’@ + va + (f + g)D
| | | | | | | | | | | |

@ (b) (© (d)

+ U, -V(f+{) +V-(Uu) =0

| | | |

(6)

| |
© )

Here, B = (1/a)(df/d¢), and subscripts ¢y and y indicate

the rotational and divergent components of wind ve-
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Fic. 11. Same as Fig. 5, but for transient eddy heat flux at 850
hPa (contours) and precipitation (shading). Contour intervals are 5
K m s~* with negative contours dashed. Precipitation is in units of
W m~2, which represents heating in condensing water vapor. It is
approximately equal to 1 mm month—1.

locity, respectively. The terms (a) and (b) in Eq. (6) are
the zonal and meridional advection of the time-mean
relative vorticity by the rotational wind, respectively.
The term (c) means the advection of the planetary vor-
ticity by the rotational wind. The term (d) is the vortex-
tube stretching effect. The term (€) meansthe horizontal
advection of the planetary vorticity by divergent winds.
The term (f) is the eddy vorticity flux divergence. In
Eg. (6), the absolute vorticity advection [(a) plus (b)
plus (c)] is interpreted as the response to the forcing
[(d) plus () plus (f)].

Figure 13 shows each term of Eq. (6) at 40°N for HO.
Zonal vorticity advection (Fig. 13a) is positive above
the downslope of the mountain and negative over the
ocean, in agreement with the negative (positive) vortic-
ity around 90°E (90°W) in the upper troposphere (Fig.
7b). Meridional vorticity advection (Fig. 13b) and the
beta term (Fig. 13c) are less than half of zonal vorticity
advection. The vortex-tube stretching [the term (d) in
Eq. (6)] is positive around 120°E and 300 hPa and neg-
ative around 120°W and 300 hPa (Fig. 13d), which bal-
ances positive zonal vorticity advection. Vorticity ad-
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Fic. 14. Divergence (contours and shading) and divergent wind
(vectors) for A5 at (a) 250 hPa and (b) 850 hPa. Contour intervals
are 0.1 day* with negative contours dashed and zero contours re-
moved. The reference arrows in the bottom left corner show the north
and east components of a5 m s~* wind.

vection by divergent wind [the term () in Eg. (6)] is
quite small except for the boundary layer (Fig. 13e).
The eddy vorticity flux has negative values nearly ev-
erywhere at this latitude, with some small-scale varia-
tions (Fig. 13f). Therefore, upsiope (downslope) of the
mountain, the divergence (convergence) is associated
with vortex tube squeezing (stretching), which is the
effective forcing for generating extratropical stationary
eddies in HO.

5. Tropical forcing mechanism

Tropical SSTs are most effective in generating sub-
tropical stationary eddies and modulating the subtrop-
ical jet. In this section, we examine the formation mech-
anism of subtropical stationary eddiesin the AquaPlan-
et experiments. We also investigate the dependence of
the model response on the magnitude of the tropical
SST forcing.

a. Hadley circulation

We first investigate the tropical divergence field in-
duced by the zonal variation in SST. West to the warm
water pool, strong divergence (convergence) existsin
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FiG. 15. Meridional cross sections for stationary eddy geopotential
heights (contours) and meridional divergent wind and vertical ve-
locity (arrows), averaged over (a) 0°-90°E, and (b) 90°E-180° for
A5. Contour intervals are 20 m with negative contours dashed. The
reference arrows on the right are 5 m s=* for meridional and —0.1
hPa st vertical velocity, respectively. Shading denotes westerly wind
>60 m st

the upper (lower) troposphere in the Tropics (Figs. 14a
and 14b), in contrast to the weak divergence over the
cold water pool. Such tropical convection induces zon-
al asymmetry in the Hadley circulation, which is lo-
cally enhanced (suppressed) at the jet entrance (exit).
These zonal variations in the local Hadley circulation
force subtropical and extratropical stationary eddies.
Figure 15 displays the meridional component of di-
vergent wind and vertical velocity (vectors), along with
eddy geopotential height (contours). Subtropical west-
erlies blow between subtropical anticyclone and extra-
tropical cyclone. At the jet entrance (upper panel), the
upper branch of Hadley circulation reaches the axis of
subtropical westerly jet. At the jet exit, in comparison,

—

FiG. 13. Vertical cross sections for (a) zonal and (b) meridiona advection of time-mean relative vorticity, (c) planetary vorticity advection, (d)
vortex-tube stretching, (€) vorticity advection by divergent wind, and (f) transient-eddy vorticity flux divergence at 40°N for HO. These are the

terms (a), (b), ...,

and (f) in Eq. (5), respectively. Contour intervals are 0.5 X 10-%° s-2 with negative contours dashed and zero contours removed.
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the Hadley circulation is much weaker and its downdraft
isfound at 17°N, alatitude much to south of the jet axis.

b. Vorticity budget analysis

We perform the vorticity budget analysis for A5 to
study how zonally asymmetric divergence induced by
tropical deep convection affects subtropical stationary
eddies.

Figure 16 shows the terms of Eq. (6) at 250 hPa for
AS5. Zonal vorticity advection (Fig. 16a) has a quad-
rupole pattern around the jet core, in agreement with
the positive (negative) vortex (shading in Fig. 16) north
(south) to the jet core. Large meridional vorticity ad-
vection (Fig. 16b) south to the jet axis compensates the
zonal vorticity advection. The beta effect (Fig. 16c) is
quite small. The total absolute vorticity advection (Fig.
16g) has the same polarity as the zonal vorticity ad-
vection.

We now concentrate on the southwest of the jet core
(around 30°E and 25°N) where strong northward di-
vergent winds accompanied with tropical heating pre-
vail. In thisregion, the total absolute vorticity advection
(Fig. 169) is negative. The vorticity advection by di-
vergent wind (Fig. 16e) is positive and tends to balance

Fic. 16. (a)—(f) Same as Fig. 13, but for horizontal distribution
for A5 at 250 hPa (contours). The light and heavy shadings show
stationary eddy components of vorticity with <—1.0 X 10-°s7*
and >1.0 X 10-° s, respectively; (g) is (a) + (b) + (c).

the total absolute vorticity advection, while vortex-tube
stretching (Fig. 16d) and transient eddy vorticity flux
divergence (Fig. 16f) are negative. Thereforethelocally
enhanced Hadley circulation to the west of the tropical
warm water pool, which leads to vorticity advection by
divergent wind, essentially forces subtropical stationary
eddies.

c. Nonlinearity

Here we carry out a set of experiments (AQ, Al, ...,
and A8 in Table 1) and examine the sensitivity of the
model response to the amplitude of tropical SST forcing.
Asin section 3c, we will focus on the wavenumber-one
component, analyzing its amplitude, phase, and standard
deviation. For this analysis, we choose the following
variables: zonal wind velocity along the subtropical jet
axis (U in Fig. 17), relative vorticity in the center of
subtropical stationary eddies (¢), and tropical diver-
gence (D) and precipitation (P).

The response to zonal precipitation variationsis non-
linear in both the Tropics and extratropics. In the Trop-
ics, while precipitation increases at an accelerated rate
with SST, the rate of increase in tropical divergence
slows down as SST increases (Fig. 17a). This nonlinear
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tropical divergence response may be due to the nonlin-
earity of the Clausius—Clayperon equation. Under the
assumption that relative humidity remains more or less
constant, specific humidity at the convection center,
which is roughly collocated with maximum SST, in-
creases with zonal SST variations exponentially. Since
precipitation roughly equals the moisture convergence,
tropical divergence should increase with SST forcing at
a slower rate than precipitation.

The extratropical stationary wave response varies its
amplitude somewhat in line with the tropica diver-
gence, except between A7 and A8. In the phase diagram
(Fig. 17b), the tropical precipitation center shifts west-
ward with increasing SST forcing. By contrast, tropical
divergence and extratropical stationary wave both shift
their phase eastward (Hendon 1986). The extratropical

TABLE 2. Stationary eddy geopotential height amplitude (m) of
zonal wavenumber one, two, and three at 47°N and 250 hPa for the
control run (CTR), the CTR — NM, the NM — TxO differences, and
the TxO run.

Zonal wavenumber

1 2 3
CTR 140.4 157.0 106.6
CTR — NM 90.9 105.0 34.7
NM — Tx0 328 76.4 81.4
Tx0 53.1 21.8 38.2

response to tropical divergence is not exactly linear. In
A2, both anticyclones and cyclones around the sub-
tropical westerly jet are elongated in the east—west di-
rection (Fig. 18a). On the other hand, in A8, a vortex
pair in the subtropics not only shifts eastward but isalso
meridionally distorted with northeastward phase tilt
(Fig. 18b). We therefore found that the subtropical re-
sponseto tropical SST forcing shows some nonlinearity.

Tropical SST forcing also modifies zonal-mean field.
Astropical forcing is strong, the zonal-mean zonal wind
becomes westerly even in the Tropics and subtropical
westerly jet speed falls down (Fig. 3b). Even though the
stationary-eddy response in the subtropics could be de-
scribed by the linear theory based upon a prescribed
zonal-mean flow, the changes of zonal-mean zonal wind
in the subtropics should be recognized as nonlinear at-
mospheric response to the tropical SST forcing (cf. Hos-
kins et al. 1999). In the future, we plan to use a line-
arized model based on this AGCM (Watanabe and Kim-
oto 2000) and compare its results with AGCM results
to further study the extratropical response.

6. Conclusions and further discussion

In this paper, we have conducted a series of AGCM
experiments with idealized boundary conditions to iso-
late the boundary forcings for the extratropical station-
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Fic. 18. Stationary eddy components of vorticity at 250 hPa for
(a) A2 and (b) A8. Contour intervalsare 0.5 X 10-°s~* with negative
contours dashed.

ary eddies: extratropical land—sea contrast, large-scale
mountains, and tropical SST variation. The major results
are as follows.

1) Extratropical land—sea contrast, while forcing strong
temperature variations in the lower atmosphere, in-
duces only modest stationary waves in the upper
troposphere in the high latitudes. Orographic-in-
duced stationary eddies are robust and show strong
vertical propagation into the stratosphere.

2) Zonal variations in tropical SST induce stationary
waves both in the subtropics and midlatitudes. A
robust jet core resides between the baroclinic sub-
tropical and barotropic midlatitude waves. Locally
enhanced Hadley circulation forms to the north of
the tropical warm pool where strongest deep con-
vection takes place. In the vorticity budget analysis,
we found that thiszonal variationin divergenceleads
to the formation of a subtropical anticyclone in the
upper troposphere.

3) Zonal variations in tropical SST forcing also affect
the zonal-mean circulation. With increasing tropical
SST forcing, the Hadley circulation becomesslightly
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weaker and the westerlies occupy the equatorial up-
per troposphere.

4) The storm track induced by orography and by trop-
ical SST forcing forms downstream of the subtrop-
ical jet core asin observations. By contrast, the ex-
tratropical land—sea distribution alone is not enough
to form significant zonal asymmetry of storm track.

We have examined effects of three independent types
of surface boundary forcing, namely, tropical SST, ex-
tratropical land—sea distribution and orography. Tropical
SST variations are an obvious cause of zonal variations
in tropical convection, which then force extratropical
stationary eddies in the upper troposphere as discussed
in sections 5a and 5b. In many previous studies, tropical
convection is taken as an independent forcing for sta-
tionary eddies. The other two types of surface boundary
forcings can also induce zonal changes in tropical pre-
cipitation, albeit to lesser degrees. Midlatitude orogra-
phy forces Rossby waves that propagate into the Tropics
and induce significant wave—mean flow interaction near
the critical latitude. Indeed, in the Northern Hemisphere
winter, wavetrains forced by Tibetan Plateau and Rocky
Mountains penetrate into the tropical western Pacific
and Atlantic, respectively, where they significantly con-
tribute to zonal asymmetry in tropical convection (Ni-
gam et al. 1988). Thisorographically forced zonal asym-
metry in tropical convection in our HO run (Fig. 11b)
is much smaller than in A5 (Fig. 11c). The zonal var-
iations in precipitation induced by the extratropical
land—sea distribution is even smaller (Fig. 11a). It fol-
lows that extratropical surface boundary forcing isonly
a minor mechanism for tropical precipitation changes.

The formation of zonally localized storm track in our
experiments is quite interesting. Off the east coast of a
major continent, the cold air isin contact with the warm
sea surface. The reduced static stability forms a local-
ized maximum of baroclinicity there in the lower at-
mosphere (Hoskins and Valdes 1990). Such aregion of
high baroclinicity is indeed found off the east coast of
the model continent. The rather zonally uniform distri-
bution of midlatitude storm activity in 10 is somewhat
surprising, suggesting that the observed Pacific and At-
lantic storm tracks are probably not forced by the land—
sea distribution. In our model experiments, the storm
track shows atendency to form downstream of the west-
erly jet core, suggesting that it is sensitive to deep ver-
tical wind shear in support of Hoskins and Valdes
(1990). Extratropical orography is particularly effective
in forming localized storm track in our model as indi-
cated by Chang and Orlanski (1993). Whitaker and Dole
(1995) suggested that the storm track is terminated by
barotropic decay process associated with zonal varia-
tions in baroclinicity and the deformation of the basic
state. The latter can result from stationary waves in-
duced by large-scale orography. A more detailed dis-
cussion on storm tracks will be presented in our next
study.
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In addition to the idealized experiments, we have also
carried out two additional simulations (Table 1) under
more realistic conditions: A run with no mountains (NM)
and one with zonally uniform SSTs (Tx0). Examination
of the difference fields between these two runs and CTR
(Fig. 1b) indicates the effect of various surface boundary
forcing: CTR — NM for orography, NM — TxO for trop-
ical SST, and TxO for land—sea distribution. The ampli-
tudes of these difference fields in the midlatitudes are of
the order of 100 m (Table 2). Figure 19 displays sta-
tionary eddies of 250-hPa geopotential height for the Tx0
run (Fig. 19c), and the difference fields for CTR — NM
(Fig. 19a) and NM — TxO0 (Fig. 19b). Stationary eddies
induced by orography and zonal variations of SST are
dominated by the zonal wavenumbers two and three,
while those by land—sea contrast are of larger scales and
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(b)Z(NM-Tx0)@250hPa

FiG. 19. Same as Fig. 1b, but for (a) CTR — NM, (b)
NM — Tx0, and (c) TxO.

have a strong wavenumber-one structure (Table 2). The
East Asian—Pacific jet is maintained by an orography
(SST) induced trough at its entrance (exit). The SST-
forced anticyclone in the eastern Pacific hastwiceaslarge
an amplitude as the orographically forced one. In the
Atlantic, thermal forcing is more important than oro-
graphic. The cyclone over Hudson Bay isamost entirely
caused by the SST forcing while the anticyclone over
western Europe is by the land—sea contrast. In a broad
sense, this result is consistent with previous AGCM and
linear model studies (Held 1983; Blackmon et al. 1987;
Valdes and Hoskins 1989). It is also similar to the results
from idealized AGCM experiments presented in this pa-
per: The cyclonic (anticyclonic) eddy over the western
(eastern) Pacific (Fig. 19b) is similar to that in A5 (Fig.
4c); the cyclonic (anticyclonic) circulation on the east
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(west) coast of Eurasia corresponds to the response of
the idealized land—sea distribution (Fig. 4a); the anticy-
clonic (cyclonic) circulation over the western (eastern)
Eurasia resembles that in HO.
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