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ABSTRACT

The variability and time-mean response to orographic forcing are examined in a nonlinear atmospheric
model. Distinct signatures from both high-frequency (synoptic-scale) and low-frequency (periods greater than
10 days) transients are seen in the temporal variance and eddy fluxes. Downstream of the orography, in the
region of the time-mean jet stream, high-frequency transients are organized into a storm track and exhibit
baroclinic energy conversions. The low-frequency transients, while producing greater variability in the same
region as the storm track, exhibit significantly less baroclinic energy generation. The structure of the low-
frequency transients downstream of the orography is similar to the observed PNA pattern. The time scale of
the eddies in this region appears to be longer than typical time scales associated with stationary Rossby wave
dispersion. These eddies exhibit large local barotropic conversion of mean kinetic energy due to the large zonal
gradient of the mean zonal wind. These barotropic processes downstream of the mountain give the appearance
of low-frequency waves propagating out of the tropics even though there is no low latitude forcing in this model.

Midlatitude orography is shown to influence the tropical time-mean circulation; a weak easterly jet along the
equator develops due south of the orography. The influence on the tropical variability is restricted to increased
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high-frequency variance with limited effects on the low-frequency transients.

1. Introduction

One of the major thrusts of dynamic meteorology
in the past 30 years has been the identification and
dynamical explanation of the time-mean stationary
waves. Orography was identified by Charney and
Eliassen (1949) as a major source of the observed sta-
tionary waves. Hoskins and Karoly (1981) presented
the essential linear dynamics for the orographically
forced stationary waves in a stratified atmosphere. They
interpreted the local response in terms of the balances
of vorticity and heat and the remote response in terms
of Rossby wave dispersion.

Not all of the observed stationary wave pattern is
due to orographic forcing. (See Wallace, 1983, for an
excellent review of the observations.) Thermal forcing
{Smagorinsky, 1953) and fluxes of heat and momen-
tum by transient eddies (Lau, 1979; Youngblut and
Sasamori, 1980; Holopainen et al, 1982; Lau and
Holopainen, 1984) are known to exert considerable
influence on the stationary wave structure, particularly
in the lower troposphere. The inclusion of the hori-
zontal distribution of diabatic heating and transient
fluxes greatly improves linear simulations of the ob-
served stationary waves (Opsteegh and Vernekar,
1982).

* Current affiliation: CSIRO Division of Atmospheric Research,
Aspendale, Victoria, Australia 3195.
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While our understanding of the stationary response
to large-scale orography is well founded, our knowledge
of the temporal variability in the presence of orographic
forcing is limited. Detailed observational studies have
identified such features of the temporal variability as

1) the organization of synoptic-scale disturbances
into storm tracks downstream of the major jet streams;

2) the tendency for the regions of maximum low-
frequency variance to be less zonally elongated than
their high-frequency counterparts; :

3) the dominance of extratropical variance by low-
frequency oscillations;

4) the tendency for low-frequency teleconnections
to exhibit both geographically fixed and location in-
dependent patterns;

5) the tendency for transient eddy fluxes to appear
to dissipate the stationary waves;

6) the recurrence of persistent anomalous ridging
in the eastern North Atlantic and Pacific oceans which
tend to block the eastward progression of synoptic-scale
weather systems,

How these aspects of the temporal variability are related
to the large-scale orography is unclear.

Some of the above features appear to be determined
solely by the structure of the mean wind and not by
the mechanism responsible for the structure of the
mean wind. Fredericksen (1979) and Pierrehumbert
(1984) have shown that the fastest growing normal
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modes on realistic representations of the observed mean
wind exhibit storm track characteristics. Barotropic in-
stability of the upper tropospheric mean wind was
shown by Simmons et al. (1983) to be a source of low-
frequency variability. The regions of maximum vari-
ance produced by the fastest growing barotropic modes
closely resemble the observed horizontal distribution
~ of low-frequency variance. Frederiksen (1983) extended
the instability calculation to the three-dimensional
Northern Hemisphere winter tropospheric flow. Un-
stable, low-frequency equivalent barotropic modes
were found in the presence of time-mean baroclinicity.
The spatial and temporal evolution of these modes ex-
hibited remarkable resemblance to some of the ob-
served low-frequency teleconnections patterns.

A limitation of the foregoing studies is the prescrip-
tion of the mean wind. Interaction of developing un-
stable modes with the forcing of the mean wind was
not allowed. In the present study we wish to relax the
constraint of prescribing the mean wind and also in-
clude a full spectrum of barotropic and baroclinic
waves. The mean wind will be allowed to be internally
controlled by the interaction of the eddies, the oro-
graphic forcing and the mean wind. We will just con-
centrate on orographic forcing, realizing that diabatic
sources are also of vital importance. By introducing
orography into the nonlinear model developed in
Hendon and Hartmann (1985; hereafter referred to as
HH), we will be able to evaluate the direct effects of
orography on the temporal variability, and transient
organization and interaction with the stationary waves
without the hindrance of complicating physics.

Previous nonlinear interactive simulations have
employed severely truncated models. The barotropic

model of Charney and DeVore (1979) and subsequent -

baroclinic extensions allowed multiple stationary so-
lutions to large-scale orographic forcing. These multiple
equilibria have been associated with blocking events
in the observed atmosphere. The existence of multiple
stationary solutions depend on the possibility of res-
onance in these channel models. Resonance in the ob-
served-troposphere seems unlikely (Held, 1983), and
thus the relevance of multiple equilibria is questionable.
The existence of multiple equilibria is not expected in
this spherical model, and we have scen no evidence
of it.

Mountain-no mountam simulations with GCMs
(Manabe and Terpstra, 1974; Hahn and Manabe, 1975)
elucidated many features of the general circulation that
are intimately related to orography. Evaluation of the
effects on the variability was hindered both by the short
integration necessitated by the demand on the com-
puting resources and by complicating internal feed-
backs. A recent extended integration of the GFDL
GCM with mountains but without prescribed inter-
annual variation (Manabe and Hahn, 1981; Lau, 1981),
demonstrated that much of the observed variability at
low- and high-frequencies is internally generated. The
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direct effects of the orography were not examined,
however.

We feel that the two-level model (HH) is a powerful
tool for investigation of both high- and low-frequency
variability and its interaction with the mean flow in
the presence of orography. The model has sufficient
horizontal resolution to simuilate the gross features of
baroclinic eddies yet its efficiency permits sensitivity
experiments and long integrations relevant to low-fre-
quency variability studies. It is hoped that the results
of this study will help integrate previous more simpli- °
fied numerical studies with the observauonal and GCM
results.

2. Model details

The two-level model is described in detail in HH.
The model is formulated in terms of the vertically av-
eraged and vertically differenced vorticity and ther-
modynamic energy equations and a vertically differ-
enced divergence equation. The upper (P = 0 mb) and
lower (P = 1000 mb) boundary condition is w = 0.
The dependent variables are expanded in a series of
spherical harmonics truncated at rhomboidal 15. Dif-
fusion of temperature, vorticity and divergence is in-
cluded with a diffusion coefficient Kd = 2.5 X 10° m?
s~!. Linear surface drag, Cd = (5 days)™!, also is in-
cluded at the lower level. .

The incorporation of orographic forcing in a model
with fixed surface pressure at first seems contradictory.
We will employ the baroclinic extension of the con-
servation of barotropic potential vorticity as used by
Charney and Straus (1980). Held (1983) presents a re-
view of the usefulness of this barotropic representation.

Following Charney and Straus, a vorticity and di-
vergence source due to flow over orography is included
at the lowest model level. In our two-level represen-
tation this parameterization enters our vertically av-
eraged vorticity [{ = ({350mb + {750mp)/2] and vertically
differenced vorticity and divergence [D = (D250 mb)
~ D350 mb)/2] equations as additional forcing terms:

o 1 [fh fh
;9_1._ 2 - (U U)’ (V V) s
o _ 1, [ L]
& > (U 0), (V V) ,
b 1 - /M
- 32 (V 1) (U U)--

The definitions of U, V, U, V, and L are as in HH:

U = cosé(t250 mp + U150 mb)/ 2,

U = cosd(t250 mb — U750 mb)/2,

»B) = cos® ¢)

1 a4
IT(A a cos’g (ax
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The definitions of ¥ and ¥ are similar to those of U
and U. The horizontal distribution of the orography is
given by # and the depth of the layer it is affecting is
H. We investigate magnitudes of #/H ranging from 0.1
to 0.4. Charney and Straus chose #/H = 0.2.

The horizontal distribution of 4 is Gaussian:

h(X, ¢)
= hexp{—[(¢ — 40°)/20°F — [(\ — 180°)/30°)*},

where ¢ is latitude and A is longitude in degrees.

The thermal forcing in these experiments is identical
to that in HH; the temperature is relaxed back to a
December-February zonally symmetric radiative
equilibrium temperature distribution with a relaxation
time of 15 days. The integrations are started from rest;
the thermal forcing is turned on over a period of 20
days. Model data are taken once per day after an initial
50-day spin-up.

3. Model simulations and analysis
a. Time-mean flow

We describe here the analysis of a 1000-day run with
h/H = 0.4. The orography is centered at 40°N, 180°W.
All features discussed below are evident in similar ex-
periments with 2/H = 0.2. We discuss the run for A/
H = 0.4 because the relevant features of the response
are more clearly identifiable than with smaller values
of the orographic height.

The horizontal structure of the 1000-day average
zonal wind, eddy vorticity, and eddy temperature at
the upper model level are shown in Fig. 1. A well-
defined jet stream 45° downstream of the orography
is seen with a maximum wind speed of 50 m s™'. The
eddy vorticity (Fig. 1b) exhibits the well-known sta-
tionary Rossby wave structure produced by orography.
An anticyclone develops just to the west (upstream) of
the orography with a much stronger cyclone seen just
downstream. A distinct wave train propagates equa-

. torward and eastward away from the orography. The
barotropic nature of the response is confirmed by the
presence of a cold perturbation (Fig. 1¢) in the region
of the upper-level cyclone. This horizontal and vertical
structure is in close agreement with many previous
studies. The use of vorticity to designate the stationary
waves in Fig. 1b emphasizes the equatorward com-
ponent of the wave train. Hoskins and Karoly (1981)
present theoretical arguments for this observed struc-
ture and the reader is referred there for an excellent
discussion.

b. Eddy heat and vorticity budget

To highlight the zonal asymmetries and nonlinearity
of the response, the eddy heat and vorticity budgets
are examined. The transient eddy fluxes of heat at the
lower level are very similar to those at the upper level.
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FiG. 1. The 1000 day mean (a) zonal wind, (b) eddy relative vor-
ticity, and (c) eddy temperature at the upper level. The contour in-
terval in (a) is 5 m s™", in (b) 0.4 X 107°s™!, and in (c) 1 K.
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FiG. 2. The local heat budget at the upper level with (a) the steady linear advection, (b) the
linear vertical flux divergence, (c) the steady nonlinear flux divergence, (d) the low-pass filtered
transient flux, (¢) the high-pass filtered transient flux, and () the Newtonian cooling. The contour
interval in (a) and (b) is 0.1 X 107 K s7', in (¢) 0.5 X 107 K 57}, in (d) and (¢) 0.25 X 107° K
57!, and in (f) 0.5 X 107¢ K s™\. The zero contour has been omitted. (See text for definitions.)

Due to the barotropic structure of the stationary waves,
we will examine the heat budget at the upper level. All
of the features discussed below apply to the lower-level
heat budget also. The eddy potential temperature
equation at the upper level is

aG* _ o . _, o0 S w1F
(e ) o
(a) (b)
— (V*. V8 + D*6*y* — (V-V0 + DB)* — K% (1)
(c) (d) - {e)

with dx = a cos¢d\ and dy = ad¢. The diffusion is
negligible. Brackets denote zonal averages; asterisks

denote deviations from the zonal average. Overbars
imply time averages; primes are deviations from the
time average. The overhat indicates a vertical difference
field as defined above. The Newtonian cooling coeffi-
cient is K, = (15 days)™..

The transient terms are decomposed into contri-
butions by high-pass and low-pass eddies. The low-
pass filter (Blackmon and Lau, 1980) retains fluctua-
tions with periods greater than 10 days. The high-pass
filter (HH) retains fluctuations with periods less than
10 days. Most of the variance associated with synoptic-
scale eddies is captured by the high-pass filter (HH).

Term a is the linear advection of the perturbation
temperature. Term b is the linear vertical flux diver-
gence in this two-level representation. Term c is the
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steady nonlinear flux divergence and d is the transient
flux divergence. Term e is the eddy Newtonian cooling.

The local heat budget averaged over the 1000-day
run is shown in Fig. 2. Following Sardeshmukh and
Hoskins (1985), all fields have been smoothed with a
spectral filter of the form

S, = exp(—K{n(n + 1)}

where 7 is the total wavenumber on the sphere and K
= 6.4 X 107, Only the zonal advection is significantly
affected; the other fields are not sensitive to the filter.
The upslope cooling and downslope warming (Fig. 2b),
due to forced ascent and descent, is balanced to the
first order by the steady linear advection (Fig. 2a). The
linear advection is dominated by the meridional com-
ponent which advects cold air southward on the east
side of the mountain. This balance between the steady
linear divergence and advection is essentially that pro-
duced in steady-state linear models. The linear advec-
tion is seen to be about two times larger than the linear
divergence term, however. Nonlinearity and transients
account for this large difference.

The steady nonlinear flux divergence, Fig. 2c, ex-
hibits a dipole structure just downstream of the orog-
raphy. This structure can be thought of as the nonlinear
correction to the linear zonal advection. To the north
of the mountain the local zonal wind is larger than the
zonal average, while to the south of the mountain the
local zonal wind is less than the zonal average. The
steady nonlinearity thus adds to the linear zonal ad-
vection to the north and offsets it to the south.

The transient term d is decomposed into contribu-
tions by low-frequency and high-frequency eddies.
Some similarity between the fluxes due to the two fre-
quency bands are observed (Fig. 2d, e). The transients
tend to warm the resultant stationary cold cyclone to
the east of the orography. The dissipative time scale of
this process is about 10 days for the low-frequency ed-
dies and 5 days for the high-frequency eddies. The dis-
sipative nature of the transients has been found in ob-
servational studies (Lau, 1979; Lau and Holopainen,
1984) with similar time scales. Compared to the hor-
izontal structure of the Newtonian cooling (Fig. 2f),
whose decay time is 15 days, the transient eddy heat
has a smaller scale. The horizontal structure is much
more similar to a diffusive dissipation, rather than
Newtonian cooling, particularly for the low-frequency
transients.

Some caution is needed in interpreting the tendency
of the transient fluxes as a dissipative one. The problem
arises as to whether the transient fluxes can be inter-
preted as a local forcing of the stationary waves inde-
pendent of the response, or as a forcing dependent on
the response. If the latter is true, i.e., if the transient
fluxes depend on the magnitude of the temperature
perturbation or its gradient (as seems to be true in these
results), then the transient fluxes appear very similar
to the Newtonian cooling or diffusion. They simply act
to dissipate the stationary temperature field. If, on the
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other hand, the former is true, then the temperature
response to the tendency produced by the transient
fluxes needs to be calculated in an interactive manner.
Opsteegh and Vernekar (1982) calculated the linear
steady response to the observed transient forcing. The
transient fluxes produced cyclones and anticyclones
which were one-quarter wavelength downstream of
both the transient forcing and the observed cyclones
and anticyclones. That is, the transient fluxes tended
to affect the phase of the stationary waves but not the
amplitude. This phase shift is due to the dominance
of linear advection in balancing the applied heat (or
vorticity) source. The phase shift found by Opsteegh
and Vernekar is entirely consistent with the steady lin-
ear response to diabatic heating discussed by Hoskins
and Karoly (1981). It is important to emphasize here
the similarity between the tendency produced by the
transient fluxes in this model and in the observed at-
mosphere. Their interpretation is difficult.

The high-frequency eddy flux shows much more of
a dipole structure downstream of the orography than
does the low frequency flux. This feature is also ob-
served in the observational studies (Lau, 1979; Lau
and Holopainen, 1984). These previous studies have
associated this dipole with the meridional convergence
of heat along the storm track by synoptic-scale eddies.
Warming occurs to the north of the storm track and
cooling to the south. This signal is much less clearly
seen in the low frequency transient flux.

In summary, downslope warming and upslope cool-
ing (which can be thought of as the applied temperature
forcing) are more than offset by linear meridional ad-
vection. The cold cyclone to the east of the orography
is the result of the linear meridional advection. The
balance between the linear advection and adiabatic
heating found by Hoskins and Karoly (1981) is not
adequate for this nonlinear simulation. Significant
warming downstream of the mountain is produced by
the nonlinear fluxes which partially offset the tendency
produced by the linear advection. It is interesting to
note that the horizontal structure of the temperature
field in steady linear simulations without transient
forcing (Hendon and Hartmann, 1982) is very similar
to this nonlinear simulation. Apparently the magnitude
rather than the horizontal distribution of the temper-
ature perturbation is affected by the transients and
nonlinearity.

We now turn our attention to the eddy vorticity
budget. At the upper level the eddy vorticity equation
is:

& = 4§77 ?E. _‘Z 1) - pxF
e ([u] Fraem s“]) DS + /]
(a) (®)
= VAV -V (VE® ()
© d)

Diffusion and vertical advection and twisting are neg-
ligible. The notation is as in (1). Term a is a linear
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FiG. 3. The local budget of vorticity at the upper level with (a) the steady linear advection, (b)
the linear divergence forcing, (c) the steady nonlinear flux divergence, (d) the low-pass filtered
transient flux, and (¢) the high-pass filtered transient flux. The contour interval is 0.25 X 107°
572, The zero contour has been omitted. (See text for definitions.)

advection of the vorticity. Term b is the linear gener-
ation of vorticity by divergence which can be thought
of as the applied forcing due to the flow over the orog-
raphy. Term c is the steady nonlinear flux divergence
and term d is the transient flux divergence.

The local budget of vorticity is displayed in Fig. 3.
Again all fields have been filtered. The generation of
vorticity by stretching on the downslope and destruc-
tion of vorticity by compression on the upslope (Fig.
3b) is balanced to the first order by the linear advection
(Fig. 3a). The resulting vorticity perturbation (Fig. 1b)
appears to be determined by the tendency of the linear
divergence forcing to produce a cyclone downstream
of the orography. Due to the large zonal variations of
the time-mean zonal wind in the vicinity of the jet, the

steady nonlinear zonal advection adds to its linear
counterpart to the north of the mountain and offsets
it to the south (Fig. 3c).

The tendency produced by the low-frequency tran-
sient flux divergence (Fig. 3d) is 180° out of phase with
the vorticity of the stationary wave. The time scale of
this dissipative effect is about four or five days. The
high-frequency transients (Fig. 3e) exhibit similar
structure but the tendency is weaker with a decay time
of about 11 days. Thus, the mean state can be consid-
ered a source of low-frequency vorticity fluctuations.
These tendencies, with the low-frequency flux being
larger, act to dissipate the stationary wave in a similar
manner as is observed (Youngblut and Sasamori, 1980;
Holopainen et al., 1982; Lau and Holopainen, 1984).






