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ABSTRACT

A barotropic modd containing large - scae topography and zond mean flow is established to discuss the effectsof large -
e e topography on the low - frequency waves. The results show that what afectslow - frequency waves mostly is maxima
height of topogrgphy and topographic dope. The former makes frequency of topographic Rossby waves decrease, the latter
makes Rosshy wavesinstable. Moreover , when topographic dopeis appropriate, it can d < make Rossby waves turninto low
- frequency waves.
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I. INTRODUCTION

More investigations about atmogpheric low - frequency oscillations have been done snce
Madden and Julian (1971) disoovered through pectrum anayss that there are 40 - 50 day
low - frequency oscillationsin the variation of atmogpheric wind and surface pressurefiedsin
tropics. But the stresses of al researches have been focused on tropics. 30 - 60 day atmo-
gheric low - frequency ocillations at middie and high latitudes might firstly be foundin the
research that Anderson et a. (1983) carried on about trangoort of atmogpheric momentum.
Based on andysesof FGGE data, Krishnamurti et a. (1985) pointed out that 30 - 60 day
otillations are a global phenomenon of atmogpheric variations. Subsequent studies have
shown that there are many differences in vertical structure, zonal scale, zona propagating
direction and time or gace evolution of intrascasona o<tillations between middie - high lati-
tudes and low latitudes. Details are something as follows: there is a characterigtic of
barotropic structure, wavenumber is mainly 2 - 4 in potentia fields, oscillations propagate
westward mainly and they have a two - dimensona characteristic of Rossby wavetrains,
etc. More detailed difference can be found from Li Chongyin’ s narration (1991, 1995) .

With the discoveries of atmogheric low - frequency o<tillation and its characterigtics,
more investigations have been carried on to discuss the causesof atmogpheric low - frequency
oillations. Wallace et a. (1983) attributed the causes of atmogpheric low - frequency os
cillations to 9x facts, infact , they can be concluded as two mechanisms, i.e. , the reponse
of atmogphere to outer forces and nonlinear interactions of atmogheric motions. Smilarly,
more studies have been focused on dynamic mechanism of atmogpheric low - frequency oscil-
lationsin tropics or low latitudes, some good results s have been obtained in explaining
causes and characteristicsof low - frequency o<tillations. But fewer studies have been carried
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on to research mechanism of atmogheric low - frequency oscillationsover middie - high lati-
tudes. Zhang et a. (1991) studied 30 - 60 day atmogpheric oscillations over the Tibetan
Plateau (summer half year) and pointed out that the Tibetan Plateau is the active areas and
an important source of atmospheric low - frequency o<tillations. They a < thought that the
dynamic and thermal effectsof topography might bring low - frequency ostillations to come
into being. Zhang (1987) and Yang et a. (1995) took barotropic instabilitiesof mean flow
as an important mechanism to excite atmogheric low - frequency otillations over middle -

high latitudes. Li et al. (1995) have ds shown the importance of dynamic instabilities of
mean flow in exciting atmospheric low - frequency oscillations over middle - high latitudes.
Luo et a. (1992) studied 30 - 60 day ostillations forced by topography and constant zonal
mean flow recently , they found that topography plays an important role in exciting low -

frequency oscillations.

Based on the above studies, a barotropic model containing large - scale topography and
constant mean flow is established to discuss the dynamic effectsof topography with or with
out Zona mean flow on Rossby wavesover middie latitudes. We mention basc equationsin
Section 2. Two cases, u=0or u #0, are discussed repectively in Sections 3 and 4 and
Dme anayses are given, too. Section 5 is devoted to ome conclusons.

1. BASIC EQUATIONS

The equations of barotropic modd with topographicd height - h( x,y) - can be written as:

au au au _ @

ot P Uax Yoy~ P T ax
glt+u%+0‘gu;+fu:-%% (2.1
a 0@ -09u 0@ -9Ju

ot oax Y oy 70

where® = gh(h- the height of free surface) , @s= ghs( hs - the topographic height) , uu
- the velocity of zona and meridiona direction regectively , f - the Coriolis parameter. We
Suppose:

U= u+ U, VL=V, Q=0+, (2.2
where symbols with® — are the badc quantities, with* ' ’ are the disturbing quantities,
and we suppose that :

-_ & -_ _ _ s
fu=- dy u=oonst, hg = he(y), Op = dy = oong (2.3)

when y>0, 00y <0 (we cdl it the north dope) ; when y <0, dy >0 (we cdl it the outh
dope) . Thus, we may have:
{(P =Qo-Yoy (2.4)

Os =@y +Upy
whereY o= fou, Qo= gH(H - the height of free surface at y =0 and when thefluid is stat-
ic) , @®sm = ghsm ( hem - the maximal height of topography at y =0) . We can get the linearized form
of formua (2.1) , if we subgitute formuas (2.2) , (2.3) and (2.4) into formua (2.1) :
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(2w -2u ., &
ot T Ux "V T ok
D - X
at+uax+fu’ =- oy (2.5)

' =0

4t —dpt o ou D'
aH“aX”[ax*ayJ'

where ¢ =c5-€y, c§=Qo- Psn, € =0g+Y 0.
The sysemsof equations (2.5) are the basic equations used to discuss questions we are

interested in thispaper. We will explain them according to two cases: u=0and uz0. it
goes asfollows:

[1l. THE CASEOF u=0:

Thus, equations (2.5) may be converted into :

oy @ @
%+fu’=-%%, (3.2
%%+<cg-aoy>[%§+%%j Sag’ = 0. (3.9
Eiminating @' through formulas (3.1) and (3.2) , then we can get :
_&* 2o, | & 0 '
[atay' faj“ _[5t5x+fay+BJU : (3.4

Bliminating @' through formulas (3.1) and (3.3) , then we have:

['a% (c%-aoy)% u :[f£+ (Cé-GOY)a_)%-GoéaXJU' . (3.9

Bliminating u through formulas (3.4) and (3.5) , then we obtian:

L =0, (3.6)
A& <c5-aoy>[§j—2+§y32} v 15+ w0
- [Bo(c - agy) + fcﬂo]£ : (3.7)

Formula (3. 6) isthe basc equation, which is used to discuss questionsin this section.
(Notes: In order to guarantee that there isrt any unnecessary lutions to formula (3. 6) ,
we don t condder that order variationsof left Sde of formula (3.4) or (3.5) may make any
differences, when we eiminate u through formulas (3.4) and (3.5)). Firg, we andyze
the smplest case of formula (3. 6) , that is, we dorl t consder the components containing
0oy, thenit can be written as:
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—aatb% - 05[5% +—a%2J + f%+2105%:|u’ - [Bocs + f(ﬂo]% =0. (3.9
We may know that formula (3.8) has solution with the form asfollows:
V' = Vexp(ikx + ily - wt) , (3.9
where V - amplitude of waves, k, | - wave number in x,y direction, repectively , and W

- angular frequency of waves. Substituting formula (3.9) into (3.8) , then we have:
- 0%+ [B(K2+ 1) + 5+ iDol]0 + k(Bocd + fhlg) =0. (3.10)

We can find that the solution to formula (3. 10) in low - frequency domains (i.e, we
do not condder the components containing - w3 is given by :

Bo + kffol i

W = - . 3.11
K2+ 12+ 3/ 3 + iXoll ¢ ( )

We may obtain some resultsfrom formula (3. 11) asfollows:
(i) fag=0and@s, =0, then c§ = cd =@y, that is, no topography , then:

Bo

K2+ 12+ 3/ ¢k

Weo = - (3.12)
formula (3. 12) isthe digperson relation of Rossby waves at middle latitudes.

(i) fog=0and®sm 20, then cd=Q - Pn<cdo,i.e. , only topographic height can
take into actions, then:

_ Bo

w = - .
I SR L TR

(3.13)

Compare formulas (3. 12) and (3.13) , we know | Wg1| <|We| , 2 the evation of to-
pography is benefit to the development of Rossby waves toward low - frequency waves.

80 80
= =
60 60
40 | 40 |-
20 20 |
0 L ! o
0.0 K -0.02 . -0.06
6 0.04 0.00 a,
Fg.1. Variationof T withdy. Fg.2. Varationof T witha,.
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(Notes: Curves1,2,3o0r4in Fig. 1and Fig. 2 represent zonal wavenumbers1,2 ,3or 4,
respectively , we take Northern latitude 30 degree as zero point of y axis, ¢ =6 x 10°m%/ &°.
There is mean flow or no mean flow in Fig. 1 or Fig. 2, respectively) .

(iii) fay#0,thatis, the topographic dope takesinto actions, the disperson relation is
formula (3.11) . letting:

W =W, + W, (3.14)

where W, - disturbance frequency of waves, W; - the growth rate of waves.
Substituting formula (3. 14) into (3.11) , thenit yields:

(Boch +agfok) (BK® + chI® + f§)
(BK2+ G312+ 32 + 312

W, = - (3.15)

B 2001 (Boch +0gfok)
(BK? + G312+ f3)2 + 40312

w; (3.16)

The analyss from formulas (3. 15) and (3. 16) is that: On the south dope: 0y >0,
thenw; >0, W, <0, 9 Rosshy waves are growing and propagating westward. On the north
dope: 0y <0. Whenag > - Bocdl fo, then®; <0, W, <0, D Rossby waves are growing
and propagating eastward. Theregore, when the topographic dope takes into action, the in-
stability and propagating attributes of Rossby waves may change. Moreover , we can know
fromformula (3. 15) that the north dope plays a more important role in making Rossby
waves develop tward low - frequency waves.

The period of waves, T, may be written as:

T=21| W , (3.17)

thus, we can make out the graphs of the variations of waves period with zonal wavenumber
and topographic dope by using formulas (3. 15) , (3.16) and (3.17) , se Fig. 1.

If we do not smplify formula (3. 6) , then the solution to equation (3. 6) may take the
form asfollows:

V' = V(y)exp(ikx - it) . (3.18)

Substituting formula (3.18) into (3.6) , it isgiven:
2
2 da°v av
- (A)(CO - Goy) dy2 + Z]o(k) dy
+ [0 (f§ + K*ch - w? - Kooy) + kBoc§ + fdo) - Byl V = 0. (3.19)

We can find the solution to formula (3.19) inlow - frequency areas (i.e. , do not con-

sder the components containting w* in equation (3.19) , thenformula (3.19) can be rewrit-
ten as:

2y .
(c5 - Ooy) > - X d
dy k@gczgﬁyf(gg) Bo
-[f(2)+ K2ch + © - (k2+w)0(o}JVZO- (3.20)

Formula (3. 20) isthe laplace equation with form asfollows:
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2

(Roy + Bo) 55+ (Ary+ B) Gl + (Aey+BIV =0, (2D
where:
Ag =- 0Oy Bo = ¢5 AL =0 By =- Ay
2 2 2 2 2 (3.22)
Az = (K* + Bo/w)ay, Br =- [k°co+ fo+ k(Boco + fdlo)/W]
letting:
V = Vexp(py) , y=AN+§ (3.23)
and taking:
A =- Al (2Aop+ A) =- 1 (2p) , M =- Bo Ag
(3.24)
p=- (AL + JAZ- 4A0A) I (2A0) =- J- AoAsl Ag

Substituting formulas (3.23) and (3.24) into (3.20) , then formula (3.20) can be written
as the following confluent hypergeometric equation:

Y
{a (Bop® + Bip+ B/ (2A0p+ A) = 1+ (@iF + Kidto)/ (20 B3 + B w) | (

itsegenvaues satifying: V]n=0< o and V[, .« N"are:

-aVv =0, (3.25)

where:
(AgB1- A1Bo)/ A3 =2

3.26)

a =- n (n=0,1,2 ) (3.27)
i.e.,
@2+ Kigo)/ (2w H2(K2+ Bo/®W) =-1-n (n=0,12, )
(3.28)
it is given from formula (3.28) :
(f6- 4(n+ DOUFTK)W? + (2kfPo - 4(n+DUFR)w + KFH5 = 0, (3.29)
D
W =[4(n+2DT3Bo- 2kiPo) = A [2(F8- 4(n+DZKD] , (3.30)
A =2k - 4(n+DWU3B)2- 4K2TRE(FE - 4(n + 1) WA35KD)
=16(n + 1)*Kag((n+ 1) Poo + Kaofh - Bofd) . (3.31)

We can obtain the graph of variations of waves period and the waves growth rate with
zona wavenumber and topographic dope by using formulas (3. 30) , (3.31) and (3.17) ,
and use it to make out some results (Figures not presented here) . The results are: there are
30 - 60 day low - frequency wavesonly when the zonal wavenumber is 1 and the topographic
dopeis smal , and they can propagate either eastward or westward and develop unstablely on
the outh dope, with the increase of wavenumber and topographic dope, the wave periods
turn shorter and the waves are instable.

' 1995-2003 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



318 Advances in Atmogpheric Sciences Vol. 15

All conclusions above are made on the condition of u =0, but the conditionof u=0isa
great limitation over midde latitudes, o we will anal yze the case of u #O0.

IV. THE CASE OF u=const 20

Then the controlling equation isformulas (2.5) , Smilarly , they can be rewritten as:

N =0, (4.1)
2 -2|[l2,-2]° 2 F 2
Zz[at+“aj[[at+“aj '(%'Ew[aﬁ*ka+f5+zaJ
- [(cd - €y)Bo +€fo]£- (4.2)

The low - frequency lutions to the Smplest case (i.e. , the components containing€ y
in equation (4.1) are not consdered) are:

Bo+ ki€ / ch

W = ku - . 4.3
TR 2 AR iEl (4.3
Substituting formula (3. 14) into (4.3) and we have:

_ 2+€f k 2k2+ 2|2+f2

®, = ki - (BOC;)Z OZ)Z(COZZCO 220) ’ (4.4)
(coke + col° + f5)° + &£ °I
Z| ¢l +Efok

i (IBO Q O) (45)

T (SR + 1P+ )P+ &P

We can get concluson from formulas (4.4) and (4.5) that the mean flow makes the
disturbance frequency and growth rate of Rossby waves change greatly , the detailed ana yses
are asfollows:

(i) When thereis mean westerly , then u>0,Y ¢ >0. On the 2outh dope: 0y >0,€ >
0, w; >0, Rosshy waves are growing; On the north dope: 0o <0, when 0 < - O <Yy,
then€ >0, W; >0, 9 Rosshy waves are growing, when - 0y >Y o, then€ <0,if -Yo>Yo
+cPBol fo, then®; >0, o Rossby waves are growing; if Y o < - Qo <Y o + cBof fo, then
W; <0, o Rosshy waves are decaying.

(ii) When there is mean easterly, then u <0, Y, <0. On the :outh dope: 0y >0,
when -dy>Y o, then€ >0,W; >0, 90 Rossby waves are growing, when 0 <Oy < -Yg,
then€ <0,ifdg> -Yo- 0330/ fo,thenw; <0, 9 Rosshy wavesare decaying; if dg< -Y ¢
- cBol fo, then®; >0, 2 Rossby waves are growing. On the north dope: 0y <0,€ <0,
when -0g>Y o+ cBol fo, thenw; >0, 0 Rosshby waves are growing, when - 0o <Y o+
cBol fo, thenw; <0, 2 Rosshy waves are decaying.

At the same time, it can be obtained from formula (4. 4) that mean flow also makes the
propagating direction of low - frequency waves change greatly. Based on formulas (4. 4) ,
(4.5) and (3.17) , we can draw Fig. 2, from which we can find out some diff erences be-
tween the Figure with and without mean flow.
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o
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.0.06 -0.04 -0.02 0.00 a,

N

Fg.3. Vaiationof T with u. Fg.4. Varationof T withd,.

(Notes: Curves1,2or 3in Fig. 3or Fig. 4 present zona wavenumbers 1,2 or 3 respective-
ly. We take the Northern latitude 30 degree as zero point of y axis, n=0. 0g= - 8x10" 3
in Fig. 3and u= - 30 m/sin Fig. 4).

The low - frequency solution to formula (4.2) can be directly written as:

0o o, BnrDETBo- 2kiE) + /D
- 2(f6- 4(n+1)%%K) ’

(4.6)

A =16(n+1D2kE3((n+DPE + kKEf3-Bofd) . (4.7)

We can obtain graphs about formulas (4.6) , (4.7) and (3.17) , from which we can
find out the variation of wave period and growth rate with zonal wavenumber , mean flow and
topographic dope (see Fig. 3and Fig. 4) . From the caculating results, we d= find that the
north topographic dope is more benefit to low - frequency waves, but they are al stable and
propagate eastward or westward. On the contrary , only small wavenumber on the south dope
can bring low - frequency waves to birth, and they are instable; when there is mean wester-
ly, they propagate westward; when there is mean easterly , they propagate eastward. At the
same time, we can find that the posdhbility of low - frequency waves coming into being de-
creases with the increase of wavenumber , though it may be correct ometime, low - frequen-
cy waves of intraseasona scale can come into being with interacting with large - scale topog-
raphy. Zhang et a. (1991) pointed out that low - frequency wavesof 30 - 50 days scale fo-
cuson 30 - 35°N, 85 - 90°E areas and come into being during summer more than during
winter. At the same time, they thought that instable Rossby perturbances mainly develop in
the areas of the Tibetan Plateau outhern dope. Luo et al. (1992) pointed out that westerly
is stronger in winter and weaker in summer in real atmosphere. The results in our studies
show some dmilar characters. But as we know , topography forces cannot be responsble for
the incitement of low - frequency waves lely. The resultsin our studies can only give part
explanations about the incitement of low - frequency waves.
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V. CONCLUSION AND CONCLUDING REMARKS

From the smple andyses above, we know that the large - scae topography changes the
attributes of Rossby waves greatly. The effectsof topographic height are mainly on the alter-
ation of Rossby waves phase velocity. The efects of topographic dope are on the aterations
of wave stability and propagating attributes. The topographic height and dope together can
indeed make intraseaona oscillation come into being. Parts of our conclusons are same as
that Zhang et al. (1991) made about the Tibetan Plateau observing and statistic investiga
tions The concluson made from the smplest case of our model coincides with what Lu
(1987, 1986) had concluded. But the role of topographic dope is partly different from tradi-
tional conclugons.

Directly speaking , the differences between our conclusons and that Zhang et al. (1991)
have made are their reasonableness, for we only condder the dynamic efectsof large- scae
topography in our work and do not takeits therma effectsinto consderation, this will make
ome differences undoubtedly. Furthermore, we a0 do not consder efects of friction, dl
these should be studied a terward.
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