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ABSTRACT: Dynamic and numerical methods are used to discuss the atmospheric response to SST thermal 
forcing. The results show that for planetary scale systems, the standing SST thermal forcing can quickly excite a 
stable atmospheric equilibrium state response, which is characterized by obvious large-scale teleconnection 
oscillation in east-west and south-north directions. For synoptic scale systems, the SST thermal forcing mainly 
excites the atmospheric low-frequency oscillation. Some basic relation and dynamic processes between SST 
thermal forcing and atmospheric response pattern are revealed and some new viewpoints are presented.  
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1  INTRODUCTION  

In the air-sea system, the effect of ocean on the atmosphere is mainly shown as thermal forcing. 
Subject to the condition, there is a large-scale out-of-phase teleconnection in the tropical atmos-
phere. More than half a century ago, Walker discovered the Southern Oscillation (SO). Since the 
1980's, pressure fields that were similar to the phenomenon of negative east-west correlation in the 
SO was found to be present in the middle- and lower-latitude regions of the Northern Hemisphere, 
which was called Northern Oscillation (NO)

[1]
. As shown in some research, atmospheric forcing of 

external sources, especially the anomalies of tropical SST, can have very significant tele-response. 
The remote response of global atmosphere to SST anomalies forms a stable teleconnection pat-
tern

[2]
. The importance of the oceanic thermal effect on the oscillation in the tropics is also dis-

played in close association between various teleconnection patterns and SST distribution ones, 
such as El Niño and ENSO. Although there is reported significant atmospheric response to exter-
nal source forcing, not many attempts have been made to discuss the principal characteristics

[3]
. In 

many of the study and experiments, focus is on dealing with the response of atmospheric circula-
tion to local SST anomalies. Examples include the discovery of anomalous warming of SST in the 
equatorial eastern Pacific being favorable for the appearance of PNA teleconnection patterns

[2, 3]
, 

close linkage between the Pacific-Japan (P–J) oscillation (wavetrain) and the convective activity in 
the western Pacific warm pool

[4]
, and similar anomalies in the atmospheric response to positive 

SST anomaly in the Kuroshio area. In view of it, the current work intends to incorporate three 
typical SST distribution patterns fully, including a normal configuration of being colder in the east 
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than in the west and two anomalous processes of El Niño / La Niña and to discuss and compare 
how the atmosphere responses to the SST-structured forcing. In addition, the oceanic thermal effect 
on the tropical low-frequency oscillation is shown as importantly. Being an external forcing, SST 
is an easy mechanism to excite low-frequency oscillation

[3]
. The low-frequency oscillation in the 

tropical region is a topic that has been discussed in depth systematically, though with focus more 
on the aspect of low-frequency propagation and dissipation mechanisms

[1, 3]
. Relatively speaking, 

fewer attempts have been made to study the corresponding relation between the heat source forcing 
and the structure of low-frequency oscillation and their temporal and spatial features. It is on this 
aspect that this paper has been working.  

2  DYNAMIC MODEL  

This section involves itself with a discussion of distribution patterns of varying SST over the 
tropical Pacific Ocean and atmospheric response modes as possible consequences of the anomalous 
SST fields. As both temporal and spatial scales are quite large in the system at the time, an ap-
proximate atmospheric forcing and dissipating shallow-water model on the equatorial β-plane, 
which includes the oceanic thermal effect, is used as follows: 
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For large-scale atmospheric and oceanic motion in the tropics, the quasi-geostrophic filtering 
approximation

[6]
 is used. From Eq.(1), a set of barotropic vorticity and thermodynamic equations is 

obtained: 
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operator and Jacobian operator, h is the height of atmospheric geopotential, and A, B are relatively 
the atmospheric Rayleigh frictional coefficient and Newton cooling coefficient. The thermal effect 

imposed by the ocean on the atmosphere can be expressed as ss aHQ = , in which sH  is the 

thickness of oceanic thermocline and a is the parameter of ratio. With scaling, we know that 

sss HHHhHhLUt
U
L

tTtyxLyx ′′′′′′′ 0000
0

0
00 ~,~,~,~~),,(~),( ψψ , in which 0sH  is the 

characteristic thickness of oceanic thermocline. Substituting the above conversion, we get a dimen-
sionless equation set of  
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For brevity, dimensionless variables in the equation have eliminated the "′" sign. 
In our discussion of the response of tropical atmosphere to the thermal forcing in the ocean, the 

emphasis is on the role of the SST field in the tropical eastern and western Pacific Ocean. For the 
convenience of discussion, the domain of topic will be confined to the regions of South Asia and 
tropics / subtropics in the Pacific within 30° on both side of the equator. The model is bounded by 
D = }6/6/:,0:{ ðyðyðxx ≤≤−≤≤ , in which the left boundary x = 0 is approximately located 

at 60°E on the western coast of the Indian Ocean and the right one x = π is roughly at 120°W on 
the eastern coast of the Pacific Ocean; { }2/,01 π=x  is the monsoon region in South Asia, 

{ }ππ ,2/2 =x  is the trade wind area in the Pacific and { }6/,6/ ππ−=y . They generally contain 
all major thermal regions in the underlying oceanic surface that affects the tropical atmosphere. For 
the regions of interest presented above, the characteristic function of the Laplace operator is used 
as basis function. As the study is about the dynamics, the higher-order truncation of spectrum is 
adopted, in which only the following three complete orthogonal cuts are used: 
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Then, w, h and sH  are expanded respectively as basis function: 

),()(),()(),()(),,( 332211 yxftyxftyxfttyx ψψψψ ++=  

                ),()(),()(),()(),,( 332211 yxfthyxfthyxfthtyxh ++=  

 ),()(),()(),()(),,( 332211 yxftHyxftHyxftHtyxH ssss ++=  

The family of basis function usually falls into basic patterns of SST field in tropical Pacific 
region of the Northern Hemisphere. The expressions above are substituted into the equation set 
Eq.(3) for reduction of this partial difference equation into an ordinary differential system. It is 
then multiplied respectively by 321 ,, fff  before regional integration along ]ð,0[∈x  and 

]6/ð,6/ð[−∈y  for six first-order equation set of ordinary differential control system: 
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3  EQUILIBRIUM STATE AND ANALYSIS OF ITS STABILITY 

With regard to the dynamics in a quasi-stationary condition of the above non-linear ordinary 
differential system, discussions can be held from the point of the equilibrium state. An equation set 
of equilibrium state corresponding to Eq.(4) is written as: 
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For a given parameter value, the solution of an equilibrium state can be sought numerically: In 

321321 ,,,,, hhhψψψ , values are so taken that m10~0U , /s1016.1 7−×=A , /s1032.2 7−×=B , 

/s100.1 2−×=α , m40~0sH , m100.1~ 3
0 ×H , and /sm1025.2 11−×=β  (about 10°N). 

Based on basic observed facts and real weather characteristics, the model's SST distribution pat-
terns are shown as the following, which are displayed in the form of thermocline anomaly: 

(1) For 2.1,3.0,5.0 321 === sss HHH , a general picture of normal anomaly distribution 

is presented in which the South China Sea and tropical western Pacific are a warm SST region 
while the equatorial eastern Pacific is a cold water zone, according to what is taken for the basis 
function (Fig.1). 

(2) For 2.1,3.0,5.0 321 =−== sss HHH , a general picture of La Niña distribution is 

presented in which the warm pool in the west Pacific is weakening in the anomaly and retreating to 
the west while the cool pool in the equatorial west Pacific intensifies anomalously and expands 
westward (Fig.2). 

(3) For 2.1,3.0,5.0 321 −=== sss HHH , a general picture of El Niño distribution is 

presented in which the west Pacific is cooler in the anomaly and east Pacific intensifies SST is 
warming anomalously (Fig.3). 

When the horizontal scale takes m10~ 7
0L , we find that the atmospheric system is of planetary 

scale. In the meantime, the initial field is set by assuming that 0321 0.1,5.0,0.1],,[ −−=ψψψ , 

[ ]5.1,5.0,0.1],,[ 0321 −−=hhh . Such configuration succeeds in depicting the distribution of tropical 

and subtropical regions of the Pacific Ocean and weather situation in East Asia in the summertime. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Pattern I of the SST distribution in the Pacific.   Fig.2 Pattern II of the SST distribution in the Pacific. 
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With different types of SST distribution cor-
responding to the above initial condition, an 
equilibrium state in which atmospheric geopo-
tential responses to the thermal forcing is de-
rived separately.  

① In response to the thermal forcing of 
Type I SST, the atmospheric geopo-
tential has the only equilibrium state 
of [ ]207,7.51,2.86],,[ 321 −−−=hhh . 

The same results can be obtained by 
taking numerical integration of Eq.(4). 
When the integration steps into its 
40th day, disturbances in the atmospheric geopotential tend to be stationary with the value 
consistent with the above equilibrium state. On the other hand, disturbances in the atmos-
pheric wind field tend to be in a zero equilibrium state (figure omitted). 

② In response to the thermal forcing of Type II SST, the atmospheric geopotential also adapts 
quickly towards the equilibrium state: [ ]207,7.51,2.86],,[ 321 −−=hhh .  

③In response to the thermal forcing of Type III SST, the atmospheric geopotential also adapts 
quickly towards the equilibrium state: [ ]207,7.51,2.86],,[ 321 −−=hhh .  

In our discussion of the stability of the solution to the equilibrium state above, the method of 
perturbation is used to linearlize the non-linear ordinary differential equation set: 

We set 111 ψψψ ′+= , 222 ψψψ ′+= , 333 ψψψ ′+= , 111 hhh ′+= , 222 hhh ′+= , 333 hhh ′+= , 
in which 321321 ,,,,, hhh ′′′′′′ ψψψ  is the quantity of disturbance. The stability of the non-linear system 
can be described by a linear ordinary differential system, which is based on the solution to its equi-
librium state. The perturbation is substituted into Eq.(4) before subtracting the equation for equi-
librium solutions so that a linearized perturbation equation set is determined that is close to the 
point of equilibrium and shown in the form of matrix: 
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in which 321321 ,,,,, hhhψψψ  is the equilibrium solution derived. For the sake of brevity, the rest of 

the perturbation variables in the equation have dropped the sign "′". Specifically, a = 0.383，b = 
0.051，c = 0.013，d = 0.359，e = 0.004，k = 1.607. 

According to the stability theory of Lyapunov, if the real part of all eigenvalues in the coeffi-
cient matrix A is smaller than zero for all solutions of equilibrium states, the equilibrium state for 
Eq.(4) is stable; if the real part is larger than zero for more than 1 eigenvalue, the equilibrium state 
has an unstable solution in the system. Substituting the solution to the equilibrium state into the 
matrix A for determination of its characteristic root λ , we know that 0116.0)( max <−=λR  (with 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.3  Pattern III of the SST distribution in the Pacific. 
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the maximum characteristic root less than zero). The result shows that the equilibrium state, which 
is corresponding to the atmospheric geopotential response of the above three types of sea surface 
temperature, is stable. 

4 GEOPOTENTIAL FIELD CORRESPONDING TO EQUILIBRIUM STATE AT 
PLANETARY SCALE 

(1) By way of basis-function transformation, the atmospheric geopotential of the equilibrium 
state is shown in Fig.4, for Point ① in Section 3 of the current paper. It is noted that the equato-
rial eastern Pacific region is positive and the tropical western Pacific and South China Sea region 
is negative, in the model anomaly. Things are just the opposite in the subtropical region (20°N ~ 
30°N). The anomalous response is negative (positive) in the eastern Pacific Ocean (western East 
Asia monsoon region), displaying a significant pattern of east-west oscillation.  

(2) For Point ② in Section 3, the at-
mospheric geopotential of the equilibrium state 
is shown in Fig.5, being similar to Fig.4 in 
general situation. One should note, however, 
that the amplitude and domain of the positive 
anomaly is substantially strengthened and 
westward-enlarged for the geopotential re-
sponse in the equatorial east Pacific and those 
of the negative anomaly is reduced and west-
ward-shrunk in the tropical western Pacific. At 
the time, a significant positive anomalous re-
sponse in the atmospheric geopotential field 
appears in the western part of the subtropics 
(20°N ~ 30°N). There are not only significant 

east-west oscillations but also strong north-south negative correlation at both east and west 
boundaries of the model. It shows that the mode of oscillation is strong in the north-south direction 
in addition to significant east-west oscillation response during the La Niña period. As significant 
positive response is over the subtropical region of East Asia of the model, we confer that the SST 
pattern over the La Niña period is favorable for the strengthening and northward progression of the 
west-Pacific subtropical high in the summer or the steered northward stay of the high over an ex-
tended period.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig.4  Atmospheric equilibrium state responding  
to Pattern I of SST 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Fig.5  Same as Fig.4 but for Pattern II.               Fig.6 Same as Fig.4 but Pattern III 
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(3) For Point ③ in Section 3, the atmospheric geopotential of the equilibrium state is shown 
in Fig.6, being opposite to Fig.4 in general situation. A strong negative anomaly response is present 
over the equatorial eastern Pacific region and a weak positive anomaly response over the tropical 
western Pacific and South China Sea. There is a positive anomaly geopotential response in the 
subtropical area of the eastern Pacific (20°N ~ 30°N) but a large-scale negative anomaly geopo-
tential response in the East Asia subtropical area to the west. It is a situation that is just opposite to 
the oscillatory phase of east-west and north-south alignment in the atmosphere over the La Niña 
episode. In addition, the thermal structure of SST during El Niño episode is triggering significant 
response of negative anomaly geopotential for the subtropical region of East Asia, being unfavor-
able to the strengthening and northward progression of the subtropical high in the western Pacific 
summer but favorable for its weakening and persistent southward location. 

With the forcing effect of the SST fields of these categories discussed above, the geopotential 
response of the model atmosphere would have negative anomalous response over warm SST waters 
and positive anomaly response over cold ones. It agrees well with observed facts and thermal 
property of the atmosphere. To summarize, the basic features and dynamic processes of the atmos-
pheric response can be concluded as follows: 

① The east-west oscillation in the low-latitude areas of the Pacific Ocean is just the opposite 
to that in the middle- and higher-latitude areas, with the difference in east-west anomaly of the 
geopotential response from the model atmosphere being the highest and oscillation the most sig-
nificant within the 10° ~ 15°S and 20° ~ 30°N latitudes. The finding comes close with the latitu-
dinal range of the Southern and Northern Oscillations. 

② There are obvious out-of-phase correlation in the north-south direction over the west Pa-
cific of the model domains in Figs.4, 5 and 6, which are similar to the tele-connection pattern found 
in reality in the region's weather

[1, 3]
. As indicated in the study by Nitta

[7]
 and Huang et al

[8]
, corre-

sponding to lower (higher) SST in the equatorial east Pacific (west Pacific), convection intensifies 
around the Philippines and negative anomaly response appears; positive anomaly response appears 
over East Asia, being favorable for the intensification of the subtropical high; On the contrary, 
when the SST is getting anomalously warmer (cooler) over the equatorial eastern Pacific (west 
Pacific), convection near the region of the Philippines would greatly decrease, being favorable for 
a positive response in the atmospheric geopotential and (maybe) a negative anomaly response over 
the East Asia region, leading to reduction of the subtropical high in its summer. The experiment 
results in the current work generally agree with the argument persistent with this research. 

③ Patterns similar to the north-south out-of-phase distribution in the western Pacific region 
are also present in the tropical and subtropical regions of the eastern Pacific. Varying with the 
positive and negative variation in the SST anomaly in the equatorial east Pacific, they display an 
oscillatory feature that alternates positively and negatively. 

④ The north-south oscillatory response as discussed above can be considered a consequence 
of propagation along the spherical plane of low-frequency quasi-stationary planetary wavetrains. 
Due to the important contribution by heating sources in the formation of the quasi-stationary 
planetary waves, any anomalies in the sources that are corresponding to SST anomaly will eventu-
ally produce anomalies in these waves (including the route of wavetrain propagation, positive and 
negative anomaly and phase, etc), resulting in anomalous and reversed phases in the atmospheric 
response. It is then an essential mechanism in the north-south oscillatory response of the atmos-
phere that the conversion of the SST-structured pattern is yielding in-phase or out-of-phase varia-
tions of the quasi-stationary planetary wavetrains.  
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5  RESPONSE FROM ATMOSPHERIC GEOPOTENTIAL FIELD ON SYNOPTIC 
SCALE 

When the horizontal scale m10~ 6
0L  and the system are relatively small for the synoptic 

scale, s/1016.1 7−×== BA  is taken. Corresponding to the pattern of SST distribution dis-
cussed above, the response from the atmospheric geopotential field show more of waving or oscil-
lating characteristics. 

(1) In the case of Pattern I distribution of the SST field, integration is conducted with the 
non-linear equation, Eq.(4), for a year (at a time step of 2 h), and results are shown in Fig.7 for 
corresponding atmospheric geopotential response. With the thermal forcing imposed by the SST 
field for 1 year, the perturbation of the atmospheric geopotential is of low-frequency oscillation. 
Fig.8 is an analysis of frequency spectrum that corresponds to the results of numerical integration. 
It is known from the figure that the frequency spectrum of the oscillation in the atmospheric geo-
potential perturbation is mainly confined to a frequency range less than 8. Specifically, the first 
component q1 has the maximum value of frequency spectrum of waves at ω = 2 (such large val-
ues are also seen atω = 1), two other secondary maximum values are present atω = 5, 7, making 
it oscillating mainly at ω = 2, 1, 5, 7. The third component q3 corresponds to significant oscilla-
tory frequencies with large values of frequency spectra atω = 2, 3, 4, 5 (which have passed a sig-
nificance test at a confidence level of a = 0.05). The second component has a relatively small os-
cillatory frequency spectrum q2, mainly within theω ＜ 4 range. Through conversion of time step 
and duration in the integration, we know that the principal oscillatory periods are approximately 
180 and 360 days and the secondary periods are about 72 and 51 days, for the first component; the 
principle oscillatory periods for the third component are about 180, 120, 90 and 72 days while 
those of the second component are more than 90 days. In other words, persistent atmospheric heat-
ing of SST on the synoptic scale is mainly shown as response patterns oscillating on monthly, sea-
sonal and annual scales. When the SST field is of Type II and III distribution, the numerical inte-
gration for the atmospheric geopotential response is similar to the case above. The distributions of 
frequency spectrum and principal periods are generally consistent with the discussion above. 

(2) From the numerical integration results of Fig.7, we also identify such a trend: At the be-

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7  Numerical integration (1 year) of atmospheric      Fig.8  Same as Fig.7 but for its spectral analysis. 
geopotential response in association with Pattern I of  
SST. 
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ginning of the integration, the atmospheric geopotential response has small amplitudes and short 
periods, which increase over the length of integration. With the constant thermal forcing of Type I 
SST field, the response is analyzed for the frequency spectrum over varied periods of integration, 
as shown in Figs.9 and 10. The figures give a clear picture that individual components of the re-
sponse have consistent distribution of frequency spectrum. In Fig.9, its main oscillatory frequency 
is 7 (tested significant with a = 0.05), corresponding to an oscillatory frequency of about 13 days 
(being close to the quasi-biweekly periods of wave in the tropical atmosphere); In Fig.10, the ma-
jor frequency of oscillation for the atmospheric geopotential response is 4 and the secondary oscil-
latory frequency is 3 and 5, with corresponding periods of 45 and 60, 36 days in the oscillation 
(tested significant with a = 0.05), comparable with the 30-50 day period in the tropical atmosphere. 
In Fig.8, the most significant frequency of oscillation concentrates in Domain 1 ~ 4 for the atmos-
pheric geopotential response, corresponding to principle oscillatory periods over 90 days. When the 
integration is performed over a longer duration (about 500 days later), the response comes to an 
increasingly stable state of equilibrium (figure omitted). A clear picture can be drawn from com-
parison of Figs.8, 9 and 10 concerning the magnitude of frequency spectrum and location of major 
frequencies. It tells that at the early stage, persistent atmospheric thermal forcing of the SST shows 
itself as perturbations of short periods and mild amplitudes. The amplitude and period increase 
while the frequency decreases with the continuation of forcing duration, i.e. the response is having 
a trend of increasing amplitude versus decreasing frequency. 

It is known from the results above that the SST thermal forcing mainly excites low-frequency 
atmospheric oscillation at a relatively small synoptic scale. Atmospheric responses with short-lived 
forcing (less than six months) are mainly associated with quasi-by-weekly waves and 30-50-day 
oscillation that have short periods while those with long-lived forcing (for up to a year) chiefly give 
rise to seasonal or annual oscillations with long periods. Such mechanism of wave generation gen-
erally reflects on major types of low-frequency waving and oscillation in the tropical atmosphere. 
As they are popular phenomena in the atmosphere across the global atmosphere, it is inferred that 
mechanisms for their induction and maintenance are also existing on a stationary basis. The ther-
mal effect of the SST field, which is quite constant, is just the right condition that meets the re-
quirement. It is therefore concluded that the oceanic thermal forcing is playing an essential role in 
the generation and maintenance of low-frequency oscillation and wave in the tropical atmosphere. 

6  CONCLUDING REMARKS 

Due to persistent thermal forcing by SST, stable geopotential responses of the atmospheric 
equilibrium state are excited as main production on the planetary scale. Its mode of response and 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.9  Same as Fig.8 but for integration of 3 months.   Fig.10  Same as Fig.8 but for integration of 6 months. 
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pattern are characteristic of oscillations similar to real atmosphere, indicating that the thermal 
forcing of the ocean and thermal difference are important factors for producing and maintaining the 
oscillations in the tropical and subtropical regions. Within the synoptic scale, the oceanic thermal 
forcing mainly produces low-frequency atmospheric oscillation and wave, with long (short) SST 
thermal forcing exciting long (short) periods in low-frequency oscillations. One of the important 
features in the process of response is that the response waving is showing the effect of frequency 
decrease and amplitude increase with the elapse of forcing duration. It is also one of the important 
channels and physical processes found with the generation of ENSO in the study over recent years. 
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