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中文题目：陆气耦合系统中的多重平衡态  4 

作者：李冬冬，何永利，黄建平*，秘鲁，等 5 

中文摘要： 6 

本文采用一个低阶陆气耦合模式研究大气多平衡态现象。模式包含一个两层准地转通道模式和7 

一个能量平衡模式。采用高截断的谱分解方法，求得两种稳定平衡态，它们的扰动位相完全相反：8 

一个（另一个）平衡态的下层流场扰动脊（槽）位于地形脊附近，称为脊（槽）型平衡态。脊型和9 

槽型两种平衡态由哈得来环流的地形不稳定机制产生，且属于叉型分岔。与非耦合模式相比，耦合10 

模式中由于地气之间长波辐射的存在，平衡态扰动振幅更小，且脊型平衡态更多。脊型和槽型的上11 

层流场也表现出纬向型或经向型环流的特征。不过，本文中，以脊型和槽型为代表的多重位相平衡12 

态现象比传统的以纬向型和经向型为代表的多重振幅平衡态现象要更加明显。 13 

文章结构框图： 14 
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1. Equilibrium solutions and their stability 26 

 The solution of the Eqs. (A.19) is  27 

 2 2 3 3 1 2 3 4[ , , , ] [ , , , ]T TE G E G E G E Gy q y q= ,            (S.1) 28 

where 29 
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are function of 1y  and 1q. Using this solution, Eqs. (A.11) and (A.18) become 35 

 1 1 3 4( ) ( ) 0k ch E E Gy q- - + - =% ,               (S.7)36 

 2

1 4 2 3 1 1 2( ) [( 2 ) ] 0c E E E E G D k Ds q¡ ¡- + - + =,              (S.8) 37 

two nonlinear equations in the two variables 1y  and 1q. It's easy to find that if we set 0h=% , 38 

all values of 1 2 3 4( , , , )E E E E  equal to zero, thus wave amplitudes 2 2 3 3( , , , )y q y q equal to 39 

zero, then we can only obtain Hadley circulation solution. Therefore, no topography, no 40 
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multiple equilibria. 41 

 The linear perturbation equation that determine the stability of the equilibrium solution is 42 

given in what follows. 43 
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 The linear perturbation equations that determine the stability of the equilibrium solution is 44 
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2. Equilibrium states of higher order spectral models 47 

 We choose eight eigenfunctions (see (S.10)) for the truncated spectral model. In 48 

the main body, all of the equilibrium solutions are obtained from the 9-component 49 

system (using three eigenfunctions, , 1,2,3iF i= ). Here, we give the equilibrium 50 

solutions of 18-component system (using six eigenfunctions, , 1,2,3,...,6iF i= ) and 51 

24-component (using eight eigenfunctions, , 1,2,3,...,8)iF i= . The equilibrium 52 

solutions are obtained by numerical integration, using a second-order Heun method 53 

with a fixed time step 0.01tD =  time units. One of the equilibrium states for the 54 

18-component system and the 24-component system are illustrated in Fig. S1 and S2, 55 

respectively. Note that the numerical integration method is not easy to find all 56 

equilibrium solutions, we may obtain just one of the equilibrium solutions of the 57 

18-component or the 24-component system. 58 
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 Compare the Fig. S1, S2 with the Fig. 1, 2, we find that the flow patterns of the 60 

equilibrium states in 9-component, 18-component and 24-component systems are 61 

obviously different from each other. Fig. S1 shows a meridionally dipole flow patterns. 62 

Fig. S2 shows that the blocking-like anticyclones are simultaneously located to the 63 

west side and east side of the mountains. Therefore, the flow patterns of the 64 

equilibrium states are sensitive to the horizontal resolution of the model.  65 
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 66 

 67 

Fig. S1.  One of the equilibrium states of the 18-component system, with 3.7m=  at 68 

55gC =  W m
-2

. (a, b) The streamfunction fields of the upper and lower layers, 69 

respectively. (c, d) The temperature fields of the atmosphere and the land, respectively. 70 

The zero and negative contours are dashed. The contour intervals (CI) and ranges (R) 71 

are: (a) 71.0 10CI = ³ , 7( 4,5) 10R= - ³  m
2 

s
-1

; (b) 61.0 10CI = ³ , 6( 8, 8) 10R= - ³  m
2 

72 

s
-1

; (c) 5CI = , ( 10,15)R= -  K; (d) 5CI = , ( 15,15)R= -  K. The colored 73 

background shows the topographic heights in the model, and the warm (cool) tones 74 

indicate positive (negative) regions.75 
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 76 

 77 

Fig. S2.  Same as Fig. S1, but for one of the equilibrium states of the 24-component 78 

system. The CI and R are: (a) 71.0 10CI = ³ , 7( 3, 2) 10R= - ³  m
2 

s
-1

; (b) 61.0 10CI = ³ , 79 

6( 10, 6) 10R= - ³  m
2 

s
-1

; (c) 2CI = , ( 10, 8)R= -  K; (d) 2CI = , ( 12,12)R= -  K. 80 
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3. An observational evidence for the trough-type and ridge-type equilibria 81 

 In the main body, we have shown that there may be multiple wave phase 82 

equilibria associated with the trough-type and ridge-type driven by the topography. 83 

Do there truly exist two types of quasi-stationary planetary wave with distinct wave 84 

phase relative to the topography in the real atmosphere? Our answer is yes. For 85 

example, as shown in Fig. S3, there was the anomalous large-amplitude trough over 86 

the Ural region (blue box, 50~70N, 40~80E) in January 1997; however, in January 87 

2012, there was the anomalous large-amplitude ridge over the Ural region. Our future 88 

study is to check more results of the simple truncated model with the observations. 89 

 90 

Fig. S3.  Monthly mean geopotential height at 500 hPa (black solid contours) and its 91 

deviation from the climatological (1981-2010) mean (shaded) in (a) January 1997, (b) 92 

January 2012. Contour interval 100 gpm for full fields, 50 gpm for anomalies. The 93 

data is derived from the NCEP-NCAR reanalysis data on a 2.5 degreeʭ2.5 degree 94 

grids (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html). 95 


