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Multiple equilibria in a land-atmosphere coupled system

Uneven solar heating

v

without topography Large-scale atmospheric with topography
motions over mid-latitude
v v A
Rossby wave _instability | - Hadley circulation instability | Multiple equilibria

(move westward) (zonal symmetry) ”| (stationary wave)

i wave phase wave amplitude
Ridge-type Trough-type High-index Low-index
lower-layer easterlies lower-layer westerlies flow flow
A 4 2 A
decrease increase decrease increase
. . increase decrease -
Region of orographic |« Lower threshold of »  Meridional
instability “decreas o::)graphlc instability e oae perturbation
decreas increase
increase Longwave
. radiation ;
Without \ W'th
coupling r coupling
Heat flux
decreas

18

19

20

21

22

23

24

25

Supplementary Information for

Multiple Equilibria in a Land-Atmosphere Coupled System

1 Key Laboratory for Semi-Arid Climate Change of the Ministry of Education,

Dongdong LI * (

LuBI!(

), Yongli HE * (

),and Lei DING*( )

), Jianping HUANG ** (

College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000

2

"Corresponding author: hjp@Izu.edu.cn. Tel: +86 9318914282; Fax: +86 9318914279.


mailto:hjp@lzu.edu.cn

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

1. Equilibrium solutions and their stability

The solution of the Egs. (A.19) is

V.. ¢ ¥ ;1§=IE/G,E,/G,E,/G,E,/G], (S.1)
where
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are function of y, and g,. Using this solution, Egs. (A.11) and (A.18) become
-k, -9 offE, E)/G 0, (87)
c(EE, - E,E))/G* D, 2kis)ig DA 0, (S.8)

two nonlinear equations in the two variables y, and g,. It's easy to find that if we set o,

all values of (E,E,, E,, E,) equal to zero, thus wave amplitudes (v,, g, ¥ ,) equal to

zero, then we can only obtain Hadley circulation solution. Therefore, no topography, no
3



41 multiple equilibria.
42 The linear perturbation equation that determine the stability of the equilibrium solution is

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

We choose eight eigenfunctions (see (S.10)) for the truncated spectral model. In
the main body, all of the equilibrium solutions are obtained from the 9-component
system (using three eigenfunctions, F,i=123). Here, we give the equilibrium
solutions of 18-component system (using six eigenfunctions, F,i=12,3,...,6) and
24-component (using eight eigenfunctions, F,i=1273,..8) . The equilibrium
solutions are obtained by numerical integration, using a second-order Heun method
with a fixed time step Dt =0.01 time units. One of the equilibrium states for the
18-component system and the 24-component system are illustrated in Fig. S1 and S2,
respectively. Note that the numerical integration method is not easy to find all
equilibrium solutions, we may obtain just one of the equilibrium solutions of the

18-component or the 24-component system.

F, =2 cos(y)

F, =2cos(nx)sin(y)
F, = 2sin(nx)sin(y)
F, =<2 cos(2y)

F, =2cos(nx)sin(2y){
Fs = 25in(nx)sin(2y);
F, =2cos(2nx)sin(y)1
F, =2sin(2nx)sin(y) ;/

C— ) =) =) =y

(S.10)

Compare the Fig. S1, S2 with the Fig. 1, 2, we find that the flow patterns of the
equilibrium states in 9-component, 18-component and 24-component systems are
obviously different from each other. Fig. S1 shows a meridionally dipole flow patterns.
Fig. S2 shows that the blocking-like anticyclones are simultaneously located to the
west side and east side of the mountains. Therefore, the flow patterns of the

equilibrium states are sensitive to the horizontal resolution of the model.
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Fig. S1. One of the equilibrium states of the 18-component system, with m=3.7 at
C,=5 W m?. (a, b) The streamfunction fields of the upper and lower layers,
respectively. (c, d) The temperature fields of the atmosphere and the land, respectively.
The zero and negative contours are dashed. The contour intervals (CI) and ranges (R)
are: (@) Cl=1.0 40", R=( 4,5 1 m’s’; (b) Cl=1.0 30°, R=( 8,8) 1W° m?
s (c) cl=5, R=(140,15) K; (d) Cl=5, R=(4515 K. The colored
background shows the topographic heights in the model, and the warm (cool) tones

indicate positive (negative) regions.
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Fig. S2. Same as Fig. S1, but for one of the equilibrium states of the 24-component
system. The Cland R are: (8) Cl =1.0 40", R=( 3,2) 1’ m’s™; (b) CI =1.0 30°

R=(40,6) ®° m’s%;(c) Cl=2, R=( 40,8) K;(d) Cl =2, R=( 12,12) K.
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3. An observational evidence for the trough-type and ridge-type equilibria

In the main body, we have shown that there may be multiple wave phase
equilibria associated with the trough-type and ridge-type driven by the topography.
Do there truly exist two types of quasi-stationary planetary wave with distinct wave
phase relative to the topography in the real atmosphere? Our answer is yes. For
example, as shown in Fig. S3, there was the anomalous large-amplitude trough over
the Ural region (blue box, 50~70N, 40~80E) in January 1997; however, in January
2012, there was the anomalous large-amplitude ridge over the Ural region. Our future

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

(a) 1997 (b) 2012

GPH anomaly (gpm)
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Fig. S3. Monthly mean geopotential height at 500 hPa (black solid contours) and its
deviation from the climatological (1981-2010) mean (shaded) in (a) January 1997, (b)
January 2012. Contour interval 100 gpm for full fields, 50 gpm for anomalies. The
data is derived from the NCEP-NCAR reanalysis data on a 2.5 degreer 2.5 degree

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



