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课程简介

✤ 课程要求

✤ 熟悉⼤大⽓气环流的基本分布和形态

✤ 掌握各主要环流系统的维持和变化机制

✤ 建⽴立各环流系统形成的物理理模型

✤ 了了解现阶段的⼤大⽓气环流模式

✤ 知道⼤大⽓气环流⽅方向有待解决的科学问题



⼤大⽓气环流概述－观测资料料

! 地⾯面资料料 （陆地，航船） 
! 探空资料料 
! 卫星资料料 
! Aircraft report (AIREP)  
! 海海洋资料料

!3授课教师：张洋



⼤大⽓气环流概述－资料料处理理与分析

!4授课教师：张洋

data assimilation

reanalysis data

ERA-40 NCEP/NCAR

“froze” analysis technique

technique always in development, 
e.g. using models with higher 
resolution, better parameterization



⼤大⽓气环流概述－资料料处理理

! NCEP/NCAR 再分析资料料 
" 物理理量量及分类 

! A (strongly influenced by observed data, hence, in the most 
reliable class): geopotential height, T, u, v... 

! B (although there are observational data directly affecting the 
value of the variable, the model also has a strong influence): 
relative humidity, w(vertical velocity), lowest level u and v... 

! C (no observations directly affecting the variable, so that it is 
derived solely from the model forced by the data 
assimilation): radiation fluxes, surface heat fluxes, cloud forcing, 
precipitation rate... 

! D (fixed from climatological values and does NOT depend on 
models): surface roughness, surface geopotential height...

!5授课教师：张洋
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! ⻛风场:

! ⻄西⻛风带，东⻛风带

! 对流层，平流层

! 随纬度的变化

! ⽔水平，垂直结构

! 季节变化：位置，强度，副热带与温带

急流

! 与温度场的匹配

Question 1

AVWXY,:Z[\=]V7$^6E5_`ab,:Z[\=cV?dZefgab,h

iV?d abJ

MNOP QPRSTU

AVWXY,:Z[\=]V7$^6E5_`ab,:Z[\=cV?dZefgab,h

iV?d abJ

MNOP QPRSTU



! 温度场－纬向差异:

! 受海海陆分布的影响

! 垂直变化

! 季节变化 

 !"# (j5_`klj,F %>@kmj,nop;qr[\) >@'8slj
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Question 2
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Question 2
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⼤大⽓气环流概述－分析⽅方法

!9授课教师：张洋

! Decompose a field in both time and space: (the results depend on whether 
we average in time or zonally first.

Alternatively,

transport by the  
steady mean  

meridional 
circulation

transport by the  
transient mean  

meridional 
circulation

transport by the  
spacial eddy  
circulation

[vT ] = [([v] + v⇤)([T ] + T ⇤)] = [v][T ] + [v⇤T ⇤]

= ( ¯[v] + [v]0)( ¯[T ] + [T ]0) + [v⇤T ⇤]

= ¯[v] ¯[T ] + [v]0[T ]0 + [v⇤T ⇤]

[vT ] = [(v̄ + v0)(T̄ + T 0)] = [v̄T̄ ] + [v0T 0]

= [([v̄] + v̄⇤)([T̄ ] + T̄ ⇤)] + [v0T 0]

= ¯[v] ¯[T ] + [v̄⇤T̄ ⇤] + [v0T 0]

transport by  
stationary eddies

transport by  
transient eddies



⼤大⽓气环流概述－内容简介

! 外部强迫： 

" 辐射强迫 
" 下界⾯面强迫 

! 经向环流系统（纬向平均环流, zonally 
averaged circulations）： 

" Hadley 环流 

" Ferrel 环流、急流、波流相互作⽤用 

! 纬向环流系统（non-zonal 
circulations）： 

" Storm tracks 
" Monsoon 
" ENSO and Walker circulation 

! 不不同复杂度的⼤大⽓气环流模式 

! 全球暖化背景下的⼤大⽓气环流

!10授课教师：张洋



From the solar radiation...

!11授课教师：张洋

shortwave radiation longwave radiation

latent heatsensible heat

TOA

surface

energy 
budget



!12授课教师：张洋

From the solar radiation...
to the astronomical theory of the ice ages, extensive glaciation is favored when the minimum 

insolation occurs during the Northern Hemisphere winter, because the Northern Hemisphere 

contains about twice as much land as the Southern Hemisphere (e.g., Crowley and North, 1991).

As you probably already know, the infrared radiation emitted by the Earth is very nearly 

equal to the solar radiation absorbed by the Earth, i.e., it is about  240 W m-2. This near balance 

between absorbed solar radiation and emitted terrestrial radiation has been directly confirmed by 

analysis of satellite data. The balance is observed to hold within a few Watts per square meter, 

which is the within the uncertainty of the measurements.

Fig. 2.3 shows aspects of the Earth's radiation budget as observed in the Earth Radiation 

Budget Experiment (ERBE; Barkstrom et al., 1989). The zonally  averaged incident (i.e. 

incoming) solar radiation at the top  of the atmosphere varies seasonally in response to the Earth's 

motion around the sun. The zonally  averaged albedo, which is the fraction of the zonally 

averaged incident radiation that is reflected back to space, is highest near the poles, due to snow 

and ice as well as cloudiness, but it tends to have a weak secondary maximum in the tropics, 

again associated with high cloudiness there. The zonally averaged terrestrial radiation at the top 

Figure 2.2: The seasonal variation of the zonally  (or diurnally) averaged insolation at the top of 

the atmosphere. The units are W m-2.
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An Introduction to the General Circulation of the Atmosphere

! At TOA

Figures: the zonally averaged incident solar 
radiation, observed in the Earth Radiation Budget 
Experiment (ERBE).



From the solar radiation...

!13授课教师：张洋

TOA

surface

energy 
budget

SW ~ LW

S(1� ↵)

Long term, global average:  SW(net) + LW(net) + LH +SH ~0

Energy and moisture budgets of the surface and atmosphere

The planetary radiation budget has already been briefly discussed. We now consider the 

energy and moisture budgets of the Earth’s surface and the atmosphere. It is a shocking fact that 

we do not know enough about the globally  averaged surface energy budget to do more than 

sketch rough annual mean values, as shown in Table 2.2. 

None of the numbers in the table is known to better than 20% accuracy. Of the 240 W m-2 

that is absorbed by the Earth-atmosphere system, 176 W m-2 is absorbed by  the Earth’s surface. 

Thus only about 240 - 176 = 64 W m-2 of solar radiation is absorbed by the atmosphere. That is 

only about 1/4 of the total solar radiation absorbed by the Earth-atmosphere system. It  should be 

noted, however, that the partitioning of the absorbed solar radiation between the atmosphere and 

the Earth’s surface is currently a matter of some controversy.

The surface receives a total (LW! + SW; see notation defined in Table 2.2) of 488 W m-2, 

which is given back in the form of LW", LH and SH. By far the largest of these is LW". Keep in 

mind that the oceans can transport energy from one place to another, so that the energy absorbed 

by the oceans is not  necessarily given back in the same place where it  is absorbed. Also, the large 

heat capacity of the upper ocean allows energy storage on seasonal time scales. In contrast, the 

continents cannot transport energy internally  at a significant rate, and their limited heat capacity 

forces near energy balance, everywhere, on time scales longer than a few days (at most).

Note that the net radiative heating of the surface, which amounts to 103 W m-2, is 

balanced primarily by evaporative cooling of the surface at the rate of 79 W m-2. As discussed 

below, moisture is of comparable importance in the energy budget of the atmosphere.

The globally averaged energy budget of the atmosphere is shown in Table 2.3. Again, 

most of the numbers in Table 2.2 and Table 2.3 are only rough estimates. One interpretation of 

Table 2.3 is that the atmosphere sheds energy through infrared radiation at the rate required to 

Absorbed solar (SW)

Downward infrared (LW!)

Upward infrared (LW")

Net longwave (LW)

Net radiation (SW + LW)

Latent heat (LH)

Sensible heat (SH)

176 W m-2

312 W m-2

-385 W m-2

-73 W m-2

103 W m-2

-79 W m-2

-24 W m-2

Table 2.2: Components of the globally and annually  averaged surface energy  budget. A positive 

sign means that the surface is warmed.
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An Introduction to the General Circulation of the Atmosphere

Table: globally and annually averaged surface 
energy budget

Incident solar radiation 340 W/m^2
Planetary albedo 0.3
Absorbed solar radiation 240 W/m^2
Outgoing longwave radiation 240 W/m^2

Table: globally and annually averaged TOA radiation budget

Table: globally and annually averaged 
atmosphere energy budget
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Atmosphere

Surface

SW LW

动⼒力力输送

f(�) � meridional energy transport

by atmosphere and oceans

warming
cooling cooling

F top
rad =

1

2⇡a2 cos�

@

@�
f(�)
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Total

atmosphere

ocean

Wunsch (2005),  J. Climate 

Atmosphere

Surface

SW LW

动⼒力力输送

warming
cooling cooling

F top
rad =

1

2⇡a2 cos�

@

@�
f(�)

f(�)



F top
rad =

1

2⇡a2 cos�

@

@�
f(�)
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Total

atmosphere

ocean

Wunsch (2005),  J. Climate 

Atmosphere

Surface

SW LW

动⼒力力输送
Rad. LH+SH

F top

rad
� F sfc

rad
+ FLH + FSH =

1

2⇡a2 cos�

@

@�
fA(�)

Atmosphere:

F sfc

rad
� FLH � FSH =

1

2⇡a2 cos�

@

@�
fo(�)

Ocean:

fo(�)

f(�)

fA(�)

Simple energy balance  
climate models



C @T (x, t)
@t

= F top
rad �

1

2⇡a2
@

@x
f(x)
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Simple energy balance  
climate models

! Simplest models in which the interactions between 
radiation and dynamic heat transport can be considered.  
! Assumptions are made below: 

! One-dimensional, only latitude dependences are considered; 
! Global energy budgets are assumed to be expressed in Tsur ; 
! Only annual mean conditions are considered;

Atmosphere

Surface

SW LW

动⼒力力输送

x = sin�, where � is latitude.

C @T (x, t)
@t

= solar radiation� infrared cooling

�divergence of heat flux
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Simple energy balance  
climate models

Atmosphere

Surface

SW LW

动⼒力力输送s(x) � latitudinal distribution of SW, whose integral from

the equator to pole is unity

solar radiation = Qs(x)A(T )

x = sin�, where � is latitude.

C @T (x, t)
@t

= solar radiation� infrared cooling

�divergence of heat flux

In equilibrium,

Qs(x)A(T )� I(T ) + F (T ) = 0

C @T (x, t)
@t

= Qs(x)A(T )� I(T ) + F (T )



Qs(�)A(�)� I(�) =
1

2⇡a2 cos�

@

@�
f(�)

2⇡a2
Z �2

�1

F (T ) cos� d� = 2⇡a2
Z x2

x1

F (T ) dx
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Simple energy balance  
climate models

Atmosphere

Surface

SW LW

动⼒力力输送

In equilibrium,

Qs(x)A(T )� I(T ) + F (T ) = 0

In real atmosphere:

Integrate over latitude belt:



0.95 1 1.05 1.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Q/Qo

x s

Q(xs) =
(1 + C

B )(A+BTsnow)
C
B Ī(xs) + s(xs)

↵+�
2
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Simple energy balance  
climate models

The snow line case:

If C is nonzero，

Unstable 

The destabilizing effect  
of heat transport 

Qc/Qo

There is a minimum value 
of Q, below which the 
climate will unstably 
proceed to a snow/ice 
covered earth.

0.9 1 1.1 1.2 1.3 1.4
0

0.2

0.4

0.6

0.8

1

Q/Qo

x s

C=0 
radiative equilibrium



⼤大⽓气环流概述－内容简介

! 外部强迫： 

" 辐射强迫 
" 下界⾯面强迫 

! 经向环流系统（纬向平均环流, zonally 
averaged circulations）： 

" Hadley 环流 

" Ferrel 环流、急流、波流相互作⽤用 

! 纬向环流系统（non-zonal 
circulations）： 

" Storm tracks 
" Monsoon 
" ENSO and Walker circulation 

! 不不同复杂度的⼤大⽓气环流模式 

! 全球暖化背景下的⼤大⽓气环流
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Hadley Cell 
- Observations

! Summary （⼩小结） 
! Temperature field: the equator-pole temperature gradient is much 

smaller than the RE temperature gradient. 

! Wind fields: meridional winds strongest at tropopause and 
surface; vertical velocity strongest at mid-level of the troposphere.  

! Jets (zonal winds):  strong subtropical jet at upper level with its 
maximum in the latitudes at the edge or just poleward of the 
descending branch of the Hadley cell; surface winds-easterlies 
near the equator and westerlies in the extratropics. 

! Strong seasonal variations: in summer or winter, Hadley cell 
always appears as a strong single cell across the equator with the 
ascending branch in the tropics of the summer hemisphere. 
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Hadley Cell 
- Theories

i
i

i
i

i
i

i
i

 

           

     Angular momentum conserving flow   

Equator                                                 Subtropics            Latitude  

Warm
ascent

Cool
descent

Tropopause

Frictional return flow

Weak zonal flow at surfaceGround

Large zonal flow aloft

Fig. 11.4 A simple model of the Hadley Cell. Rising air near the equator moves
polewards near the tropopause, descending in the subtropics and returning near the
surface. The polewards moving air conserves its axial angular momentum, leading to
a zonal flow that increases away from the equator. By the thermal wind relation the
temperature of the air falls as it moves poleward, and to satisfy the thermodynamic
budget it sinks in the subtropics. The return flow at the surface is frictionally retarded
and small.

From Vallis (2006)

From Vallis (2006)

(Vallis, 2006)

! Held-Hou model (1980)  

Make assumptions: 

! the circulation is steady; 
! the upper branch conserves 

angular momentum; surface 
zonal winds are weak; 

! the circulation is in thermal wind 
balance.



M = (⌦a cos�+ u)a cos�

D

Dt
M = �1

⇢

@p

@�
+ a cos�F�

D

Dt
[M ] = a cos�[F�]
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Held-Hou model 
-Angular momentum 

! The absolute angular momentum per unit mass is 

a is the radius of the earth
Due to earth’s 
solid rotation

Deviation from 
the solid rotation

⌦

a cos�

a
�In an axisymmetric flow ([M]=M)

In an inviscid (frictionless), axisymmetric 
flow, the angular momentum is conserved.



M = (⌦a cos�+ u)a cos�

[u] = ⌦a
sin2 �

cos�
⌘ UM
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Held-Hou model 
-Angular momentum 

! At the equator, as the parcels rise from the surface, where the 
flow is weak, we assume that the zonal flow is zero there.

⌦

a cos�

a
�

[     ] [   ]

Then, what is the UM at 10, 20, 30 degree?

Answers: 14, 57, 134 m/s, respectively

Combined with the weak surface flow, this 
indicates strong vertical shear of the zonal 
wind.
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Hadley Cell (review) 
- Theories

! Held-Hou model (1980)  Meet the model (diagram)

Conservation of angular momentum

Thermal wind balance

Distribution of temperature

Latitude extent of Hadley Cell

Strength of Hadley Cell

Distribution of upper westerly

Distribution of surface winds

⌦

a cos�

a
�

Angular momentum 
 conserving (axisymmetric)

Weak zonal flow 
at surface 

(due to friction)

Zonal flow is balanced  
(thermal wind relation)

Steady flow



Held-Hou model (review) 

-Summary      
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! Extent of Hadley Cell:

! Strength of Hadley Cell:

! Upper jet:

! Surface winds:

�H =

✓
5

3

gH�H

⌦2a2

◆1/2

⇥̃(0)� ⇥̃(�)

⇥o
=

⌦2
a
2

2gH

sin4 �

cos2 �

v ⇠ (gH)3/2 �5/2
H

a2⌦3⌧�V

[u] = ⌦a
sin2 �

cos�
⌘ UM

Smaller than the  
RE temp gradient

� <

✓
3

7

◆1/2

�H
surface easterlies

Cu(0) ⇡ �25

18

g
2
H

3�3
H

a3⌦3⌧�V

"✓
�

�H

◆2

� 10

3

✓
�

�H

◆4

+
7

3

✓
�

�H

◆6
#

⇥̃E(�, z)

⇥o

= 1� 2

3
�HP2(sin�)

�H ⇠ 20.4o

! Distribution of temperature constrained by the conservation of 
angular momentum and thermal wind balance.



 第四章： 

   中纬度的经向环流系统 
- Ferrel cell，baroclinic eddies  

and the westerly jet 

授课教师：张洋
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Observations

\

授课教师：张洋

! Summary: 
! Zonal-mean flow: 

! Ferrel Cell: an indirect cell centered at 40-60 degree, with 
strong seasonal variation in N.H. 

! Westerly jet: surface westerlies centered at 40-60 degree 

! Eddies: transient eddies are dominant with stationary eddies 
only obvious in N.H.  
! Kinetic energy 
! Momentum flux 
! (Sensible) Heat flux 
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! The balance equations: 

The Ferrel Cell

@[✓]

@t
+ [!]

@✓s
@p

= �@([✓⇤v⇤])

@y
+

✓
po
p

◆R/cp [Q]

cp

@[u]

@t
= �@([u⇤v⇤])

@y
+ f [v] + [Fx]

Ferrel Cell: 
eddy-driven, 
indirect cell
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Baroclinic eddies 
- linear baroclinic instability

! Conclusions: 
Necessary condition for baroclinic instability: PV gradient changes sign in the interior 
or boundaries (Charney-stern theory), according to which the midlatitude atmosphere is baroclinic 
unstable. Different models. i.e. Eady and Charney models have more rigorous conditions.

� = kci ⇡ 0.3 ⇤
fo
N

Growth rate: in both Eady and Charney models!

k�1
max / ⇤

fo
�N

k
�1
max / L

�1
d =

✓
NH

fo

◆�1

Most unstable mode: 

Eady Charney

Eady number/Eady growth rate



!32授课教师：张洋

Baroclinic eddies 

! From linear to nonlinear 

Basic flow 
or 

Pre-existing flow 
(without zonal variation  
and baroclinic unstable)

Small  
perturbation

Perturbations  
grow with time 

 (finite amplitude pert.)
Eddy-mean interactions 

(Adjust the zonal flow)

Equilibrated states between  
the adjusted zonal flow  
and baroclinic eddies 

Linear  
process

Nonlinear  
interactions

Reduce the zonal flow 
temperature gradient; 
stablize the lower level 

stratification; enhance the 
westerly jet



f [v]�@([u⇤v⇤])

@y
= 0

[!]
@✓s
@p

+
@([✓⇤v⇤])

@y
= 0

[!] = � @

@y

✓
[✓⇤v⇤]

@✓s/@p

◆

[v] =
1

f

@

@y
([u⇤v⇤])

F ⌘ �[u⇤v⇤] j+ f
[v⇤✓⇤]

@✓s/@p
k

r · F = 0
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Baroclinic eddies 
-  E-P flux

@[v]

@y
+

@[!]

@p
= 0

! Momentum equation:

! Continuity equation:

! Thermodynamic equation:

! In a QG, steady, adiabatic and frictionless flow:  

Define Eliassen-Palm flux:



@A
@t

+r · (A ~cg) = 0
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E-P flux, TEM and Residual Circulation 
-  Summary

! E-P flux: F ⌘ �[u⇤v⇤] j+ f
[v⇤✓⇤]

@✓s/@p
k

! TEM equations: 

#1 [v⇤q⇤] =
@

@y
[u⇤v⇤] + fo

@

@p

[v⇤✓⇤]

@✓s/@p

= r · F

~F = ~cgA#3

! Residual mean circulations: 

#2 @A
@t

+r · F = 0

! In a steady, adiabatic and frictionless flow:  

@[✓]

@t
= � ˜[!]

@✓s
@p

+

✓
po
p

◆R/cp [Q]

cp

@[u]

@t
= f ˜[v] +r · F + [Fx] ,

˜[!] = [!] +
@

@y

✓
[v⇤✓⇤]

@✓s/@p

◆
˜[v] = [v]� @

@p

✓
[v⇤✓⇤]

@✓s/@p

◆

,

r · F = 0[!] = � @

@y

✓
[✓⇤v⇤]

@✓s/@p

◆
[v] =

1

f

@

@y
([u⇤v⇤])
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Baroclinic eddies 
-  TEM

Case 2: Observed circulation

The Ferrel cell in the 
isentropic coordinate is 
essentially reflect the 

Residual Mean Circulation. (Fig.11.4, Vallis, 2006)

! In isentropic coordinate 

D

Dt
=

@

@t
+ u ·r✓ +

D✓

Dt

@

@✓

=
@

@t
+ u ·r✓ + ✓̇

@

@✓

zero for  
adiabatic flow

 ̃ =  m +
[v⇤✓⇤]

@✓s/@p
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Latitude Latitude

(a) (b)

Fig. 12.17 The Eliassen–Palm flux in an idealized primitive equation of the atmo-
sphere. (a) The EP flux (arrows) and its divergence (contours, with intervals of
2 m s�1/day). The solid contours denote flux divergence, a positive PV flux, and
eastward flow acceleration; the dashed contours denote flux convergence and de-
celeration. (b) The EP flux (arrows) and the time and zonally averaged zonal wind
(contours). See the appendix for details of plotting EP fluxes.

From Vallis (2006)

From Vallis (2006)

r · F
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~F = ~cgA

@[u]

@t
= f ˜[v] +r · F + [Fx]

F ⌘ �[u⇤v⇤] j+ f
[v⇤✓⇤]

@✓s/@p
k

E-P flux 
-  The westerly jet

Wave energies: 
propagate upwards and 
away from the center of 

the jet 

Divergence

Convergence

Accelerating the lower jet 
decelerating the upper jet 

reduce the vertical shear of U

In the vertical direction:



@

@t
< [u] >= � @

@y
< [u⇤v⇤] > �r[usurf]

r[usurf] ⇠ � @

@y
< [u⇤v⇤] >
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~F = ~cgA

F ⌘ �[u⇤v⇤] j+ f
[v⇤✓⇤]

@✓s/@p
k

Wave energies: 
propagate upwards and 
away from the center of 

the jet 

< > means vertical average

i
i

i
i

i
i

i
i

Fig. 12.3 Generation of zonal flow on a �-plane or on a rotating sphere. Stirring
in mid-latitudes (by baroclinic eddies) generates Rossby waves that propagate away
from the disturbance. Momentum converges in the region of stirring, producing
eastward flow there and weaker westward flow on its flanks.

From Vallis (2006)

From Vallis (2006)

Eddy-driven jet: 
-  the momentum  budget

In equilibrium:

There MUST be surface 
westerlies at midlatitudes.
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~F = ~cgA

@[u]

@t
= f ˜[v] +r · F + [Fx]

F ⌘ �[u⇤v⇤] j+ f
[v⇤✓⇤]

@✓s/@p
k

E-P flux and the eddy-driven jet 
-summary

• Numerical results and observations: eddies generate in the lower level, 
propagate upwards and away from the eddy source region. 

• Accelerating the lower jet, decelerating the upper jet, reduce the 
vertical shear of U

• Momentum budget indicates that there MUST be surface westerlies 
in the eddy source latitude.
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Energy cycles   
in the baroclinic eddy-mean flow interactions

! Kinetic energy (动能): 

! Available potential energy (有效位能): 

! Tendency equations under the QG assumption: 

@

@t

Z
Pdm = R

Z
!T

p
dm+

Z
�(T � Ts)(Q�Qs)dm

@

@t

Z
Kdm = �R

Z
!T

p
dm+

Z
(uFx + vFy)dm

! Zonal mean and eddy components: 

KE =
1

2

⇣
[u⇤2] + [v⇤2]

⌘
KM =

1

2

�
[u]2 + [v]2

�

PM =
cp
2
� ([T ]� Ts)

2
PE =

cp
2
�[T ⇤2]

Q - diabatic heating
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Z
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Z
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Z
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x + v⇤F ⇤
y ])dm

@

@t

Z
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p
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Z
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Energy cycles   
in the baroclinic eddy-mean flow interactions

! Equations under the Quasi-geostrophic assumption: 



G(PE) D(KE)

D(KM )G(PM )

R
[!⇤T ⇤]

p

R
[!][T ]

p

cp�[v
⇤T ⇤]

@[T ]

@y

@[u]

@y
[u⇤v⇤]
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PE KE

@PM

@t

@PE

@t

@KM

@t

@KE

@t

< PM,KM >

< KE,KM >

< PE,KE >

< PE, PM >

! Lorenz energy cycle: 

Lorenz 
energy cycle

Energy cycles   
in the baroclinic eddy-mean flow interactions
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Baroclinic eddies 
- baroclinic eddy life cycle

! Westerly jet and energy cycle: 

Numerical results from 
Simmons and Hoskins,  

1978, JAS
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Fig. 9.9 Top: energy conversion and dissipation processes in a numerical simulation
of an idealized atmospheric baroclinic lifecycle, simulated with a GCM. Bottom: evo-
lution of the maximum zonal-mean velocity. AZ and AE are zonal and eddy available
potential energies, and KZ and KE are the corresponding kinetic energies. Initially
baroclinic processes dominate, with conversions from zonal to eddy kinetic energy
and then eddy kinetic to eddy available potential energy, followed by the barotropic
conversion of eddy kinetic to zonal kinetic energy. The latter process is reflected in
the increase of the maximum zonal-mean velocity at about day 10.6

From Vallis (2006)

From Vallis (2006)

Strengthen of 
westerly jet

Eddy momentum flux 
grows, which extracts 
kinetic energy from the 

eddies to the zonal mean 
flow, then the growth of 

the eddy energy ceases.

R
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第六章： 

能量与水汽的 
分布、平衡与输送 

授课教师：张洋



!44授课教师：张洋

E = I + �+ LH+K

! Total energy: 

Distribution of each component 

! Meridional distribution 
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(Vertical averaged, PO 

LH = Lq

0.05%

A continuous 
decrease with 

latitude
Seasonal variation 

strongest in low latitudes

However, only 0.5% are 
available to be converted 
for the general circulation.
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E = I + �+ LH+K

! Total energy: 

Distribution of each component 
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energy:

Strongest at 
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Note: PM depends on 
the selection of Ts
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E = I + �+ LH+K

! Total energy: 

Distribution of each component 

! Vertical distribution: 
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Total energy: 
decreases with height.

The available energy:  
PE: peaks near 
tropopause and surface; 
KE: strongest at 
tropopause.
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The budget equation of water vapor 

✓
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◆
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= s(q) +D

Integrate above equation vertically and over a latitudinal belt:
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Atmosphere

Surface

SW LW

Total 
energy

Frad Flh Fsh

The energy budget 
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Energy transport:

QRAD +QB⇡ �g
@

@p
(Frad + Fsh)From the momentum, thermodynamic 

equation and the water vapor budget:

After simplification and zonal average:
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Atmosphere

Surface

SW LW

E
Frad Flh Fsh

Summary:  
distribution, budget and transport 

Total

atmosphere

ocean

能量南北输送

Wunsch (2005),  J. Climate 
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Atmosphere

Surface

SW LW

E
Frad Flh Fsh

Summary:  
distribution, budget and transport 

Total

atmosphere

ocean

能量南北输送

Wunsch (2005),  J. Climate 

v(cpT + gz + Lq +K)

Energy transport:

Transient eddy 
dominant

Dominant 
component

Similar meridional 
distribution; 

different vertical 
distribution



 第五章： 

   大气环流中的纬向环流系统 

5.1  Storm Tracks 

授课教师：张洋
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Observed features

224 Three-dimensional aspects of the global circulation

Fig. 7.9. The tracks of low pressure centres over the North Atlantic for the period
December 1985 to February 1986. The shading indicates the region where the high
frequency Za exceeded 90 m in the ECMWF analyses for the same period.

'storm track' as observed in the northern hemisphere, namely, the elongated
maximum in geopotential height variance, the large vertical temperature
flux at low levels, and the dipolar structure of the poleward momentum flux
towards the downstream end of the storm track. Attempts to correlate the
tracks of synoptic systems with the variance maximum are less successful
than in the northern hemisphere. There is a tendency for the cyclonic systems
to spiral polewards from cyclogenesis regions on the equatorward flank of
the 'storm track' to decay regions in the 'circumpolar trough', the region of
low pressure around the Antarctic coast. Partly at least, this is the result
of attempting to identify the centres of synoptic weather systems by means
of extrema in the surface pressure field. Because the surface wind field is
strong around the southern hemisphere baroclinic zone, there is a natural
tendency for centres of low pressure to be displaced poleward of the vortex
centre, and for centres of high pressure to be displaced equatorward. But,
partly, it seems that this spiral trajectory of weather systems is real. Perhaps
it would be better to describe the regions of large high frequency variance
as 'storm zones' rather than 'storm tracks'. However, the latter nomenclature
is in general use despite being rather misleading.

Each of the three major storm zones has a distinctive seasonal behaviour.

 Shaded: standard deviation of 24-h filtered 500-hPa 
geopotential height (contour interval 20 m) computed from 

the Januaries of 1982-1994 (NCEP/NCAR reanalysis)

Two storm track zones in N.H. 
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Observed features
! Summary: 

! Structure: zonally located in the north Pacific and Atlantic, with the 

mean flow baroclinicity, jet, eddy activity, eddy heat and momentum flux 
in different zonal distribution. 

! Seasonal variation: different variations between the Pacific and 

Atlantic storm tracks; for the Pacific storm zone, mid-winter minimum 
observed. 

! Inter-annual variation: Pacific storm track shifts equatorward and 
downstream during El Nino years. 

! Decadal variation: variations in intensity occur in both storm zones, 
with the storm tracks in the 1990s stronger than in the 1960s.  
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Baroclinic eddy life cycle in time: 

Storm track structure can heuristically equate with an eddy life cycle in space:

Relatively small  
amplitude pert.

Baroclinic growth
Finite amplitude 

 perturbation 
Barotropic 

decay

Upstream end: 
perturbations are 
introduced and 
begin develop. 

(entrance region )

Downstream end: 
decay stage of the 

eddy life cycle. 
(exit region) 

develop in space and time

Storm track dynamics 
- from the baroclinic eddy life cycle
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Storm track dynamics 
- Transient eddy energy budget

For storm tracks, define a total transient eddy energy:

Transient eddy energy budget:

G(PE)D(KE)
baroclinic  
generation

barotropic  
conversionadvective energy flux

E = KTE + PTE =
1

2
(u02 + v02) +

cp
2
�(T 02) =
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.
from Chang et al, JC, 2002

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.

Strongly compensate the baroclinic conversion term in the entrance region. 

The role of energy flux: 
redistribute energy from the 

region where it is generated to 
downstream regions, extending 
storm track in the zonal direction.
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Introduction

! 65% of world’s population 
lives within monsoon; 

! Monsoon precipitation is 
crucial to the life, food 
production, economy et al in 
these regions;  

! Proper forecasting of location 
and quantity of precipitation 
is crucial to  theses regions. 
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Observed features
! Summary: 

! A monsoon climate is characterized by the obvious seasonal reverse of 
wind, precipitation and atmospheric circulation. 

! From a global view: south asian monsoon is associated with the seasonal 
migration of ITCZ and Hadley circulation, which also plays an important 
role in the global meridional moisture and latent energy transport. 

! South asian monsoon exhibits obvious sudden onset, with the low-level 
winds and the whole monsoonal circulation built in two weeks.  

! Intra-seasonal  variation: show periods in 4-5 days, 10-20 days and 
40-50 days. 

! Inter-annual variation: Relatively weaker precipitation occurs during El 
Nino years. 
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! Land-sea contrast 
! thermal contrast: strongest heating over subtropical land 
! moisture advection: provide precipitation water 

! Orography 
! Thermal forcing as an upper level heat source 
! Mechanical forcing: 

! a local precipitation enhancement 
! a widespread barrier of cold, dry air  

! GCM results 
! strong seasonal heating due to the small heat capacity of the underlying surface seems to be 

crucial to the formation of monsoonal circulation; monsoonal circulation is associated with the 
eddy activity transition;  

! the special topography of south asian reinforces the monsoon, especially by protecting warm 
and moist tropical air from the cold and dry extratropics 

! thermal heating from the south slope of TP suggested strengthen the monsoon 

Monsoon dynamics 

! Monsoon variation in timescales as intra-seasonal, inter-annual scales needs 
further studies  
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Introduction

WALKER CIRCULATION
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Introduction

The term Walker Circulation was first introduced in
1969 by Professor Jacob Bjerknes, referring to the
large-scale atmospheric circulation along the longi-
tude–height plane over the equatorial Pacific Ocean.
The Walker Circulation features low-level winds
blowing from east to west across the central Pacific,
rising motion over the warm water of the western
Pacific, returning flow from west to east in the upper
troposphere, and sinking motion over the cold water
of the eastern Pacific. Since Bjerknes’s introduction of
the Walker Circulation, there have been reports of
similar east–west circulation cells spanning different
longitudinal sectors along the Equator. Today, the
Walker Circulation generally refers to the totality of
the circulation cells as shown in Figure 1.

Bjerknes originally named the Pacific east–west
circulation the Walker Circulation because he consid-
ered it the key part of Sir Gilbert Walker’s Southern
Oscillation (see El Nino and the Southern Oscillation:

Observation (0148)). He interpreted the Walker Cir-
culation as an atmospheric circulation driven by the
gradient of sea surface temperature along the Equator
and suggested that the characteristics of the Walker
Circulation were largely determined by the coupling
between the tropical atmosphere and oceans.

Bjerknes’s work on the Walker Circulation marked
an important milestone toward our basic understand-
ing of the dynamics of zonal atmosphere–ocean
coupling along the equatorial PacificOcean.Although
his results were based on very limited data, Bjerknes’s
original conjecture that the year-to-year variation of
the Walker Circulation is closely tied to that of the
Southern Oscillation and El Niño has been confirmed
by a large number of observational and modeling
studies during the several decades since his first report.

Climatology and Variability

Annual Mean

Thanks to the advance in satellite observations and
improved assimilation of observations into global
general circulationmodels, we have now amuchmore
detailed and quantitative description of the Walker
Circulation. We know that the tropical wind is made
up of rotational and divergent components. The
former is directly related to the effects of the rotation
of the Earth and the latter to the overturning circula-
tion, driven by atmospheric heating processes. The
Walker Circulation and associated overturnings in the
equatorial plane should refer only to the divergent
component of the wind. Figure 2A shows the annual
climatology (the mean state of all months) of the
overturning circulations along the equatorial plane as
streamlines constructed from the divergent zonal and
vertical winds. It can be seen that the major rising

High
tropospheric
isobaric
surface

Low
tropospheric
isobaric
surface

INDIAN PACIFIC ATLANTIC

0° 90° E 180° 90° W 0°
Longitude

0450-F0001 Figure 1 Schematic view of the east–west atmospheric circulation along the longitude–height plane over the Equator. The cell over the
Pacific Ocean is referred to as the Walker Circulation. (Adapted from Webster (1983).)

0450-P0005

0450-P0010

0450-P0015

0450-P0020

WALKER CIRCULATION 1

rwas.2002.0450 26/4/02 13:03 Ed:: M. SHANKAR No. of pages: 6 Pgn:: seetharama

(Adapted from Webster 1983)
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ENSO  and  
Walker Circulation

Adapted from NOAA
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tropical sea surface temperature across the entire
Pacific basin. A climatological Walker Circulation
with strong surface easterlies maintains an equilibri-
um state in the tropical atmosphere and ocean in
which the western Pacific is characterized by higher
sea level, deeper thermocline, higher sea surface
temperature, lower atmospheric surface pressure,
and increased precipitation relative to the eastern
Pacific. During an El Niño, a relaxation of the lower
level easterlies, signaling a weakening of the WC, is

accompanied by weaker upwelling in the eastern
Pacific, leveling of the thermocline, and reduction of
sea surface temperature gradient across the Pacific.
During a La Niña, changes of the opposite sign occur.

The apparently self-sustaining oscillations of the
Walker Circulation stem from the interplay of various
feedback processes associated with strong coupling of
the tropical atmosphere and oceans. Warming of the
western Pacific increases water vapor, latent heat, and
upward motion in the atmosphere, producing deep
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0450-F0003 Figure 3 The equatorial east–west atmospheric circulation, calculated from the reanalysis of data from the US National Centers for
Environmental Prediction andNationalCenter for Atmospheric Research, for January 1998 (peak of anEl Niño; top panel (A) and January
1999 (peak of a La Niña; panel (B)). The streamlines where vertical motions have been multiplied by 30 times are constructed from the
divergent components of winds. Areas of strong upward and downward motions (in meters per second) are shaded.
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tropical sea surface temperature across the entire
Pacific basin. A climatological Walker Circulation
with strong surface easterlies maintains an equilibri-
um state in the tropical atmosphere and ocean in
which the western Pacific is characterized by higher
sea level, deeper thermocline, higher sea surface
temperature, lower atmospheric surface pressure,
and increased precipitation relative to the eastern
Pacific. During an El Niño, a relaxation of the lower
level easterlies, signaling a weakening of the WC, is

accompanied by weaker upwelling in the eastern
Pacific, leveling of the thermocline, and reduction of
sea surface temperature gradient across the Pacific.
During a La Niña, changes of the opposite sign occur.

The apparently self-sustaining oscillations of the
Walker Circulation stem from the interplay of various
feedback processes associated with strong coupling of
the tropical atmosphere and oceans. Warming of the
western Pacific increases water vapor, latent heat, and
upward motion in the atmosphere, producing deep
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0450-F0003 Figure 3 The equatorial east–west atmospheric circulation, calculated from the reanalysis of data from the US National Centers for
Environmental Prediction andNationalCenter for Atmospheric Research, for January 1998 (peak of anEl Niño; top panel (A) and January
1999 (peak of a La Niña; panel (B)). The streamlines where vertical motions have been multiplied by 30 times are constructed from the
divergent components of winds. Areas of strong upward and downward motions (in meters per second) are shaded.
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ENSO and  
Walker Circulation

El Nino years:

La Nina years:

Raising motion prevailed at 
almost all longitudes with a 

peak in central pacific.

An enhanced Walker 
Circulation.

Adapted from Lau et al, 2002
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Uncertainties of full GCM 

! A summary from the AMIP I results: 
! Ensemble mean shows that the average large-scale seasonal distributions of pressure, 

temperature, and circulation are reasonably close to what are believed to be the best 

observational estimates available; 

! The average large-scale distributions of pressure, temperature and circulation shows 

relatively large intermodel differences in high/polar latitudes compared to low/mid 
latitudes.  

! The large-scale structure of the ensemble mean precipitation also resembles the 

observed estimates but show particularly large intermodel differences in low latitudes. 

! The total cloudiness, on the other hand, is rather poorly simulated.
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研究方法

•� ��	!�������������������$�	!����
"
%	!��������#�

Box model
Quasi-

geostrophic
 model

Multi-layer 
modified QG

model
GFD

Idealized GCMFull GCM

Wednesday, December 23, 2009

A hierarchy of GCMs: 
From idealized model to full GCM 

! An example for using hierarchy of models to study the role of eddies 
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