
Boundary Layers, Transport and Mixing - part 2

The role of eddies/waves in shaping the General Circulation, part 1

The three components of the General Circulation

Some animations of simulations with the 2D-GCM without the effect of the eddies (zonal asymmetries) 

How do eddies and waves influence the zonal mean state?
The early history of general circulation modelling
“Planetary wave drag”: the term which describes this interaction in a nutshell

Parametrisation of planetary wave drag in the 2D-GCM: it works !!! But why ??? (Is “Planetary wave drag” 
a true description of wave/eddy - zonal-mean flow interaction?

Next week (lecture 5): The eight ingredients of eddy – zonal-mean flow interaction …

Lecture 4, Aarnout van Delden
a.j.vandelden@uu.nl



The general circulation of the atmosphere consists of three interacting components: 

(1)The “primary”, zonally symmetric, circumpolar circulation,

(2)The “secondary” zonally symmetric meridional circulation, (Hadley- & Ferrel-cells)

(3)Eddies and/or waves (zonal asymmetries). 

FIGURE 1.55

FIGURE 1.40a

Three Components of the General Circulation



FIGURE 1.55

FIGURE 1.40a

Three Components of the General Circulation

The general circulation of the atmosphere consists of three interacting components: 

(1)The “primary”, zonally symmetric, circumpolar circulation,

(2)The “secondary” zonally symmetric meridional circulation, (Hadley- & Ferrel-cells)

(3)Eddies and/or waves (zonal asymmetries). 
How do these three components interact?



The 2D-GCM contains only components 1 and 2

Component 2 (secondary circulation) is needed to maintain 
Component 1 (primary circulation) in thermal wind balance
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How important is component 3 (waves & eddies)?

In which way and why does component 3 interact with the other 2 components?

What consequences does this have for component 1, in particular?

Today’s questions:

(in pressure coordinates !!)



2D-General Circulation Model: components 1 & 2
Observed zonal mean state Modelled zonal mean state (no eddies/waves)

Thermal wind balance is fulfilled qualitatively 
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(run 2a)



Overview of runs, performed in 2014 (Tellus publication)



Water cycle: no
Ozone: no

Black: [u] (interval=5 m/s)
Green: dynamical tropopause
Red/cyan/blue: isentropes [K]
Shading: [v] 

red: northward
blue: southward

Run 2a

Note:
No stratospheric wind reversals 
& no tropical tropopause cold 
layer

Animation
(year 6)
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Water cycle: no
Ozone: yes

Black: [u] (interval=5 m/s)
Green: dynamical tropopause
Red/cyan/blue: isentropes [K]
Shading: [v] 

red: northward
blue: southward

Note:
No stratospheric wind reversals 
& no tropical tropopause cold 
layer

Run 2b

Animation
(year 6)



Water cycle: yes
Ozone: yes

Black: [u] (interval=5 m/s)
Green: dynamical tropopause
Red/cyan/blue: isentropes [K]
Shading: [v] 

red: northward
blue: southward

ITCZ follows the 
overhead sun

Note:
Water cycle cools the 
atmosphere, except in the 
region of the ITCZ

Run 3a

Animation
(year 6)



A model with radiation, ozone , water cycle and the circulation, 
excluding zonal asymmetries does not work

Zonal-mean zonal wind velocity and temperature are not realistic 

Early GCM simulations had similar problems….

Conclusion from these numerical experiments



The history of general circulation modelling 
Permanent January simulation, Northern Hemisphere

Quasi-equilibrium zonal mean zonal 
wind speed in the northern 
hemisphere as a function of latitude 
and non-dimensional pressure, p/ps, in 
an early simulation of the General 
Circulation with a three dimensional 
primitive equation model with fixed 
insolation and a grid-size of 160 km at 
the equator and 270 km at 40°N.

Manabe, S., J. Smagorinsky, J. L. Holloway, H.M. Stone, 1970: 
Simulated climatology of a general circulation model with a 
hydrologic cycle, part 3. Mon.Wea.Rev., 98, 175-212. 

1970 - GFDL 3D-GCM

(section 12.12)



The history of general circulation modelling 
Permanent January simulation, Northern Hemisphere

Subtropical jet is not clearly separated 
from the stratospheric jet. 

There are two likely reasons for this: 
(1) insufficient resolution to resolve all 

waves and eddies and 
(2) very little or no stationary wave 

activity due to the absence of 
mountains. 

Manabe, S., J. Smagorinsky, J. L. Holloway, H.M. Stone, 1970: 
Simulated climatology of a general circulation model with a 
hydrologic cycle, part 3. Mon.Wea.Rev., 98, 175-212. 

1970 - GFDL 3D-GCM

(section 12.12)



The history of general circulation modelling 

First simulation of the seasonal zonal wind reversal in the stratosphere

Computed zonal mean zonal wind 

(upper panel) and observed zonal mean 

zonal wind (lower panel) in January 

according to Manabe and Mahlman

(1976). Labels in units of m//s. Grey 

shading indicates regions where [u]<0.

FIGURE 12.47

Stratospheric jet is much too strong!

Because of the low resolution? 

(waves and eddies in the troposphere are not 

well resolved).

Manabe, S. and J.D. Mahlman, 1976: Simulation of seasonal and 

interhemispheric variations in the stratospheric circulation. 

J.Atmos.Sci., 33, 2185-2217.

1976 - GFDL 3D-GCM with a uniform horizontal grid 
distance is about 265 km and 11 layers, including 
the stratosphere.

Model

Observed



ERA5 1979-2020 (42 years)Manabe and Mahlman (1976) Zonal-mean zonal wind much too strong 
in the simulation due to Manabe and 
Mahlman!

Is this due to less wave activity in low 
resolution model?

Difference in strength of the 
stratospheric jets in Southern and 
Northern Hemispheres is usually 
attributed to more wave-activity in the 
Northern Hemisphere.

The history of general circulation modelling 
First simulation of the seasonal zonal wind reversal in the stratosphere

30 m/s
90 m/s

80 m/s

110 m/s
Left panel: Seasonal cycle of the zonal 
mean zonal wind at 10 hPa in the first 
GCM simulation that produced seasonal 
zonal mean zonal wind reversals in the 
stratosphere according to Manabe and 
Mahlman (1976). Labels in m s-1. 

FIGURE 12.48



The history of general circulation modelling 
50 m/s

80 m/s

Observations

S.R. Beagley , J. de Grandpré , J.N. Koshyk , N.A. McFarlane & T.G. Shepherd, 1997: Radiative-dynamical 
climatology of the first-generation Canadian middle atmosphere model, Atmosphere-Ocean, 35:3, 293-
331, DOI: 10.1080/07055900.1997.9649595

1997 - Canadian 3D-GCM

Beagley et al. 1997 (p.295):

Difference in strength of the stratospheric jets in Southern and Northern 
Hemispheres is attributed to more wave-activity in the Northern Hemisphere. Why?

Previous slide:



The history of general circulation modelling 

(p. 302)

50 m/s

180 m/s

S.R. Beagley , J. de Grandpré , J.N. Koshyk , N.A. McFarlane & T.G. Shepherd, 1997: Radiative-dynamical 
climatology of the first-generation Canadian middle atmosphere model, Atmosphere-Ocean, 35:3, 293-
331, DOI: 10.1080/07055900.1997.9649595

1997 - Canadian 3D-GCM

Beagley et al. 1997 (p.302):



The history of general circulation modelling 
1997 - Canadian 3D-GCM

Beagley et al. 1997 (p.304):

50 m/s

180 m/s

“drag exerted by planetary waves”

Beagley et al. 1997 (p.295):



The terms, “planetary 
wave radiation stress”, 
“Rossby- wave drag”, 
“Rossby-wave pump”, 
“extratropical pump” and 
“surf zone” slowly (over the 
past 40-50 years) enter into 
the vocabulary of the 
(atmospheric) scientist

https://books.google.com/ngrams

Source of the term: 
oceanography

https://books.google.com/ngrams


(p. 54)

The terms, “planetary 
wave radiation stress”, 
“Rossby- wave drag”, 
“Rossby-wave pump”, 
“extratropical pump” and 
“surf zone” slowly (over the 
past 40-50 years) enter into 
the vocabulary of the 
atmospheric scientist



(p. 4520)

The terms, “planetary 
wave radiation stress”, 
“Rossby- wave drag”, 
“Rossby-wave pump”, 
“extratropical pump” and 
“surf zone” slowly (over the 
past 40 years) enter into 
the vocabulary of the 
atmospheric scientist



(p. 162)



(p. 54)



Analogy to “Ekman pumping”



(p. 869)



The heavy ellipse indicates the Hadley circulation 
of the troposphere. The shaded regions (labelled 
“S”, “P”, and “G”) denote regions of breaking 
waves (synoptic- and planetary-scale waves, and 
gravity waves, respectively), responsible for 
driving branches of the stratospheric and 
mesospheric circulation. The surf zone is region 
of mixing of potential vorticity by planetary 
waves, which acts as a drag force on the mean 
zonal flow.. 

FIGURE 12.27

Plumb, R.A., 2002: Stratospheric Transport. J.Meteorol.Soc.Japan, 80, 793-809

Schematic picture of the residual mean meridional 
circulation in the atmosphere due to Alan Plumb



Parametrisation of planetary wave drag in the 2D-GCM 
See page 44 of AtmosphericDynamics[2021]Ch12.pdf



See page 45 of AtmosphericDynamics[2021]Ch12.pdf

A refinement to the parametrisation of planetary wave drag



Model state after 50 days with water cycle
50 days after initialization on 1 January with an isothermal (290 K) atmosphere at rest

T	[°C]	and	u	[m	s-1]	

Day	50	

Tropical cold layer is 
missing!

Zonal wind distribution 
looks unrealistic: one jet 
in each hemisphere… Winter Hadley cell

Lecture 3:



Model state after 50 days with water cycle and wave drag
50 days after initialization on 1 January with an isothermal (290 K) atmosphere at rest

Tropical cold layer is 
there !

Zonal wind distribution 
looks more realistic: one 
subtropical jet in each 
hemisphere…

Winter Hadley cell

Tropical cold layer



Model state after 530 days with water cycle and wave drag

Zonal wind is westward in the 
summer stratosphere 

Zonal wind is eastward in the winter 
stratosphere

Subtropical jet is separated from the 
polar stratospheric jet

Upward bilge of the 370 K isentrope

Stippled contours: wave drag
in units of 10-6 m s-2

FIGURE 12.26



Water cycle: yes
Ozone: yes
Wave drag: yes

Black: [u] (interval=5 m/s)
Green: dynamical tropopause
Red/cyan/blue: isentropes
Shading: [v] 

red: northward
blue: southward

Latitude of the 
ITCZ between 
10°S and 10°N

Run 4a

Note:
No stratospheric wind- reversals 
& no tropical tropopause cold 
layer

Animation
(year 6)



Conclusions and questions left after lecture 4

As far is possible, the 2D-GCM reproduces all the important features of the 
dynamics of the zonal mean general circulation only if planetary wave drag is 

imposed!

Is this realistic?

Do waves and eddies act retard the zonal mean westerly flow?

Why and how does this work?



33

Next: 
Lecture by Michiel van den Broeke: 

Wednesday, 9 June, 2021, online

Lecture 5, BLT&M-2: 11 June, 10:00-11:45, BBG 061
What is planetary wave drag, really?

The eight ingredients of wave/eddy – zonal-mean flow interaction.
Understanding the General Circulation with PV-inversion.

Lecture 6, BLT&M-2: 25 June, 10:00-11:45, BBG 061
A recap of the first 5 lectures and conclusions remarks. 

Feedback on what-if questions.


