
Large-scale 
Atmospheric Dynamics

Corentin Herbert
M2 ENS Lyon GFD Week 01/23



Outline
1.Introduction: a brief remainder of the observed structure 

of the general circulation of the atmosphere, and its role in 
the climate system


2.Basic concepts: equations of motion, hydrostatic 
balance, Rossby number, geostrophic balance, Boussinesq 
approximation, thermal wind


3.Tropical circulation: Held & Hou model of the Hadley cell


4.Mid-latitude circulation: quasi-geostrophic equations, 
baroclinic instability



Introduction



Net radiative budget at the 
top of the atmosphere
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Fig. 11.1 (a) The (approximate) observed net average incoming solar radiation and
outgoing infrared radiation at the top of the atmosphere, as a function of latitude
(plotted on a sine scale). (b) The temperatures associated with these fluxes, calcu-
lated using T = (R/σ)1/4, where R is the solar flux for the radiative equilibrium
temperature and R is the infrared flux for the effective emitting temperature. Thus,
the solid line is an approximate radiative equilibrium temperature

From Vallis (2006)

Vallis, AOFD, Chap. 14

• The radiative budget is not horizontally homogeneous: the tropics receive an excess of 
energy, the high-latitudes have a shortfall of energy 

• The resulting energy transport reduces the meridional temperature gradient



Poleward energy transport
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FIG. 7. The required total heat transport from the TOA radiation
RT is compared with the derived estimate of the adjusted ocean heat
transport OT (dashed) and implied atmospheric transport AT from
NCEP reanalyses (PW).

cient. This result is especially so at 248N at which lat-
itude no adjustments have been applied to either derived
OT estimate. Further, the adjustments applied south of
308S are miniscule for NCEP but amount to 0.7 PW at
688S for ECMWF OT or 0.4 PW for ECMWF AT (the
difference being integrated effects from the north vs the
south), suggesting also that the latter are less reliable
in absolute values. In the Tropics, the problems with
changes in the observing system, particularly satellite
data, adversely influence the ECMWF results (Trenberth
et al. 2001b), which are not within the error bounds of
the other estimates at several latitudes.
Aside from the North Atlantic, for which the coupled

model results are high for reasons that are beginning to
be understood (section 3c), the largest discrepancy
among the results is in the SH Tropics, where the NCEP-
derived values imply a larger southward transport than
do the direct ocean estimates or the coupled climate
models. This is in a region where Ekman transports play
a key role and surface wind specifications are very un-
certain. For instance, at 118S a change in mean wind
alters the direct estimate from 0.48 to 0.63 PW in the
Atlantic (Holfort and Seidler 2001), and in coupled-
model simulations tropical convergence zones are often
dislocated in some seasons when a spurious ITCZ forms
in the SH, potentially corrupting values in the Tropics
(Boville and Gent 1998).
We have inferred the surface fluxes and thus the zonal

mean ocean heat transports assuming no changes in
ocean heat storage except for those associated with glob-
al warming. The local ocean heat storage change is not
neglible from year to year (Sun and Trenberth 1998),
although it is a reasonable assumption for zonal means
for the four years or so we used here provided that the
global warming trend is factored in, as we have done.
Future computations should factor in the changes in
ocean heat storage to examine the ocean heat transports
locally using this method. Variability in AT from sam-
pling this particular interval is mostly less than 0.05 PW

and is not a major factor, although interannual variability
is not very reproducible between ECMWF and NCEP
reanalyses. TOA radiation fluxes also contain some un-
certainty, and adjustments for expected imbalances at
the TOA may be a refinement worth considering in fu-
ture.
It is important to note that although the ocean heat

transports and surface fluxes derived from the TOA ra-
diation plus the atmospheric transports (the indirect
method) have improved substantially and mostly agree
with the independent estimates the same cannot be said
for the atmospheric NWP model surface fluxes com-
puted with bulk parameterizations, which contain sub-
stantial biases. The NWP models have not yet been
improved to satisfy the global energy budgets in the
same way that the best coupled climate models have,
highlighting the facts that weather prediction is con-
strained by the specification of the SSTs and the models
do not have to get the SST tendencies correct to produce
excellent weather forecasts.
Shortcomings in the hydrological cycle in the NCEP

reanalyses in the Tropics (Trenberth and Guillemot
1998) suggest that they have limitations, although, be-
cause there is huge compensation between the budgets
for dry static energy and the moist component, the total
energy transport is more robustly computed (Trenberth
and Solomon 1994). The discrepancies between the at-
mospheric transports in the two reanalyses suggest that
further revisions will occur, especially regionally. Nev-
ertheless, the results for the ocean heat transports de-
rived from the NCEP reanalyses are in good agreement
with those from the other approaches, suggesting that
the coupled models, the atmospheric transports, and the
independently estimated ocean transports are converg-
ing to the correct values.
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• The atmosphere and ocean transport energy from the equator towards 
the poles. 

• The atmosphere dominates at mid- and high-latitudes. The ocean 
contributes mostly at low-latitudes.



Water vapor transport
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FIGURE 6.11 Meridional transport of moisture by the atmosphere in 109 kg s−1 (a) and 
convergence of meridional transport of moisture in mm day−1 (b); totals and contributions 
by the mean meridional circulation and eddies are shown. Data from ERA Interim reanalysis.

FIGURE 6.10 Meridional cross-section of the zonally averaged northward flux of 
water vapor by eddies. Contour interval is 1 g kg−1 m s−1. Northward transport is shaded 
red. Data from ERA Interim.

Hartmann, Global Physical Climatology

• Deserts in the subtropics

• Wet climates in equatorial zones and mid-latitudes



Tropical circulation



Mean Meridional Circulation

Randall, Atmosphere, Clouds and Climate

ω̄ =
−g

2πa2 cos ϕ
∂Ψ
∂ϕ

,

v̄ =
g

2πa cos ϕ
∂Ψ
∂p

.

Wikipedia

mean meridional circulation 
is entirely described by a 

stream function:

𝛹 in 109 kg.s-1 



Winds: the subtropical jet
Angular momentum conservation

      upper-level westerlies at the poleward 
edge of the Hadley cell

∂tM + ū ⋅ ∇M = 0
M = (ū + Ωa cos ϕ)a cos ϕ

Randall, Atmosphere, Clouds and Climate
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Zonally-averaged zonal wind

Angular momentum conserving wind:

UM = Ωa
sin2 ϕ
cos ϕ

UM(ϕ = 30N ) = 134 m.s-1 !

Eddies decrease angular momentum



Angular momentum budget
Angular momentum conservation

      upper-level westerlies at the poleward 
edge of the Hadley cell

∂tM + ū ⋅ ∇M = 0
M = (ū + Ωa cos ϕ)a cos ϕ
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Angular momentum conserving wind:

UM = Ωa
sin2 ϕ
cos ϕ

UM(ϕ = 30N ) = 134 m.s-1 !

Eddies decrease angular momentum
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6.5 LARGE-SCALE CIRCULATION PATTERNS 
AND CLIMATE

The circulation of the atmosphere is not zonally symmetric, and east–
west variations of winds and temperature are important for regional 
climates. For example, the subtropical jet of mid-latitudes is not equally 
strong at all longitudes, but has local maxima associated with the distribu-
tion of land and ocean (Fig. 6.18). During January in the Northern Hemi-
sphere the subtropical jet stream has two local wind speed maxima down-
stream of the Tibetan Plateau and Rocky Mountains over the Pacific and  
Atlantic oceans, respectively. These maxima in the time-average wind 
speed have maxima in the transient eddy activity and eddy fluxes of heat 
and moisture associated with them. They define the so-called storm tracks, 
where vigorous mid-latitude cyclones are most frequently observed. The 
seasonal migration of these storm tracks plays a key role in the annual 
variation of precipitation along the west coast of North America discussed 
in Chapter 5. During July, the wind maximum of mid-latitudes is weaker 
and farther poleward in the Northern Hemisphere. In the Southern Hemi-
sphere, the mid-latitude jet at about 50°S is present in all seasons, but the 

FIGURE 6.17 Schematic illustration of the flow of angular momentum from the Earth 
through the atmosphere and back to Earth. Blue contours with arrows are the mean meridi-
onal stream function. Solid black lines are zonal mean wind. Dotted contours indicate negative 
values of zonal wind and stream function. Wavy arrows indicate poleward and downward 
angular momentum transport by eddies. Wind and stream function are for January.

Hartmann, Global Physical Climatology

Surface friction exchanges 
angular momentum between the 

atmosphere and the planet



Blackboard

Model of the Hadley cell

1.Fundamental concepts: equations of motion, hydrostatic balance, geostrophic 
balance, thermal wind


2.The Boussinesq approximation

3.The Held-Hou model of the Hadley cell



Atmospheric convection



The circulation in the tropics is not axisymmetric!
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FIGURE 8.10 Schematic diagram showing the atmospheric and oceanic conditions along the equator in (a) La Niña, (b) Normal, and (c) 
El Niño conditions. NOAA/PMEL TAO Project.

The Walker circulation
Driven by zonal temperature gradients

Hartmann, Global Physical Climatology



The Madden-Julian 
circulation

recent high‐resolution precipitation data from the Tropical Rainfall Measuring Mission (TRMM) satellite
provides excellent detail of the MJO's horizontal structure during its life cycle beyond that depicted by
Madden and Julian (1972). These details include the MJO's asymmetry about the equator associated with
the Intertropical Convergence Zone (ITCZ) and South Pacific Convergence Zone (SPCZ) and strong
disruptions by tropical land masses including the Maritime Continent (MC).

Meanwhile, the crucial role of the MJO in Earth's hydrological cycle has been gradually recognized by
numerous studies subsequent to Madden and Julian's pioneering work. Widespread influences of the
MJO on global climate and weather extremes have been documented (see extensive reviews by Lau &
Waliser, 2012; C. Zhang, 2013), including the onset and demise of global monsoons (e.g., Hendon &
Liebmann, 1990; Jiang et al., 2004; Lau & Chan, 1986; Lorenz & Hartmann, 2006; Mo et al., 2012; Sultan
et al., 2003; B. Wang, 2006; Webster et al., 1998; Wheeler et al., 2009), the genesis and tracks of tropical

Figure 1. Evolution of composite rainfall anomalies (mm day−1) during boreal winter season from November to March
for MJO (a–h) Phases 1–8 as defined by Wheeler and Hendon (2004). The rainfall data are based on TRMM (Version
3B42; Huffman et al., 2007) from 1998 to 2016. Before used in the composite analysis, daily rainfall anomalies are derived
by removing the climatological annual cycle and then applying a 20‐ to 100‐day band‐pass filtering.

10.1029/2019JD030911Journal of Geophysical Research: Atmospheres
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Jiang et al. (2020)The circulation in the tropics is not axisymmetric!



The circulation in the tropics is not axisymmetric!

Figure from Caroline Muller



Mid-latitude 
circulation



The Jet Stream

https://svs.gsfc.nasa.gov/10902



Baroclinic structure of the 
mid-latitudes
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(c)

(d)

Fig. 11.2 (a) Annual mean, zonally averaged zonal wind (heavy contours and shading)
and the zonally averaged temperature (lighter contours). (b) Annual mean, zonally
averaged zonal winds at the surface. (c) and (d) Same as (a) and (b), except for
northern hemisphere winter (DJF). The wind contours are at intervals of 5 m s−1 with
shading for eastward winds above 20 m s−1 and for all westward winds, and the
temperature contours are labelled. The ordinate of (a) and (c) is Z = −H log(p/pR),
where pR is a constant, with scale height H = 7.5 km.

DJF

Vallis, AOFD, Chap. 14

Eq 30N 60N30S60S

Wind contour: 5 m.s-1
Barotropic fluid:

Baroclinic fluid:

ρ(p)
ρ(p, T )



Mid-latitude weather systems
78 5. THE MERIDIONAL STRUCTURE OF THE ATMOSPHERE

FIGURE 5.22. Typical 500 mbar height analysis: the height of the 500 mbar surface (in decameters) at 12 GMT
on June 21, 2003. The contour interval is 6 decameters = 60 m. The minimum height is 516 decameters and occurs
in the intense lows over the pole.

laws of mechanics and thermodynamics to
a fluid on a rotating Earth; thinking about
the importance, or otherwise, of rotation
on the fluid motion; and contemplating the
motion from different frames of reference,
that of the rotating Earth itself and that of an
inertial observer out in space looking back
on the Earth.

5.5. FURTHER READING

A comprehensive survey of the observed
climatological state of the atmosphere is

given in Chapter 7 of Peixoto and Oort
(1992).

5.6. PROBLEMS

1. Figure 5.5 shows the net incoming
solar and outgoing long-wave irra-
diance at the top of the atmosphere.
Note that there is a net gain of
radiation in low latitudes and a net
loss in high latitudes. By inspection
of the figure, estimate the magnitude
of the poleward energy flux that must

12 GMT June 21, 2003

5.2. PRESSURE AND GEOPOTENTIAL HEIGHT 69

p4

p3

p2

p1z

FIGURE 5.11. The geometry of pressure surfaces (surfaces of constants p1, p2 , p3, p4, where p1 > p2 > p3 > p4) in
the vicinity of a horizontal pressure minimum.

FIGURE 5.12. The mean height of the 500 mbar surface in January, 2003 (monthly mean). The contour interval
is 6 decameters ≡ 60 m. The surface is 5.88 km high in the tropics and 4.98 km high over the pole. Latitude circles
are marked every 10◦, longitude every 30◦.Monthly Mean, January 2003

Marshall & Plumb, Atmosphere, Ocean, and Climate Dynamics

Z = Φ/g500 hPa geopotential height



Eddy heat fluxes
 6.3 ATMOSPHERIC MOTIONS AND THE MERIDIONAL TRANSPORT OF ENERGY 171

the tropics is also dominated by the transport provided by the mean 
 meridional circulation, which produces a total convergence of moisture in 
the equatorial region of about 4 mm day−1 (1.5 m year−1) that is supplied 
from the subtropics (right panel of Fig. 6.11). The eddies draw moisture 
from the tropics and deliver it to middle and high latitudes. In the Northern  
Hemisphere, moisture is converged almost uniformly in the region from 
40–90°N, but in the Southern Hemisphere, moisture converges more 
strongly in the belt from 40–70°S because of the presence of the high con-
tinent of Antarctica.

6.3.5 Vertically Averaged Meridional Energy Flux
Four types of atmospheric energy are important for determining the 

meridional transport of energy (Table 6.1). Internal energy is the energy 
associated with the temperature of the atmosphere, and potential energy 

FIGURE 6.9 Meridional cross-section of the zonally averaged northward flux of tem-
perature by eddies. Note that in the Southern Hemisphere the poleward fluxes are negative 
(blue shading) as a result of our arbitrarily defining north as the positive direction. Contour 
interval is 5 K ms−1. Data from ERA Interim.

Hartmann, Global Physical Climatology



Blackboard

The Baroclinic Instability

1.Available potential energy in a stratified fluid, with or without rotation

2.The quasi-geostrophic approximation

3.Necessary conditions for the baroclinic instability

4.The Eady problem

5.Dynamical Interpretation of the baroclinic instability: edge wave interaction

6.The role of beta



Vertical structure of unstable 
modes in the Eady problem

356 Chapter 9. Barotropic and Baroclinic Instability

Streamfunction

Temperature

Meridional velocity

H
e
ig
h
t

H
e
ig
h
t

H
e
ig
h
t

Zonal distance, x Zonal distance, x

Unstable Wave Stable Wave

Fig. 9.12 Left column: vertical structure of the most unstable Eady mode. Top: contours of
streamfunction. Middle: temperature, 𝜕𝜓/𝜕𝑧 . Bottom: meridional velocity, 𝜕𝜓/𝜕𝑥 . Negative con-
tours are dashed, and two complete wavelengths are present in the horizontal direction. Polewards
flowing (positive 𝑣) air is generally warmer than equatorwards flowing air. Right column: the same,
but now for a wave just beyond the short-wave cut-off.

For the ocean
For the main thermocline in the ocean let us choose𝐻 ∼ 1 km, 𝑈 ≈ 0.1ms−1, 𝑁 ∼ 10−2 s−1. (9.98)

We then obtain:

deformation radius: 𝐿𝑑 = 𝑁𝐻𝑓 ≈ 10−2 × 100010−4 = 100 km, (9.99)

scale of maximum instability: 𝐿max ≈ 3.9 𝐿𝑑 ≈ 400km, (9.100)

growth rate: 𝜎 ≈ 0.3 𝑈𝐿𝑑 ≈ 0.3 × 0.1105 s−1 ≈ 0.026 day−1. (9.101)

In the ocean, the Eady problem is not quantitatively applicable because of the non-uniformity of
the stratification. Nevertheless, the above estimates give a qualitative sense of the scale and growth
rate of the instability relative to the corresponding values in the atmosphere. A summary of the
main points of the Eady problem is given in the shaded box on the facing page.

9.6 TWO-LAYER BAROCLINIC INSTABILITY
The eigenfunctions displaying the largest growth rates in the Eady problem have a relatively simple
vertical structure. This suggests that an even simpler mathematical model of baroclinic instability
might be constructed in which the vertical structure is a priori restricted to a very simple form,
namely the two-layer or two-level quasi-geostrophic (QG) model of Sections 5.3.2 and 5.4.6. This

Vallis, AOFD, Chap. 9
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