
• Hadley-cell dynamics for a zonally symmetric atmosphere and relation 
to monsoons

• Internal gravity waves: forcing by mountains, propagation, effect on 
mean flow

• Quasigeostrophic dynamics: potential vorticity, mechanism of Rossby 
waves, external mode and stationary waves, propagation of Rossby waves 
into the stratosphere

• Wave activity and E-P fluxes: relation to surface westerlies, necessary 
conditions for baroclinic and barotropic instability

• Growth of disturbances: Instability of African Easterly Jet, Eady model, 
PV perspective on cyclogenesis

• General circulation: Eddies and the midlatitude surface westerlies, 
isentropic circulation and tracer transport

 

Course overview 
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Hadley cells and monsoons
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Internal gravity waves can be 
generated by flow over 
mountains

Propagate upwards if strong 
enough stratification, broad 
ridge, slow wind

Amplitude increases with 
height as density decreases

Interacts with mean flow 
when wave breaks and/or at 
critical level
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Holton and Hakim Fig 6.12

Use of potential vorticity to understand Rossby waves 
and jet streaks

Positive PV 
anomaly

Negative PV 
anomaly

Arrows: wind induced by the PV anomalies
Lines: contours of PV

Induced 
geostrophic 
wind adds to 
background 
westerlies
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Stationary Rossy waves propagate upwards into stratosphere and 
also propagated horizontally in troposphere (external mode)
15 AUGUST 2002 2131H E L D E T A L .

FIG. 4. Streamfunction response to orography in a QG model on
a b plane with uniform Brunt–Väisälä frequency, in which the mean
zonal flow is linear in height below the tropopause (at 10 km) and
uniform above the tropopause. The orography and the solution are
assumed to be independent of latitude. The orography is centered at
08 lon.

waves as they move eastward from their orographic
sources. We then address the confusing issue of the
potential for reflection from the Tropics. Idealized GCM
results are also described that provide modeling evi-
dence for the picture of near-perfect absorption within
the Tropics, with little reflection. Finally, the possibility
of the stratosphere modifying the tropospheric station-
ary wave field is briefly addressed.

a. The external mode

Figure 4 shows the two-dimensional (x–z) response
to a localized topographic source with no y structure,
in a quasigeostrophic (QG) model on a b plane. The
simple basic state is described in the caption. A radiation
condition is imposed at the top of the model that allows
upward-propagating waves to pass through without re-
flection. One sees the distinction between the largest
waves that escape to the middle atmosphere and the
shorter waves captured within the troposphere. The lat-
ter part of the wave field organizes itself into a hori-
zontally propagating wave train with the particular
equivalent barotropic vertical structure of the external
Rossby wave.
The external mode has maximum streamfunction am-

plitude in the upper troposphere. Below this maximum,
regions of low pressure are cold and regions of high
pressure are warm. These warm high/cold low wave
trains are easily distinguished from the warm low/cold
high signature of the local response to a shallow heat
source. The stationary wave pattern in the extratropics
is dominated by this structure (Wallace 1983), the most
prominent exceptions being regions of monsoonal heat-
ing. For a detailed analysis of the external mode struc-

ture and dispersion relation, see Held et al. (1985, here-
after HPP). We review some of these results here.
In an idealized problem such as that in Fig. 4, one

can solve for the eddy field by first performing a modal
decomposition in the vertical and then solving for the
horizontal structure of each mode. The resulting vertical
modes can be divided into two classes: vertically
trapped modes and modes that propagate vertically and
escape to infinity. In the simplest case of a uniform flow
U with no vertical shear and constant buoyancy fre-
quency N, there is one and only one trapped mode. Its
energy decays exponentially away from the surface, but
its streamfunction is independent of height. The total
horizontal wavenumber of this mode is given by Ross-
by’s classic formula: k 5 (b/U)1/2.
With the Charney basic state, a linear shear profile U

5 U(0) 1 Lz and constant N, and assuming that LH
k U(0), where H is the scale height, the number of
trapped modes is the largest integer less than 1 1 r21,
where r [ h/H and h [ f 2L/(bN 2), so there is one and
only one trapped mode if r . 1. In the midlatitudes,
we typically have r ¯ 1–2. It is customary to define an
equivalent barotropic level, ze, so that one obtains the
correct wavelength for the stationary wave by using
U(ze) in the Rossby stationary wavenumber formula. In
this case, one finds for the Charney basic state (HPP)
that ze/H ¯ 4/(2 1 r21). For typical values of r this
expression predicts an equivalent barotropic level a bit
higher than the scale height H. There is vertical motion
in the external mode, but at ze the vortex stretching due
to this vertical motion is zero.
In more realistic flows with a jet maximum at the

tropopause, the external mode streamfunction takes on
a sharp maximum at the tropopause, with a shape that
is similar to that of the zonal wind itself. In this more
realistic case, the external model takes on some of the
characteristics of an edge wave propagating on the tro-
popause (e.g., Rivest et al. 1992; Juckes 1994; Verkley
1994). An analytically tractable model can be con-
structed by using an idealized flow in which U is con-
stant above the tropopause, while below the tropopause
the vertical curvature of the flow is assumed to coun-
teract b to produce homogeneous quasigeostrophic PV
in the troposphere. For constant N, and ignoring com-
pressibility and the presence of the lower boundary, the
stationary wavenumber can be shown to be

1 1
K 5 a 1 K , (1)R1 22 a

where

2K f L bDa [ ; K [ ; K [ . (2)D R2 !K N U UR

Here U is the wind at the tropopause and L is the shear
immediately beneath the tropopause. This expression
always gives K $ KR, consistent with the existence of
an equivalent barotropic level in the troposphere.

Held et al J. Climate 2002

Isaac Held blog
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Eliassen-Palm fluxes show propagation and sources/sinks of 
wave activity

EP fluxes (arrows); orange is divergence, blue is convergence
The reference arrow has units m3s-2.  The contour interval is 75 m2s-2. 

Red line is the tropopause.  Based on ERA-interim 1980-2013.  Figure courtesy John Dwyer.
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FIG. 1. The time-mean EP flux (arrows) and EP flux divergence (contours) for the ERA-Interim reanalysis

from 1980–2013 in DJF (top row) and JJA (bottom row), calculated with the dry theory (a,d), with the effective

static stability (b,e) and with equivalent potential temperature (c,f). Contour intervals are 75 m2s�2 in all panels,

with blue contours indicating convergence and orange contours divergence. The horizontal arrow scale varies

between panels and is given in each panel in units of m3s�2. A vertical arrow of the same length has a flux

equal to the horizontal arrow multiplied by 4.5⇥10�3 Pa m�1. Data is not plotted below the level at which the

appropriate static stability (�∂q/∂ p, �∂qeff/∂ p, or �∂qe/∂ p) is smaller than 0.01 K hPa�1, as indicated by

the gray line. The red line indicates the mean level of the tropopause using the WMO’s lapse rate definition, and

the black lines in the lower panels show the zonal- and time-mean relative zonal angular momentum ucosf at

10 m above the surface.
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Necessary condition for instability: change in sign of PV gradient 
or surface wind shear has same sign as PV gradient

AFRICAN EASTERLY WAVES: A LINEAR VIEW 955 
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Figure 1. Mean zonal wind over west Africa from two observational studies: (a) the mean zonal wind for 
August at 5"E from Burpee (1972), contour interval 5 m s-I; (b) the mean zonal wind from GATE between 23 
August and 19 September 1974 from Reed et al. (1977). contour interval 2.5 rn s-I. This is averaged between 
lOOE and 31"W; the 'zero' latitude corresponds to the average latitude of a disturbance path which was 11"N 

over land and 12"N over the ocean. 

2. LARGE-SCALE MEAN CHARACTERISTICS 

Meridional cross-sections showing the typical zonal wind structure in the west African 
region during the northern hemisphere summer months are shown in Fig. 1. Figure l(a) 
is from Burpee (1972) derived using radiosonde data at about 5"E, and Fig. l(b) is from 
Reed et al. (1977) using GATE data and averaged between 10"E and 31"W. The main 
features are these: 

(1) A O m b  African easterly jet (henceforth denoted AEJ) at about 15"N with a 
peak strength of 12-15 m s-'. 

(2) An upper-level tropical easterly jet (henceforth denoted TEJ) at about 200 mb, 
and equatorward of the AEJ. 

(3) A low-level monsoon westerly flow south of this. 
(4) A mid-latitude westerly jet to the north. 
(5) A near-surface easterly flow north of the AEJ, known as the Harmattans (not 

(6) A second 600mb easterly jet in the southern hemisphere (not shown in Fig. 
shown in Fig. l(b)). 

l(b)). 

Mean zonal wind at 5 
degrees East in August 

Hoskins & Thorncroft 1994

Instability of the African Easterly jet
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Figure 5: [Holton Fig 8.10]

15

Baroclinic instability at midlatitudes: mechanism can be 
understood as interaction of counterpropagating Rossby waves

(or edge waves)
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Understand individual cyclogenesis events
using potential vorticity
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Poleward eddy momentum 
fluxes lead to Ferrel cell and 
surface westerlies and also 
affect Hadley cell

Zonal and time mean of u′v′cos(lat) in m2/s2
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Upcoming classes 

12.901 (Fall 2023): Papers, Proposals, and Pathways  
This seminar will build skills for writing scientific proposals and 
papers and facilitate investigation of career pathways. Topics 
covered include peer review process, scientific writing and 
graphics, proposal writing for grants and fellowships, and 
exploration of academic and non-academic careers.
Units: 2-0-3 (P/D/F) 
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Upcoming classes 

12.901 (Fall 2023): Papers, Proposals, and Pathways  

Student comments from previous years:

- Overview of writing and communicating in a scientific context (e.g., for 
making better papers and applications to grants) as well as better 
understanding of career options.

- A very good class that fills in some of the gaps on the practicalities of 
writing grants and considering jobs with an Atmospheric Science degree

- You talk about academic skills and topics, I found it very useful.

- I have a more thorough understanding of potential future career paths

- Lots of practical skills that I'm already using.
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Please remember to do your class evaluations
(and have a great summer!) 
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