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E-P fluxes and instability in midlatitudes
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Why do the transient eddies occur?

Upper level winds from June 10th to July 8th 1988 from MERRA 
Red shows faster winds 

https://svs.gsfc.nasa.gov/3864

Courtesy of NASA/Goddard Space Flight Center Scientific Visualization Studio. 2

https://svs.gsfc.nasa.gov/3864


Instability at midlatitudes

1. Fluxes of wave activity and the necessary condition
for instability

2. Barotropic and baroclinic instability

3. The Eady model 
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Eliassen-Palm fluxes and their divergence: DJF

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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Fig. 1
© American Meteorological Society. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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Eliassen-Palm fluxes and their divergence: stationary eddies only 
(DJF and Northern Hemisphere)

Arrows are EP fluxes; contours are divergence.
From Edmon et al 1980Fig. 2
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Instability of the African Easterly jet

Fig. 3

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
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Easterly waves and tropical cyclones during 5-20 July 2005

Fig. 3
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Fig. 3

Meridional PV gradient
is negative here

(red dashed line marks
the Easterly jet)

8Image courtesy of Matthew Janiga. Used with permission.



Spinup of eddies in an idealized general circulation model (GCM)

Fig. 4  
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Eady, Tellus, 1949

Eady explains why he didn’t include any 
references in his seminal paper on baroclinic 

instability!
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Warm surface anomaly and associated cyclonic circulation
(contours are of potential temperature,

equivalent to buoyancy in the Eady model)

z

xFig. 5  
11Image courtesy of Glenn Flierl. Used with permission.



Looking down on warm surface anomaly with associated
cyclonic circulation

(contours are of potential temperature, dashed show a later time,
line with arrow shows the induced circulation)
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The warm anomaly propagates eastwardFig. 6  
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Image courtesy of Glenn Flierl. Used with permission.



Fig. 7  

Structure of a growing unstable mode

Buoyancy at 
lower boundary

Buoyancy at 
upper boundary Induced circulation from

upper boundary

Induced circulation from
lower boundary

13Image courtesy of Glenn Flierl. Used with permission.



Fig. 8  

Structure of most unstable mode in the Eady model

Perturbation 
geopotential height

Vertical velocity

Temperature
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Phase speed as a function of wavenumber in the Eady model
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Fig. 9  
15Image courtesy of Glenn Flierl. Used with permission.



Fig. 10  

Kinetic energy of eddies is enhanced in “storm track” regions

Eddy kinetic energy (105 J m-2 ) based on high-pass filtered winds with a 6-day cutoff
(figure based on GCM output)  

Supporting Information
O’Gorman10.1073/pnas.1011547107
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Fig. S1. Eddy kinetic energy (EKE) andmean available potential energy (MAPE) and their changes, as in Fig. 1, but for the annual average. The response of the
storm tracks in each hemisphere is a combination of a change in intensity and a poleward shift.

O’Gorman www.pnas.org/cgi/doi/10.1073/pnas.1011547107 1 of 6
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Fig. 11  

Can roughly identify storm track regions using 
maximum Eady growth rate

Hoskins & Valdes

1990

North Atlantic

North Pacific
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Cyclogenesis often involves pre-existing upper level PV anomaly

Hoskins et al 1985Fig. 12  
18© Royal Meteorological Society. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.



Fig. 13  

Example of cyclogenesis: Presidents day storm 1979
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Fig. 13  

Example of cyclogenesis: Presidents day storm 1979
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Fig. 14  

Formation of fronts at lower and upper boundaries in Eady model 
with ageostrophic advection (semigeostrophic Eady model)

Emanuel, Fantini, Thorpe; 1987

Solid lines: Meridional velocity (contour interval 5 m/s)
Dashed lines: Potential temperature (contour interval 4K)

Front at surface low
x

z
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