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3.5 Extratropical cyclones and anticyclones and the gra-
dient wind balance

As we saw, the Rossby number associated with extratropical storm is of the
order one, which means that all three forces (pressure gradient, Coriolis, and
centrifugal forces) are important.

We next explore in more detail how the force balance for anti-clockwise (cy-
clonic) and clockwise (anticyclonic) circulations (in the Northern Hemisphere,
NH) can help us explain some interesting and fundamental differences between
observed cyclones and anticyclones. Fig.1 below shows an example snapshot of
observed sea level pressure, with ’L’ and ’H’ marking the centers of cyclones
and anticyclones, respectively. As can be seen, cyclones are generally of smaller
spatial scales and also involve much stronger pressure gradients, which also in-
dicates stronger winds.

Figure 1: Sea-lavel pressure analysis for 0000 UTC 23 February 2004. Solid lines
are isobars labeled in hPa and contoured every 4 hPa. Capital L and H represent
centers of sea-level low- and high-pressure systems, respectively. Note the tight
pressure gradient around the low and the much weaker pressure gradient around
the highs. Figure taken from “Mid-Latitude Atmospheric Dynamics: A First
Course” book, by Jonathan E. Martin (Figure 4.20, page 107)

To understand this, we next examine the force balance in each case.

Cyclones

For cyclones in the NH (Fig.2a), anti-clockwise circulation implies that the
Coriolis force is acting outward, while the low pressure of the cyclones implies
that the pressure gradient force is inwards (toward the low). The centrifugal
force is outward in both cases.

The gradient wind balance is given by the equation:
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Figure 2: Force balance for a regular low ’L’ (a) and regular high ’H’ (b) in the
Northern Hemisphere. The pressure gradient, Coriolis, and centrifugal forces
are represented by PGF, CO, and CEN, respectively. Figure taken from “Mid-
Latitude Atmospheric Dynamics: A First Course” book, by Jonathan E. Martin
(Figure 4.17 and 4.19 on pages 104 and 106, respectively.)

fvθ +
v2θ
r

= g
dh

dr
(1)

where f is the Coriolis parameter, vθ is the azimuthal wind speed, g is the
acceleration due to gravity, h is the geopotential height, dh

dr is the geopotential
gradient, and r is the radial distance from the cyclone’s center.

For cyclones, vθ and g dh
dr are both positive, since the rotation is anticlockwise

(i.e., θ is increasing so vθ = ∂θ
∂t > 0), and the geopotential height (or similarly

the pressure) is increasing outward radially.
Noting that fvg = g dh

dr for the geostrophic wind and plugging in (1), we find

v2θ
r

= f(vg − vθ). (2)

Now, since
v2
θ

r > 0, it implies that vg > vθ for cyclones, meaning that the
velocity is subgeostrophic i.e., smaller than the geostrophic wind.

Moreover, we can notice that (1) leads to a quadratic equation for vθ,

v2θ
r

+ fvθ − g
dh

dr
= 0,

whose solutions are given by the quadratic formula:

vθ =
−b±

√
b2 − 4ac

2a

where a = 1
r , b = f , and c = −g dh

dr .
Hence

vθ =
−f ±

√
f2 + 4

r g
dh
dr

2
r

=
−rf

2
±
√

r2f2

4
+ rg

dh

dr
. (3)
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Since vθ is positive for cyclones, the negative solution can be discarded and the
overall solution is:

vθ =
−rf

2
+

√
r2f2

4
+ rg

dh

dr
. (4)

Note that an additional possible mathematical solution exists where the low
pressure system is rotating clockwise (as opposed to anti-clockwise), which is
coined an ”anomalous cyclone”, but these are rarely observed in nature.

Lastly, note also that (2) implies

vg
vθ

=
vθ
fr

+ 1 = R0 + 1, (5)

which implies that the Rossby number can be estimated using the geostrophic-
to-total wind ratio.

Anticyclones

For anticyclones in the NH (Fig.2b), clockwise circulation implies that Coriolis
force is acting inward, while the high pressure of the anticyclones implies that
the pressure gradient force is outward (away from the high). The centrifugal
force is again outward as before.

In this case, vθ and g dh
dr are both negative, since the rotation is clockwise

(i.e., θ is decreasing so vθ = ∂θ
∂t < 0), and the geopotential height (or similarly

the pressure) is decreasing outward radially. Hence, the Coriolis term and the
pressure gradient terms in (1) are now both negative, while the centrifugal term
v2
θ

r is still positive.
In this case, (2) can be rewritten as

v2θ
r

= f(vg − vθ) = f(|vθ| − |vg|), (6)

and since
v2
θ

r > 0, it must be that |vθ| > |vg| for anticyclones, meaning that the
anticyclonic wind is supergeostrophic i.e., larger than the geostrophic wind.

The solutions to the quadratic equation for vθ are now

vθ =
−f ±

√
f2 − 4

r g|
dh
dr |

2
r

=
−rf

2
±
√

r2f2

4
− rg|dh

dr
|. (7)

In this case, we notice that a solution exists only if r2f2

4 − rg|dhdr | > 0, which

implies that g|dhdr | <
rf2

4 . This suggests that the pressure gradient of an anti-
cyclone is bounded, and approaches zero near the center of the anticyclone. No
similar constraint exists for low pressure systems, and this remarkable difference
is clearly seen in sea-level pressure charts (e.g., as in Fig.1). The weak pressure
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gradient near the center of the anticyclone also dictates that the winds will be
weak in its vicinity, as opposed to the strong cyclonic winds. 1

We again find that one of the solutions is unphysical and can therefore
discarded, and the only physical solution is

vθ =
−rf

2
−

√
r2f2

4
− rg|dh

dr
|. (8)

Lastly, we also note that (6) implies in this case

|vg|
|vθ|

= 1− |vθ|
fr

= 1−R0. (9)

Examining the gradient wind balance for real cyclones and
anticyclones

We will use the Synoptic Laboratory website to plot v, vg for real atmospheric
data. Check last week- February 16th, around Washington (WA state) for a
nice example.

Go to http://synoptic.mit.edu/custom-plots/anyscalarwind/ and set:
1. In the “Scaler” field, change “tmpc” to “hght”
2. Set the day to “16” instead of today
3. In the “Wind-skip” option, change to yes (to reduce the number if arrows)
4. In the GAREA option, change “usnps” to “WA–”.

This will produce a map with wind barbs and the 500mb geopotential height.
Now repeat, but in the “Wind” option change “observed” to “Geostrophic”.

Questions

1. Is the actual v smaller or larger than the geostrophic wind in the low and
high region?
2. Can you estimate the Rossby number for each case?
3. Are winds generally stronger around the high or the low pressure?

1Note that the fact that vθ < vg for cyclones and |vθ| > |vg | for anticyclones does not imply
that the anticyclone winds are stronger. This is true only for the same pressure gradient,
which, as shown here, is not the case.
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