
ESE 101:

Homework 3 (due November 3):

1. Suppose a gas that absorbs solar radiation has a uniform mixing ratio of
1 g kg−1 and an absorption cross section of 5 m2 kg−1. Assume an isother-
mal atmosphere with T = 260 K, and a surface pressure of 105 Pa.1

(a) At what altitude is the rate of energy absorption per unit volume max-
imal when the sun is directly overhead?

(b) At what altitude is the rate of energy absorption per unit volume max-
imal when the solar zenith angle is 45◦? What difference does the
zenith angle make?

(c) If the frequency range over which absorption takes place contains 5%
of the total solar energy flux, what is the heating rate (K day−1) at the
level of maximum energy absorption? What is the heating rate one
density scale height above and below the level of maximum absorp-
tion? (Use globally averaged insolation.)

2. Radar scattering. Weather radar is routinely used to determine where pre-
cipitation occurs and how strong it is. A weather radar typically sends a
short pulse of microwave radiation in a specific direction, and then records
the reflected signal that returns after a time ∆t.

(a) Weather radars operate at a frequency of about 3 GHz. What is the
corresponding wavelength λ?

(b) Given the measured time ∆t between the emission of the radar pulse
and the arrival of the return signal, what is the distance d of the scat-
terer that gave rise to the reflection?

(c) Rain drops have typical diameters of order millimeters (up to about
6 mm). Explain why this implies that Rayleigh scattering accounts for
the reflection of weather radar pulses from rain drops.

(d) The backscattered power of a radar pulse is given by

P ∝ η
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1From Hartmann, Global Physical Climatology.



where η is the backscatter cross-section per unit volume of air:
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σb,i. (2)

Here, σb,i is the scattering cross-section only accounting for scatter-
ing exactly in the backward direction, i.e., back toward the radar an-
tenna, and V is the sampled volume of air. In the Rayleigh regime, this
backscatter cross-section is proportional to the Rayleigh cross section.

i. Explain why the 1/d2 factor in the backscattered power arises.
ii. Assume rain drops consist only of liquid water and are spherical

with a size distribution n(D), where D is the diameter. Show
that the backscattered power measured by the radar receiver is
P ∝ Z/(d2λ4), where the radar reflectivity is given by

Z =

∫ ∞
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n(D)D6 dD. (3)

(The constants in this proportionality relation depend, among other
things, on the index of refraction of the rain drops. You need not
worry about those.)

iii. Assume each cubic meter of air in a very strange rainstorm has
15,000 drops with exactly 1 mm diameter. What is the radar re-
flectivity Z? How many drops per cubic meter of 5 mm diameter
would give rise to the same radar reflectivity?

(e) Explain briefly and in qualitative terms how you think measured radar
reflectivities are used to infer rain rates. What you need to know to do
so is that generally, stronger rain storms have larger rain drops.


