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For multiple choice questions, each incorrect or blank answer will
score zero points. Answers have been randomized and are not exact.
Y ou must choose the best answer. For all calculations use SI units!

You may take:

Molar mass of dry air: ~29 kg/kmole
Molar mass of helium: ~4 kg/kmole

Molar mass of H,0: ~18 kg/kmole
Molar mass of CO,: ~44 kg/kmole

273K=0°C 1hPa=10?Pa=10°Nm? 1latm=1013hPa g=9.8 ms2constantinz ¢=3x10®m-s?
Avagadro’s number: Na = 6.02x102% molecules/mole Boltzmann’s constant k = 1.38x1023J/K

Stefan—Boltzmann constant: ¢ = 5.67x1078 W-m™2.K™* Planck Constant: h=6.63x103* J-s

Solar photospheric temperature, Ts = 5786 K Radius of the Sun = 695800 km
Radius of the Earth = 6370 km 1 AU (Earth-Sun distance) =150x10° km
Radius of Venus = 6051 km Venus-Sun distance = 0.72 AU
Radius of Mars = 3396 km Mars-Sun distance = 1.52 AU
Latent heat of vaporization water: L,=2.5x10° J- kg'! Density of liquid water = 1000 kg-m3
Latent heat of sublimation ice: L;i=2.8x10° J- kg! Density of water vapour = 5x1073 kg-m™3
Gas constant for water vapour: Ry=461 J-K1-kg? Surface tension of water droplet 75x103 N-m™
Values for dry air: C,=1004 J-K'kg?! C,=718 J-K1kg? R4=287 J-K'1-kg?
v=Co/ G, K=Ra/Cp Re=C, — C, [ear=9.8 K/km

L 1 1
Clausius—Clapeyron relation: e = 6.112 hPa - exp [R—V . (273 == ;)]
14

Some integrals that may be of use:
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1)

2)

3)

(5 pts) A parcel of air at 900 hPa has a temperature of 20 °C. It is lifted adiabatically until the
parcel temperature drops to 13 °C. What is the pressure at this altitude?

(5 Pts) A parcel of air at 1000 hPa and 25 °C is lifted adiabatically to its lifting condensation level
at 800 hPa where the parcel temperature is T=7 °C, what was the relative humidity of the parcel
before lifting?

(20 pts) In the balloon sounding on the SkewT-LnP diagram below, the atmospheric temperature
is plotted in red as a function of pressure. At 1000 hPa is 20 °C and the dew pointis 7 °C.

a) At what pressure is the lifting condensation level (LCL)?

State the stability conditions (stable, unstable, neutrally or conditionally stable) of the
atmosphere to small vertical displacements in the following pressure ranges:

b) Between 1000 and 900 hPa

c) Between 900 and 850 hPa

d) Between 850 and 800 hPa

e) Between 800 and 750 hPa
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Questions 4-8 are multiple choice, and no calculations need to be shown.

4) (4 pts) The and the are layers of the atmosphere that can become
unstable.
a) troposphere, ionosphere
b) mesosphere, troposphere
c) stratosphere, thermosphere
d) mesosphere, cryosphere

5) (4 pts) What is the major species in the stratosphere?
a) Molecular Oxygen
b) Atomic Oxygen
c) Molecular Nitrogen
d) Ozone
e) None of the above.

6) (4 pts) Sketch the relative spectral radiance as a function of wavelength for three blackbodies at
temperatures T1> T, > Ts. Label the curves with their temperatures and put units on the axes, but
you do not need to put numerical values on the axes.

7) (4 pts) Relative to the Earth's surface, what effect does the Coriolis force have on masses of air or

water that are changing latitude?

a) The results are unpredictable; currents can veer right or left in either hemisphere.

b) They turn to the left in the northern hemisphere and to the right in the southern
hemisphere.

c) They turn to the right in the northern hemisphere and to the left in the southern
hemisphere.

d) They turn to the right in both hemispheres.

e) They turn to the left in both hemispheres.

8) (4 pts) What wavelengths of sunlight are absorbed by molecular nitrogen in the troposphere?
a) Infrared.
b) Ultraviolet.
c) Radio waves.
d) Microwaves.
e) Visible.
f)  None of the above.



9) (5 Pts) Shown below is the carbon dioxide 15-micron band. The top figure is the unsaturated
absorption spectrum taken in the laboratory, and below is the intensity of the outgoing radiation
from Earth measured by satellite showing the carbon dioxide. Can you explain why the intensity
(and temperature) of the outgoing radiation at point 1 is higher than that at points 2 and 3?
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10) (5 Pts) Shown below are the vertical profiles of the time rate of change of temperature due to
the absorption of solar radiation (solid curves) and the absorption and emission of infrared
radiation (dashed curves) by water vapor (blue), carbon dioxide (black), and ozone (red). The
heavy black/green solid curve represents the net heating or cooling effect of the three gases.
The figure shows that the net effect of the absorption and emission of radiation by greenhouse
gases is to cool the air in the troposphere about 1°C per day. Can you explain why an increase of
greenhouse gases would, nevertheless, result in warming the air in the troposphere?
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11) (5 Pts) What ozone column (in molecules-m) corresponds to 1 Dobson Unit (DU)?



12) Nitrogen dioxide, (NO) is a pollutant released by diesel and petrol internal combustion engines
as well as industrial processes that causes smog. Mainly produced by traffic in cities, the narrow
valleys and fjords where Norwegian cities are located tend to concentrate levels. However, the
yearly average mass density across Norway 32.33 pg-m3, which is low by European standards.

a) (5 Pts) What is the average number density of NO; in molecules-m3?

b) (5 Pts) At 1000 hPa and 22 C, the density of NO, measured one day in Bergen was
29.95 ug-m= what is the volume mixing ratio of NO,?

c) (5 pts) Originally, the Martian atmosphere was thought to consist only of 95% CO;, 3% N,
and 2% Ar. However, recently, it was discovered that it also contains 0.2% O,. By how much
did the initial estimate of the mean molecular weight of the Martin atmosphere change
when this additional species, O, was taken into account.

13) On Venus g,=8.87 m-s?, the specific gas constant for dry air is Rgy = 195.5 J-K'*-kg?, and the
specific heat at constant pressure, Cp, = 846 J-K-kg™. The pressure at the surface is 92000 hPa,
and the temperature 753 K. The temperature falls off linearly with a lapse rate of 8 K/km (note
non-Sl units of hPa and km).

a) (2 Pts) What is the buoyancy period at 59 km, and is the atmosphere stable with respect to
vertical motion there?
b) (6 Pts) What is the temperature and pressure at 59 km?

The Venusian atmosphere is composed of 96.5% CO, and approximately 3.5% N, neither of
which absorb solar radiation. However, there is a 150-ppm mixing ratio of sulfur dioxide (SO,) at
the surface that absorbs at in the UV/visible with an absorption coefficient k = 0.11 m%.kg?. The
Sun is at a solar ZENITH angle (angle of the Sun from overhead) of x= 45 degrees. You may
assume no scattering, and take the optical depth of incoming solar radiation (averaged over all
wavelengths), the density of air, and the mass mixing ratio of the absorber to be defined as:

o

“2)= [ p(2) ) kdz
Zz

| - f;m ),

p(z)=p0e

)

wWz)=unoe

Where p(z) is the mass density of air, [1(z) is the mass mixing ratio of SO,. Hn is the scale height
of the atmosphere is H, = 13 km, and the scale height of the SO,, is H, = 8 km. At the surface, the
pressure is 92000 hPa, the total density, p0=85 kg-m-3 and the temperature is 753 K



c)

d)

(6 Pts) Calculate the optical depth 1 and its derivative with height dt/dz at a height of 5 km
in the atmosphere.

(6 Pts) Calculate the heating rate in Kelvin-day® due to short wavelength radiation at 11 km if
the downward solar flux at the top of the atmosphere is 2600 W/m? and the solar

ZENITH angle is y=45 degrees. At 11 km, the total density is p=36.5 kg-m, the absorber
mass mixing ratio is 0.0559 g-kg?, the optical depth is t=1 and its derivative, dt/dz,

is -0.22 km™.





