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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=102Pa=10>Nm? 1latm=1013hPa g=9.8 ms?constantinz =3 x10%®m-s?
Avagadro’s number: Na = 6.02x102% molecules/mole Boltzmann’s constant k = 1.38x1023J/K

Stefan—Boltzmann constant: ¢ = 5.67x107% 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-m?3
Latent heat of sublimation ice: L;=2.8x10° J- kg™* Density of water vapour = 5x1073 kg-m™3
Gas constant for water vapour: R,=461 J-K1-kg Surface tension of water droplet 75x10 N-m!
Values for dry air: C,=1004 J-K'kg? C,=718 J-K1-kg? R4=287 J-K'1-kg?
y=Co/C K=Ra/Cp Re=C, — C, [ear=9.8 K/km

L 1 1
Clausius—Clapeyron relation:  eg.= 6.112 hPa - exp [R—v . (273 i ;)]
v

Some integrals that may be of use:
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1)
2)

3)

6)

7)
9)

Using k instead of 1/x in solution for pressure gives -2

Obtaining 125% or 31% RH due to having e(T1)/es(T,) or es(T1)/es(T>) gives -3 (-2 if they recognize
it is not right).

a) Saying neutrally or conditionally stable instead of stable gives -1.

e) Saying neutrally stable instead of conditionally stable gives -2. Saying unstable gives full marks.
Mismatched units in radiance and wavelength scales gives -1. Not having spectral radiance units
gives -3.

Due to unclear wording of the questions, all answers give full marks.

Mistaking absorption for emission, and failure to mention increasing height of t=1 into the
stratosphere will give -3 (more deductions can occur if other incorrect statements are made).

10) Only describe greenhouse gas heating (correctly) and mentioning other heat sources responsible

for the excess radiative cooling gives -2

11) Incorrect definition of Dobson Unit gives -3 if they then carry out the calculation. With only the

definition with no calculation, it is -5.

12) a) Due to a poorly copied periodic table, | will not deduct points for incorrect molar masses

being used.
b) Not converting to number density correctly, or using Rq in stead of R for NO;, gives -3.
c) Not deducting the new 2% contribution from the original estimate of mass gives -3.

13) a) Using I'e in km and others in m gives -1. Using T at 0 km rather than at 59 km gives -1. Adding

I'e instead of subtracting gives -1.

b) Dropping a sign gives -1. Using potential temperature or Hypsometric equation gives -4.
Mixing km and m, or hPa and Pa (other than in division cancelling units) gives -2.

c) Using wrong integration limits gives -2. Assuming isothermal gives -4, and mixing km and m
units, except where division cancels units, gives -2

d) Using t-cos(y;) instead of t/cos(y;s) gives -2. Division by p, instead of total p gives -1, while
forgetting to divide by C, gives -3.



1) (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?

Using the reference level of 6= T; = (273 + 20) K at P;=900 hPa, use the potential
temperature equation to solve for P, where T, = (273 + 13) K:

P\" R
9=T2'<P—2) Where;c:C—p
Solving for P2 yields
1 1004 J-K 1-kg™!
6\ « 293 K\ 287K Tkg=?
P, = p,- (T—z) = 90000 Pa (5o ) = 827 hPa

2) (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?

e(Ty) — ee(Ty)/Py — u(Ty,P1)
es(Ty)  ees(Ty)/Pr us(Ty,Ps)
Now, the saturated partial pressure of water vapour at a temperature T is:

L 1 1
es(T) = 6.112 hPa - exp [R—” (— — —)]
v

The fractional RH is defined as: RH =

273K T
where L, and R, are the latent heat of vaporization and specific gas constant for
water vapour, respectively. The key here is that we can only calculate saturated
quantities. Thus, the vapour pressure at T; we have to get from the fact that at
the LCL, where the parcel is at T, and P,, the water vapour in the parcel is
saturated. Thus:
p(Ty, Py) = us(Ty, Py)
Or, using the definition of 1, we have that:
e B = S o) = e ()
So now, the RH at T1 and P1 can be expressed in saturated quantities (which we
can calculate) as:

RH = —
es(Tl) PZ
For T;=25+273 K =298 K, T,=7+273 K=280 K, P1=1000 hPa and P2=800 hPa, using

the expression for es(T), this becomes:
e (280) (100000 Pa) 1004 Pa (100000 Pa

" e,(298) \ 80000Pa/ 3235Pa \ 80000 Pa

es(T3) _ (Pl)

) = 0.3880 = 38.8%



3) (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)?
Since 1s(Ta,P) = 145(T,P), to find the point where the water vapour in the parcel,
Hp(T,P), becomes saturated, one should follow a line of constant uis upward from
Tq, then follow a line of constant @ up from T (since before saturation the motion
is adiabatic). Where they cross is where the water vapour in the parcel becomes
saturated. This is approximately 825 #5 hPa

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
Stable: Here parcels follow @and I 4tm < I dair

c) Between 900 and 850 hPa
Unstable: Here parcels follow @ and I 4tm > I gair

d) Between 850 and 800 hPa

Stable: Here parcels follow @ below LCL, 6. above, and I 4tm < I gair and 1 gem < T wair
e) Between 800 and 750 hPa

Unstable or conditionally stable: Here saturated parcels follow 6. (not 6) and

Lam > Twar. If the parcel has not yet begun to condense, it is neutrally stable since
1 atm =1 qair

500

|

700

Pressure (hPa)

LCL

Temperature (C)

T(°C) 0 (K) —, () 1, (g/kg)



4) (4 pts) The and the are layers of the atmosphere that can become
unstable.

5)

6)

a)
b)
c)

d)

troposphere, ionosphere
mesosphere, troposphere
stratosphere, thermosphere
mesosphere, cryosphere

The temperature falls with altitude in both the troposphere and mesosphere, which can lead
to an unstable atmosphere if the lapse rate exceeds the dry or wet adiabatic lapse rate

(4 pts) What is the major species in the stratosphere?

a)
b)
¢
d)
e)

Molecular Oxygen
Atomic Oxygen
Molecular Nitrogen
Ozone

None of the above.

Molecular nitrogen is the major species in the atmosphere from the ground up to
approximately 120 km. Ozone is a minor species, making up only 5 ppmv.

(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.

B.(T) [J 57! m~2 Hz"! ster~']

BT} [J s m? pm? ster? ]

Frequency [Hz]
Wavelength [um]

Radiance or Irradiance units would be correct, asl would either wavelength or
wavenumber units (either the left or right plot). | do not need the actual temperatures on
the curves or the numbers on the axes. Curves should not cross, and the hottest
temperature, T1, should peak at shorter wavelengths (higher frequencies).



7)

8)

(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.

The Coriolis force is given by —20 x U, where Q2 points “upward” toward Polaris (the North
Star), or northward. Thus, in the northern hemisphere, for a velocity, u, pointing “downward”
or southward toward the equator, the Coriolis force is < 0 or westward. If | am travelling
southward, the west is to my right. For a velocity, u, northward toward the pole, Coriolis is
>0, and eastward. If | am travelling northward, east is to my right. In the southern
hemisphere, the Coriolis force still points northward. Thus, a velocity pointing northward
toward the equator still results in a Coriolis force to the west. However, when travelling
northward, the west is toward my left.

(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.

The nitrogen molecule does not have a dipole moment and therefore cannot absorb the
sunlight that reaches the troposphere.



9) (5 Pts) Shown below is the carbon dioxide 15-micron band. The top figure is the 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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From the upper spectrum it is clear that the region around the band centre, point 1, has
higher absorption coefficient, and therefore a higher optical depth, than the regions
around points 2 and 3. That is, kvi > kvsor kvs Thus, the radiation at point 1 will reach
optical depth one, where it can escape to space, at a higher altitude. The narrowness of
the spectrum in region 1 also indicates that the CO; is radiating to space from a higher
altitude. In this case, that altitude must be in the stratosphere, where temperatures are
higher than in the upper troposphere. On the other hand, the lower absorption at points
2 and 3 mean that the radiation at these wavelengths will reach optical depth one at
lower altitudes where the temperatures are cooler.



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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The figure shows the radiative heating and cooling, not the total heating and
cooling of the atmosphere. Additional, non-radiative sources of heat, for example
tropospheric convection and latent heat release, will warm temperatures,
resulting in stronger radiative emission and cooling to space. The net effect will
be for the increased radiative cooling to balance the total heat input at the higher
equilibrium, or stagnation temperature.
The long-wavelength greenhouse gas cooling emission escapes to space at and
above the point where the optical depth is one. Adding additional greenhouse
gases will increase their optical depth, raising the altitude at which their
radiation can escape to space to higher in the troposphere where temperatures
are cooler. The colder emission temperatures at this escape point reduce the
intensity of the radiation and cooling to space, resulting in warming of the
atmosphere. These warmer temperature at this escape point will increase the
radiative emission and cooling to space, once again balancing radiative cooling
and total heating at a new, higher, equilibrium or stagnation temperature.



11) (5 Pts) What ozone column (in molecules-m) corresponds to 1 Dobson Unit (DU)?

Given n ozone molecules in volume V at temperature T, we have pV = nkgT by the ideal
gas law. By definition, 1 DU corresponds to a column of height 10° m and horizontal
cross-sectional area 1 m?, so put V = 10 m>. Then for STP, p = 1e5 Pa (1 atm) and T = 273
K. This gives n=2.7x10?° molecules-m?.

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-m=, which is low by European standards.

a) (5 Pts) What is the average number density of NO; in molecules-m=3?

Here we first need the weight of the NO, molecule. From the molar masses (the atomic

number in g-mole™) from periodic table, we can see this is:

My + 2-Mo = 14.007+2(15.999) = 46.005x10 kg-mole™.

To convert this to a density, we need to convert moles to molecules using Avogadro’s

number, 6.02x10? molecules-mole™, and multiply by the concentration given in kg-m:

6.02 x 1023 molecules - mole™!

Nyo, = 46.003 X 103 kg - mole~1

Which yields: Nyo, = 4.23 X 10'” molecules - m™>

3233 ug - m3-10"%kg-ug=?

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

Here we need to remember that the volume mixing ratio is defined as: v; = % = % and
we have the ideal gas laws for dry air and specific species: P = pRT and P; = p;R;T,
where the specific gas constant is the ideal gas constant R* divided by the molecular

mass, M. Thus:
Mg
_Pi _ piRT _ piRd(Wi)T
i=p " P P
molar mass of dry air. Again:

Myo, = My +2- My = 14.007 + 2 - 15.999 = 46.005 x 1073 kg - mole™", and
My = 29x107 kg-mole™. With Rd given on the help sheet as 287 J-K* kg™, we have:

29.95%107° kg-m3-287 ]-K‘lkg_l(g)-(22+273) K
VNo, = 100000 Pa

, Where we have assumed the total gas mixture has the

orvyo, = 1.6 x 1078 = 16 ppbv



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.

The molecular weight of a mixture of gases is the sum of the products of the mixing
ratios of each component times its molar mass My, = 2v;-Mn.. For Mars, we can get the
molar masses from the periodic table where we have that M, of CO,=44, N, = 28, Ar, =
40, and for later, O, = 32 all in g/mole.

The molecular weight of the Martian atmosphere without O2 is therefore:

My, . 0, = 0.95-44 + 0.03-28 + 0.02 - 40 = 43.44 g - mole™?

Now, if we replace 0.2% of this mixture with O,, we calculate the new molecular weight
by:

Mg, = (1=v0,) * M, + Vo, My, = (1 0.002) - 4344 + 0.002 - 32 = 43.41 g - mole™*

Thus, the molecular mass has gone down, decreasing by 0.03 kg/kmole

13) On Venus g,=8.87 m-s?, the specific gas constant for dry air is Rqy = 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?

The Brunt frequency, or buoyancy frequency, in radians/sec is given by:

g[ g ., dT]
N = \ ' ( p _ dz

1

Of course, we have a different g, Cp, and we need to calculate T(z=59 km) and dT/dz
there. We are asked for a period, and the brunt period is given by:

21
Tgrunt = n in seconds

Here we are given the lapse rate of 8 K/km, which is the negative of the temperature
gradient. Thus, we know:
dT

T=T,—T-z and E=—F
Putting in the values for Venus, and calculating the temperature and temperature
gradient:
At 59 km, we get values of T=281 K, I4=g/Cp= 0.01K/m, I zn,=— % = 0.008 K/m, giving
N=0.0089 rad/sec and Tgunt=709.5 s = 11.8 minutes. Since N is real, the atmosphere is
stable with respect to vertical motions.



b) (6 Pts) What is the temperature and pressure at 59 km?

Here we have the temperature dropping linearly with altitude. One can use the
hysrostatic equation along with the ideal gas law:

dp = dP=p- Ry, T
dz gp an =P Ray
To get:
dpP
g9 dz
P Ry, T
Since T is T(z) this has to be integrated to give the pressure as a function of altitude:

P = PD . e_[(Rg_z:v).foz(To_lr'Z’)dZ’]

With the density given by:

_ P
P Ry T, T 2)
This gives:
v
T, —T - z]Ra» T
P=P - [0—]
o TO

And p given as above. At z=59000 m, g,=8.87 ms?, R4,=195.5 J-K*-kg*, 1=0.008 K-m,
To=753 K and Po=9200000 Pa we obtain:

P=343.5 hPa and T=281 K. For completeness, the density p= 0.625 kg-m?. It is interesting
to note that at around 50 km, the temperature and pressure are similar to that at the
surface of the Earth.

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 = 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:

“2)= [ p(z) ) kdz

Z

| - f;m ),

p(z)=p0e

!J(Z)Z!JUCL

Where p(z) is the mass density of air, p1(z) is the mass mixing ratio of SO,. The scale height of the
atmosphere is Hy, = 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) (6 Pts) Calculate the optical depth t and its derivative with height dt/dz at a height of 5 km
in the atmosphere.

So, the first thing is to substitute in for p and w into the integral
!

!

*® _Zz -z
T=f k-p0-e Hm-py0-e Hv-dz'
z

This is not too hard to integrate as the exponents of the exponentials add and can be

factored out. With k a constant, we get:
( Z{Hv+ Hmn)
- |

_ pOp0k HmHve i
= Hv+ Hm

and of course, its derivative

( Z(Hv+ Hm)
l Hm Hv

dt
—=—1p0u0ke
0z py

But, now we need to put in values for p0 (given) and 10, for which we only have the
volume mixing ratio. No worries, the mass mixing ratio is given by:

Mso,

dv

u0 = Y

Where the mass of the atmosphere is approximately the mass of dry air without SO,, and
vis the volume mixing ratio. Now, the mass of SO is, form the periodic table given:

Ms + 2(Mo) =32.065 + 2-15.999 = 64.064 g/mole. The mass of the atmosphere is:

0.965 -Mco, + 0.035- My, = 0.965+(12.011+2-15.999) + 0.035(2-14.007) = 43.449 g/mole.

Therefore the mixing ratio of SO, at the surface is 0 = 1.474-150x10°° = 0.00022.
Now, plug in this value along with k, p0, Hm=13000 m and Hv=8000 m, and we get at
5 km altitude:

r=3.73, andz—; — _0.00075m~1 = =0.75 km~!

d) (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 =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™.

First things first. The ZENITH angle vs u=cos(6) is shown here:

As you can see cos(y) = -u. Therefore, we can use the equation R

for downward flux from the short wavelength heating lecture, '

but the one for y instead of . We could, of course, use the N

equation for 1= y + 90° = 135°. either way, this is given by:
wz) rz)

E:' [Z):_F‘rf ')U‘ET = EL ‘COS(XS]'E coslzs) \\\(\1—‘

Where E),, = 2600 W - m™2



All we have to do now is pay attention to the fact that we want the net UPWARD flux,
which is:
+(2) o(2)

F(2)=[F (2)-F (2)]=F. e =-F. cos(z,)- =

v

We also need the optical depth given, T=1. Putting in the numbers, we get the net
upward flux F (Z=11km) = -446.9 W-m?.

We need to get the heating rate in W/kg, then divide by the specific heat C, in J/kg/K,
will give the heating rate in K/sec. That heating rate at altitude z is given in terms of the
net upward flux as:

dF (z)
dQ(z) _ dz
a  p2)- Gy

Where p(z) it the total atmospheric density, and above we have an expression for F (z):
__1(@
F(z) = —F} - cos (xs) - e s Qs

When we differentiate this with respect to z, we get:
7(2)

drt(z) -

(et G

dQ(z) —Fo =g e S
dt p(2) - C,

Now, kindly old professor Espy actually gave you everything you need to calculate this
without differentiating 7. That’s because you needed to do that in part a. and if you
didn’t, then you shouldn’t lose points twice! Plugging in the numbers, and remembering
Sl units so that dt/dz=-0.22x10"° m™ you get:

dQ K K K K
— =43 Xx107°— = 0.00026 — = 0.016 — = 0.37 —
dt s min hr day





