Ammospheric Sciences 101
Homework Assignment # 3 Solutions and Discussion

1.The heavy black line in the figure above represents the temperature structure in the lower

atmosphere (the environmental lapse rate} on a summer day. Note that the environmental

temperature decreases with height {at a lapse rate of about -8[JC/km) from the surface up to

2300 meters, then there is a temperature mversion from 2300-3000 meters. Suppose we have a

parcel of air at the surface that gets lifted up through the atmosphere (don't worry about how the

parcel is lifted, we will talk about this later). Consider four different scenarios for this parcel.

Scenario A- the parcel initially has a relative humidity of 100%. When it rises, condensation

occurs immediately and the parcel rises at the moist adiabatic lapse rate through the entire layer

from 0-3000 meters.

Scenario B: the parcel imtially has a relative humidity of 80%. When it rises, it first cools at the

dry adiabatic lapse rate. When it reaches 500 meters, the air becomes saturated, and as it rises

further the parcel cools at the moist adiabatic lapse rate.

Scenario C: the parcel imitially has a relative humidity of 60%. The parcel cools at the dry

adiabatic lapse rate for the first 1250 meters, then moist adiabatically as it rises above this

oint.

Eﬂ-ﬂﬂﬂﬁﬂ D: the parcel inthally has a relative humidity of 10%. It does not become saturated as

it 15 lifted through this layer up to 3000 m.

For each scenario above, answer the following questions:

1} What would be the altitude of the cloud base for this scenario (if any)?

i1) What would be the altitude of the cloud top (if any)?

i1} Where will the parcel be warmer than the surrounding environment? Colder?

iv) Based on (11), where is the parcel less dense than the environment? More dense?

v} If a parcel 15 less dense than its surroundings, it will be buoyant (it can rise without the help of

any lifting mechanism). Based on (1v), where would you expect this parcel to be buoyant?

vi) Would you call this scenario stable, unstable, or conditionally unstable?

Scenario A: The parcel 1s saturated at the surface, so any amount of Lifing from the surface will
cause the parcel to cool and thus the saturation mixing ratio in the parcel will
decline. Some of the water vapor in the parcel will condense immediately to form
liquid water droplets. Therefore, the cloud base will be at the surface (0 km). Note
that as soon as the parcel nises a little bit, 1t will be warmer than the environment
because 1t will cool at the moist adiabatic lapse rate of -4[JC/km, winch 1s less than
the emvironmental lapse rate near the surface. Because the parcel 15 warmer, 1t will
also be less dense than the surrounding air, and thus 1t will be buoyant immediately
after 1t rises abowve the surface. The buoyant parcel may rise freely without the aid of
a lifting mechanism all the way through 2000 meters becanse 1t will be warmer than
its surroundings the entire way up. It cools at the moist adiabatic lapse rate the
entire time because it remains saturated, and as it rises and cools, more of the water
vapor condenses to form liquid water. Thus the cloud will extend all the way from
the surface through 3000 km and presumably even higher. Because the parcel 1s
buoyant all the way from the surface through 3000 meters, we would call this
scenario unstable” (1.e as soon as the parcel 1s pushed up a litile bit, 1t "takes off”
and would keep nsing all the way through this layer).

scenario B: The parcel 15 not saturated at the surface in this scenario, so as 1t 15 lifted 1t will cool
at the dry adiabatic lapse rate of -10[]JC/km. When 1t reaches 300 meters, the
temperature of the parcel has decreased by 3[JC and it becomes saturated (the air in
the parcel i1s now colder and can hold less water vapor than it could at the surface).
Note that the parcel 1s now colder and less dense than the surmounding air, so if the
hifting mechanism were furned off when the parcel reached 500 meters, it would



start to sink back to the surface, quckly becoming unsaturated and warming dry

adiabatically. Howewver, if the lifing mechamism lifted the parcel above 300 meters,
liquid water would start to condense as the temperature and saturation mixing ratio
decreased, so the cloud base would be at 500 meters and the parcel will cool at the
molst adiabatic lapse rate as it continues to nse. Note that if the parcel 1s lifted up to
790 meters, 1t will become warmer than its surroundings. Thus 1t will also be less
dense than 1ts surroundings, and it can rise freely even if we now tum off the lifting
mechanism (1Le. it 1s nosw buoyant). This conhnmes until we reach about 2800
meters, at wiich point the parcel would again become colder and denser than the
siurrounding environmental air. If we assume the lifting mechanism is stll operating
above 2800 meters, then the parcel will keep nsing, cooling, and condensing all the
way through 3000 meters. However, if the lifting mechamism turned off somewhere
below this point (which 15 usually true in the “real world"™), then the parcel would
not be buoyant above 2800 meters and we would expect the parcel to stop nsing.
Thus the cloud top would be located at 2800 meters (again, assuming that the lifting
mechanism 15 no longer operating). Because the air parcel is buoyant only if we Lift
it up to 750 meters in this scenario, we would call it "conditionally unstable”.
Scenario C: Similar to scenario B, except that now saturabion doesn't occur until the parcel 1s
lifted to 1250 meters, and the parcel will be colder and denser than the surrounding
environment untl it is lifted up to about 1800 meters. From 1800 meters to about
2600 meters, the parcel would be warmer and less dense than the surrounding air,
and thus buoyvant. Above 2600 meters, the parcel would be colder and denser than
the environment Thus the cloud base would be 1250 meters, the cloud top would

occur around 2600 meters (again, assuming the hifting mechamism “turned off™
sometime befiveen 1800 and 2600 meters), and we would again call this simation
conditionally unstable.

Scenario I: The parcel 1s so dry that 1t will remain unsaturated as we cool it dry adiabatically all
the way through 3000 meters. Note that the parcel will alivays be colder and less
dense than 1ts surroundings. There will be no cloud formed by this parcel, and it
will never be buoyant. This 15 a stable situation.

Note that in this exercise we only considered a parcel at the surface. We could repeat the same
exerclse at any height and establish the stability of the atmosphere relative to a parcel onginating
at any level. Clouds in the atmosphere don't always form from parcels lifted from the surface;
quite often, the clouds we see originated from air at intermediately levels.

2. In a few sentences of your own words, explain how each of the following types of fog form
near the surface of the Earth. Be sure to include the time of year and the atmospheric conditions
that are required:

a} advection fog

(1} Warm, moist air moves (15 advected) over a colder surface. This surface could be water, land,
or ice. (2) The warmer air 15 cooled because it 1s in contact wath the colder surface below (heat 1s
transported via conduction from the warm overlying air to the colder surface below, and the
surface of the water doesn't warm up much because of 1ts high specific heat). (3) When the moist
air reaches its dewpoint temperature, it becomes saturated and hiquud water droplets form (fog).

Note that moist air can be advected over a cold surface without fog forming (1.e. as long as the
temperature of the air remains above the dewpoint temperature). Thus (1) by itself 15 not enough.
Likewnse, the thong which distingnishes advection fog from the other types of fog is that warm
air moves over colder water, thus (2) and (3) are also not a sufficient explanation.



b) steam fog
(1) Cold air moves over warm water. (2} Because the water 1s warm and the air abowve 1t 15 not

saturated (yet), water evaporates from the water into the air abowve. (3) This process continues
until the air becomes saturated and liqud water droplets form (fog). You can express this in tivo
ways: (a) the relafive humidity increases to 100% as the mixing ratio increases (while the
saturation mixing ratio remains the same), or (b) the dew point temperature 15 raised untl it
matches the actnal temperature. (4) The air near the surface is warmed from below (by
conduction, convection and latent heat release as the water droplets form) and also accumulates
water vapor (which 1s lighter than dry air), so the air near the surface becomes less dense than the
air abowve 1t. Thus i1t nises, and we call it "steam™.

c) radiahion fog

(1)} At mght, the pround emits more energy (in the form of infrared radiation) than it recelves
from the Sun (visible radiation) and from the overlying atmosphere (infrared). Consequently, the
pround cools (this 1s called radiational cooling). (2) A shallow layer of moist air in contact with
the surface cools by conduction of heat from the air to the ground (refer to Problem 5a mn
Homework#4 for a complete explanation of the temperature inversion at the surface). (3) The air
cools to its dewpoint temperature (1e. the saturation mixing ratio decreases as the temperature
drops), and liqud water droplets form (fog).

Radiation fog can form in calm air, or in the presence of a slight breeze, which brings the moist
air 1n contact with the cold ground. However, a stronger breeze or wind will prevent the
formation of radiation fog, since the moist air will be contimiously mixed with the drier air

above, keeping the mixing ratio belowr the saturation mixing ratio (the turbulence will also tend
to keep the surface air warmer because air near the surface 1s mixed upwards before it has a

chance to cool to the surface temperature).

In your answers, we looked to see that you mentioned the key processes involved in the
formation of each type of fop. Giving an example 1s a good way to lllustrate a point, but it 15
NOT a sufficient explanation of how fog forms.

3) The following two pictures represent different samples of liquid cloud droplets.

(1) Keep in mind that many questions in meteorology stll remain unanswered. Good

measurements of size drop distributions in clouds have been made available to the scientific
commumnity only recently, and some clouds remain unexplored today (ex: the core of hngh
curmulonimbus clouds). That 15 why some theories about the formation of clouds remain
speculative and might be proven wrong in the fuiire.

(2} There i1s no "perfect” answer to this problem However, many answers can be mled out
because they are physically unrealistic. Thus the point of this problem was to make you think
about what we know about clouds, and see how you can apply it to eliminate as many cases as
possible. If we wanted to find out about the exact type and composition of a given cloud, we
would have given you complementary information (e.g. a temperature profile and vertical
velocities). For this problem we graded your reasoming rather than your specific answers.

(3} Fipures 4.23 (summary of cloud types) and 5.14 (typical size of droplets and rain drops)
could help you answering the questions.

(4} Finally, note that most clouds do not precipitate (of course, Seattle 1s not the best place to
prove this point!). Remember that very specific conditions are required for raindrops to form,
grow, fall and reach the ground.



