
Chapter 3

Atmospheric Hydrology

Our atmosphere bathes us with a brew of vital gasses
- oxygen that we breathe, and water vapor that condenses
to wash the land. Without an atmosphere to blanket our
planet, this third rock from the sun would be a barren
waste, devoid of life as we know it.

What is this blanket? How does it achieve it's remark-
able ability to protect us from the sun's deadly radiation,
from space's frigid vacuum? What is humankind doing to
alter this shell?

Regions

Our atmosphere extends from the water table deep in-
side the Earth to the vacuum of space. The lower at-
mosphere includes thevadospherebelow the earth's sur-
face, thetropospherewhere we live, thestratospherewhere
ozone blocks out harmful ultraviolet rays, the mesoshere
where meteors are vaporized, and the outermostthermo-
spherewhere the gasses are ionized.

Most jetliners cruise at an altitude below 12 km, which
places them in the troposphere. Thetropopause divides
the well-mixed troposphere from the poorly mixed strato-
sphere. Some high-
ying jets, like the supersonic Con-
corde, are able to climb above the tropopause and to pen-
etrate the stratosphere, where their exhaust persists for
many years due to the lack of signi�cant mixing in this
layer.

The space shuttle orbits as low as 190 km, and as high
as the International Space Station (which orbits between
340 and 420 km), which are within the ionosphere. The
thin atmosphere creates a slight drag, slowing low-earth
orbiting satellites down, and causing their orbit to decay.
Either the satellites must be boosted to higher orbits, or
they face eventual destruction as they re-enter the thicker
parts of the earth's atmosphere.

Composition of the Troposphere

Let's explore the components of the part of the atmosphere
that we spend most of our time. Perhaps the simplest way
to examine the atmosphere is to measure the various gas
pressures. Dalton's law dictates that the total atmospheric
pressure,P, is the sum, P =

P
Pi , of the contributions of

Table 3.1: Atmospheric Composition of the Troposphere
(excluding water vapor)

Compound (ppmv)
Nitrogen N2 780,800
Oxygen O2 209,500
Argon Ar 9,300
Carbon Dioxide CO2 300
Neon Ne 18.18
Helium He 5.24
Methane CH 4 1.5
Krypton Kr 1.14
Hydrogen H 2 0.5
Nitrous Oxide N2O 0.5
Xenon Xe 0.09

the partial pressures of each of the gasses present,Pi . For
most gasses, this partial pressure is relatively constant.

Carbon dioxide is an important component of our at-
mosphere (Rank fourth in Table 3.1) because of its role in
regulating our climate. Figure 3.1 shows how the concen-
tration of CO2 in our atmosphere has increased over time.
Also note the strong seasonal component in the observed
concentration.

Vapor Pressure and Humidity

Water vapor, however, varies greatly with humidity. The
partial pressure of water vapor on a sultry summer day
can be 40hP a, equal to 40,000ppm, or four percent of
the total air pressure. No other gasses except nitrogen and
oxygen can exceed this value. On the other extreme, dry
arctic air masses can have much less than 1 hPa, meaning
that water content is as low as the pressure on the surface
of Mars.

The vapor pressure of water,e (Pa), is the partial pres-
sure of water in the atmosphere. Dalton's law states that
the total atmospheric pressure is the sum of the partial
pressures of each gas. Thus, the water vapor partial pres-
sure is one part of the total atmospheric pressure.

When the atmosphere is at 100% humidity, the air has
reached its maximimum, or saturated, vapor pressure,es

(hPa). The vapor pressure is a function of temperature,
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Table 3.2: Regions of the Earth's Atmosphere

Region Unique Feature Extent Altitude, km
Vadosphere elevatedCO2 and H 2O water table to ground surface < 0

soil gasses
Troposphere decreasing temperatures ground surface to tropopause 0 to 12

most weather
Stratosphere increasing temperatures tropopause to stratopause 12 to 50

elevated O3

Mesosphere decreasing temperatures stratopause to mesopause 50 to 80
meteors intercepted

Thermosphere increasing temperatures mesopause to deep space > 80
absorbs ultraviolet

Ionosphere gasses are ionized lower part of thermosphere 80to 550
re
ects radio waves

Exosphere weakly bound gasses upper part of thermosphere > 550
transitions to outer space
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Figure 3.1: Carbon dioxide in the Earth's atmosphere over
the last �fty years.

Table 3.3: Saturated vapor pressure of water

Temperature Vapor Pressure
� C hP a
-40 0.18
-30 0.50
-20 1.24
-10 2.85
0 6.11
10 12.3
20 23.4
30 42.6
40 74.1
50 124
60 201
70 314
80 479
90 711
100 1033

T (� C):

es = 6 :11 exp
�

17:3T
237:3 + T

�
(3.1)

Note that the saturated vapor pressure at T = 100� C
is 1033hP a, which equals the atmospheric pressure at sea
level. This means that if liquid water were to be raised
to this temperature, then the vapor pressure within the
liquid equals or exceeds the air pressure, and the water
can boil.

If one were to go camping at an altitude of 5,000m
where the atmospheric pressure is approximately one-half
that of sea level, say 500hP a, then water should boil at
a lower temperature, say about 82� C. In fact, early ex-
plorers used the temperature of boiling water to determine
their altitude!

The relative humidity, RH = e=es, is the ratio of the
actual vapor pressure,e, to the saturated vapor pressure,
es, usually expressed as a percentage. Thus, if the actual
vapor pressure ise = 12:3 hP a, and the saturated vapor
pressure ises = 23:4 hP a, then the relative humidity is
approximately RH = 53 percent.

Normally, however, weather reports do not provide ac-
tual and saturated vapor pressures. Suppose, instead, we
know what the air temperature is. Say it is Ta = 20 � C.
We can then �nd the saturated vapor pressure ofes =
23:4 hP a from the table above. Let us also measure a
relative humidity of RH = 53 percent. From this number
and the saturated vapor pressure, we �nd the actual vapor
pressure to bee = 0 :53� 23:4 = 12:3 hP a.

Note that the saturated vapor pressure corresponding
to es = 12:3 hP a occurs at a temperature ofT = 10 � C.
This means that if the air were to cool to this temperature,
the air would become saturated with moisture. We call
this temperature the dewpoint temperature, Td, meaning
that water will begin to condense if the air temperature is
reduced below this value.

It is probably more direct to say that the relative hu-
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midity is de�ned using:

RH =
e(TD )
e(Ta)

(3.2)

Ideal Gas Law

Recall that the ideal gas law is written as:

P V = nRT (3.3)

whereP (Pa) is the gas pressure,V (m3) is the gas volume,
n is the number of moles,R = ( J=K=mole) is the ideal
gas constant, andT (K) is the absolute temperature. Note
that the units of ( P V) are (J=m3xm3 = J ), or energy.

Note that the gas density, � g (kg=m3), can be related
to the molecular weight of the gas,mw (kg/mole), and the
number of moles of gas,n:

� g =
m
V

= n
mw

V
(3.4)

These two equations can be combined to yield:

P = � g Ro T (3.5)

where Ro = R=mw is the ideal gas constant divided by
the gas molecular weight. This equation tells us that the
gas pressure is a function of the temperature and the gas
density.

As air rises, the pressure decreases, causing a decrease
in either temperature, density, or both. If the temperature
remains constant, then

� = � o
P
Po

(3.6)

where � o and Po are the initial density and pressure, and
� and P are the �nal densities and pressures. In this case,
there is a linear relationship between gas density and pres-
sure.

In general, however, both the temperature and gas den-
sity change as the pressure changes. We can predict how
much each will change by assuming the total energy con-
tent of the air mass is unchanged. This is called anadia-
batic process, and yields:

� = � o

�
P
Po

� 0:77

(3.7)

An adiabatic change in an air mass results in the smaller
density change than anisothermal change.

The change in temperature with altitude is termed the
lapse rate. The rule of thumb is that a dry air mass de-
creases in temperature at a rate of about 9:8 � C=km of
elevation increase.

The average lapse rateis often called theenvironmen-
tal lapse rate. The dry air lapse rate holds for a clear,
cloudless day, while thewet air lapse rate holds for cloudy
conditions. The average rate is more typical for partly

cloudy conditions. Wet air does not cool as quickly as dry
air because water vapor gives o� heat as it condenses (just
like water cools when it evaporates).

An air mass that cools faster than the adiabatic lapse
rate is is unstable, and the lower air will rise because 1)
as it rises it cools, but 2) it will be warmer than the sur-
rounding air. If the air mass cools slower than this, then it
is stable, meaning that if it were to rise, it would be colder
than the surrounding air, and sink back down. This is also
called an inversion.

The allies used this theory to advantage during the �re-
bombing of Tokyo and Dresden during the Second World
War. The �restorms caused by waiting until the air mass
was most unstable resulted in more deaths than the nu-
clear bombing of Hiroshima and Nagasaki, combined.

The above discussion focused on temperature changes
in a dry air mass. A wet air mass is di�erent, because
water condenses as the air mass cools, liberatinglatent
heat. The corresponding adiabatic lapse rate for a wet air
mass is about 5� C=km, but varies with temperature.

For example, a moist air mass moves up and over a
mountain. At the bottom of the mountain, before clouds
form, the air mass cools at thedry lapse rate. As the air
is forced over the mountain, it continues to cool until it
reaches the dewpoint temperature, at which point it forms
clouds. As the air continues to rise, the temperature falls
below the dewpoint, causing the air to release part of it's
moisture as precipitation. The air is cooling at the wet air
lapse rate. Once the air starts to descend on the far side
of the mountain, the air warms at the dry air lapse rate.

Table 3.4: Typical Lapse Rates

dry adiabatic 9:8� C=km
wet adiabatic 5:0� C=km
average or environmental 6:5� C=km

Latent vs. Sensible Heat

As energy is added to a system, one of two responses is
possible. If only a single phase (such as ice, water, or
vapor) is present, then the temperature of the substance
increases. This is calledsensible heat. If, on the other
hand, a mixture of two phases is present, such as ice and
water, or water and vapor, then some or all of the heat
will be used to convert the substance from one phase to
another. This is called latent heat.

If, for example, we have 1 g of snow at a tempera-
ture of � 40� C, then 20 cal are required to raise it to the
melting point. An additional 80 cal are then needed to
melt the snow. To raise the snow to the boiling point
(100� C) requires an addition 100 cal, bringing our total
to 200 cal. Yet another 540 calories are needed to boil
the water, bringing our total to 740 calories. Additional
energy is required to raise the temperature further.
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Table 3.5: Latent and sensible heats of water.

Type Phase Heat
Sensible Solid (ice or snow) 0.5 cal=g=� C
Latent Solid to Liquid 80 cal=g
Sensible Liquid 1 cal=g=� C
Latent Liquid to Vapor 540 cal=g
Sensible Vapor 1 cal=g=� C

Table 3.6: Why Does it Rain?

1. Air is forced to rise, either by mountains, convection, or
by colliding with another air mass

2. Rising air cools because the ideal gas law says that the
temperature falls when the air pressure decreases.

3. The air cools at the dry lapse rate until it reaches its
dewpoint temperature.

4. Once the air reaches its dewpoint temperature, the rela-
tive humidity reaches 100%, and clouds form.

5. As the air continues to rise, the air cools at the wet lapse
rate, causing precipitation to form because the colder air
can not hold the excess moisture.

6. The condensing water generates heat, which causes the
air to warm slightly, so that the wet air lapse rate is less
than the dry rate.

7. The excess heat generated by the condensing water
causes the air to rise faster (because warmer air rises
through colder air).

3.1 Atmospheric Precipitation

Precipitation is the input in the hydrologic cycle. The an-
nual amount, seasonal distribution, and intensity of pre-
cipitation a�ects what plants grow and when, how much
erosion occurs, and the quantity and timing of stream 
ow.
If you go to a new region and want to learn about the hy-
drology, you �rst ask about the rainfall and how it is dis-
tributed. Precipitation characteristics tell you about th e
hydrology and landscape of an area.

Precipitation occurs when a mass of air is cooled to the
dewpoint (the temperature at which the relative humidity
equals 100%), at which point the water vapor in the air
condenses into drops and falls as rain. Usually, such cool-
ing of air masses occurs because the air is rising into the
cooler upper atmosphere. This decrease in temperature
with altitude is important because cold air holds less wa-
ter than warm air. As air rises and cools, it can no longer
carry all the water it started with, and releases the excess
as precipitation.

Types of Precipitation Events

What causes air to rise? There are actually four mecha-
nisms for lifting air, which we look at next.

Frontal Storms. Fronts form at the boundaries between
air masses with contrasting temperatures, and generate
most of the precipitation in the mid latitudes from 30 � to
60� North and South.

In the northern hemisphere, fronts typically occur when
a cool - called polar - air mass from the north meets a
warmer - called tropical - air mass from the south. One of
the fronts must have moisture for precipitation to result.
Wet air masses are termedmaritime - or marine, while
dry air masses are termedcontinental. Thus, a polar con-
tinental air mass colliding with a tropical continental air
mass does not generally produce rainfall.

Table 3.7: Types of Air Masses

Warm Cold
Wet Maritime Tropical Maritime Polar
Dry Continental Tropical Continental Polar

The boundaries between two air masses usually have
large temperaturegradients (changes in temperature with
distance) over a 100 to 200 km wide band - known as
a front . As the air masses slide along one another, the
wind shear (a quick change in wind direction) often creates
eddies (swirling air that rotates counterclockwise in the
northern hemisphere).

Dense cold air displaces the warm air along the front
and lifts it upwards. The warm air then cools below the
dewpoint (the temperature at which the relative humidity
is 100%) and causes precipitation. The evolution of an
ideal cyclonic storm and the lifting of warm air masses to
cause precipitation are portrayed below.

Frontal storms persist for several days, and can cross
the entire continent, causing precipitation over large areas.
Warm fronts generally cause low intensity (rate of rainfall)
and long duration storms, while cold fronts have higher
intensities and shorter durations.

Convective Storms. Also called thunderstorms, these
are short-lived (1-2 hours) storms that typically produce
high intensity rainfall and that occur as a result of either
1) rising cells of excessively heated moist air, 2) mountain
uplift causing air mass instability, or 3) air-mass disconti-
nuity along a squall line. Thunderstorms in Georgia typi-
cally occur during periods of high humidity in the summer
when the state is covered by a maritime tropical air mass.
The storms are triggered by unequal heating of air near
the ground surface.

As this heated air rises, water vapor condenses releas-
ing the latent heat of vaporization which further heats the
air mass and causes it to rise more. This self-reinforcing
pattern continues as long as the rising air mass is warmer
than the surrounding air.

Orographic Precipitation. These storms are caused
when wind moves moist air over a mountainous region,
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thereby increasing the altitude and reducing the temper-
ature of the air mass. Precipitation occurs when the tem-
perature is reduced below thedewpoint. Most mountain-
ous regions in the U.S. receive higher amounts of rainfall
than the surrounding low areas.

The mountains of Georgia receive more precipitation
than the rest of the state. Orographic e�ects can also
create rain shadowswith little precipitation on the down-
wind side of mountain ranges. The Cascade Mountains
of Oregon and Washington have large regional climate ef-
fects, causing high precipitation on the west side of the
mountains and creating a sage brush desert on the east
side.

Tropical Cyclones. Also called hurricanes in the At-
lantic and Eastern Paci�c Oceans, and typhoons in the
Western Paci�c, these storms are formed over oceans with
warm surface temperatures (large areas in excess of 27� C).
Cyclones mainly develop over the western Atlantic, Pa-
ci�c, and Indian Oceans.

A tropical depression (a low pressure cell) can some-
times create acyclonic vortex (like a giant tornado, or like
water swirling down the drain). This vortex creates con-
vective cells near the middle, cause a self-reinforcing cycle
of heat and mass transfer as shown above. Hurricanes and
tropical depressions often come ashore in the Southeast
and in Georgia. When they do, they bring large volumes
as well as high intensities of rainfall. Many major 
ooding
episodes in the Southeast are caused by hurricane-driven
precipitation.

Spatial and Temporal Variability

Precipitation varies over both space and time. Tempo-
ral (time) variability in precipitation causes droughts an d

oods. The time variability in precipitation occurs at
many temporal scales. It varies from year to year (due to
phenomena such as El Ni~no and La Ni~(n)a), from month
to month (due to seasonal changes), and from minute to
minute during a rainstorm.

Rainfall intensity is the instantaneous rate of rainfall
expressed in depth/time (mm/hr, mm/d). A low intensity
of rainfall is less than 5 mm/hr; a medium intensity of
rainfall is between 5 and 25 mm/hr; and a high intensity
rainfall is greater than 25 mm/hr. An extreme intensity
is 100 mm/hr.

Given enough observations, a speci�c intensity-duration
curve can be calculated for di�erent frequencies, or return
periods, of rainfall. One cannot determine the probability
of a precipitation volume or an intensity without speci-
fying a time interval for the storm. For instance, a 25
mm/hr storm lasting two hours (50 mm total) has a re-
turn period of two years in Atlanta, but a 25 cm/hr storm
lasting four hours (100 mm total) has a return period of
almost twenty-�ve years.

IDF Curves. We summarize temporal variations using
a intensity-duration-frequency, or IDF, curve, which is a
plot of the rainfall intensity for various durations, such
as over a year, month, day, or minute. The greater the
intensity of a rainfall, the less likely it is to last a long
time. Long duration storms tend to have relatively low
intensities, and high intensity storms tend to have short
durations.

Figure 3.2: Precipitation intensity as a function of storm
duration and frequency.

Storm and 
ood probabilities are often described by
recurrence intervals. A two-year storm has an average
return interval of two years, and a twenty-�ve year storm
has an average return interval of twenty-�ve years. In any
given year, the probability of a two-year storm is 50%,
and the probability of a twenty-�ve year storm is 4%. The
probability of occurrence in any year is the reciprocal of
the return period, and vice versa.

Return Period: Tr = 1
P

where Tr (years) is the average return interval and P is
the annual exceedence probability.

The return period, Tr , is the frequency of the storm;
like once every 100 years means that it has a 1 in 100 year
chance, which is the same as aP = 1% chance each year.
A 2-year storm has a 1 in 2 year chance, or a 50% chance
in any one year.

Table 3.9: Relationship between return period vs. excee-
dence probability

P 100% 50% 20% 10% 1%
Tr 1 2 5 10 100

The data for annual maximum daily precipitation for
the Athens Ben-Epps airport is presented in the accom-
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Table 3.8: Global extreme precipitation events

Duration Depth Intensity Location Date
1 min 1.50" 90"/hr Barot, Guadeloupe Nov 26, 1970
8 min 4.96" 37.20 F•ussen, Bavaria May 25, 1920
15 min 7.80" 31.20 Plumb Point, Jamaica May 12, 1916
20 min 8.10" 24.30 Curtea-de-Arges, Romania July 7, 1889
42 min 12.00" 17.14 Holt, MO June 22, 1947
2 hr 10 min 19.00" 8.77 Rockport, WV July 18, 1889
2 hr 45 min 22.00" 8.00 D'Hanis, TX May 31, 1935
4 hr 30 min 30.80" 6.84 Smethport, PA July 18, 1942
9 hr 42.79" 4.75 Belouve, R�eunion Feb 28, 1964
12 hr 52.76" 4.40 Belouve, R�eunion Feb 28-29, 1964
18 hr 30 min 66.49" 4.29 Belouve, R�eunion Feb 28-29, 1964
1 day 73.62" 74"/day Cilaos, R�eunion Mar 15-16, 1952
2 days 98.42" 49.21 Cilaos, R�eunion Mar 15-17, 1952
5 days 151.73" 30.35 Cilaos, R�eunion Mar 13-18, 1952
7 days 161.81" 23.12 Cilaos, R�eunion Mar 12-19, 1952
15 days 188.88" 12.59 Cherrapunji, India June 24 - July 8, 1931
1 month 366.14" 11.81 Cherrapunji, India July 1861
2 months 502.63" 8.24 Cherrapunji, India June - July 1861
3 months 644.44" 7.00 Cherrapunji, India May - July 1861
4 months 737.70" 6.05 Cherrapunji, India Apr - July 1861
5 months 803.62" 5.25 Cherrapunji, India Apr - Aug 1861
6 months 884.03" 4.83 Cherrapunji, India Apr - Sept 1861
11 months 905.12" 2.71 Cherrapunji, India Jan - Nov 1861
1 year 1,041.78" 2.85 Cherrapunji, India Aug 1860 - July 1861
2 years 1,605.05" 2.20 Cherrapunji, India 1860-1861
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Figure 3.3: Return periods of maximum daily precipita-
tion at Athens Ben-Epps Airport.

panying table. The �rst column is the year of observa-
tion. The second column is the observed maximum rain-
fall depth (in inches) for the year. The third column is
the rank (m, from largest to smallest) of the observa-
tions over the n = 55 years of record. The fourth col-
umn is the frequency computed using the Hazen formula,
P = ( m � 0:5)=n. The �fth column is the return period
calculated usingTr = 1 =P. A semi-logarithmic plot is also
presented for these data.

Geographic Variation.

The spatial, or geographic, variability in precipitation f orms
deserts(with virtually no rainfall for long periods of time)
and rainforests (where it rains virtually every day). This
spatial variability is called climate. Climate varies across
the earth because of di�erences in the factors that cause
precipitation, such as proximity to oceans, distribution of
mountains, location with respect to atmospheric circula-
tion cells, and latitude. Climates are broadly classi�ed
into the following types, all of which can be found in the
U.S.

These climatic conditions have either a uniform distri-
bution, or a seasonal rainfall that causes a wet and dry
season. Precipitation in the eastern U.S., including Geor-
gia, is relatively uniform throughout the year, while the
western U.S. has a de�nite winter precipitation pattern.
Parts of the Desert Southwest also have a summer rainy
period, called the monsoon. World's Record Precipitation
Events

The quantity and timing of precipitation has obvious
e�ects on the hydrologic cycle. These two factors deter-
mine the annual volume of 
ow, the density of streams
in the landscape, the sizes of rivers and streams, and the
timing of stream 
ow. Precipitation and climate also de-
termine plant growth potential, plant water demand and
the seasonality of evapotranspiration.

Some climates - especiallysemi-arid - have variable

Table 3.10: Maximum daily precipitation at Athens Ben-
Epps Airport.

Year Max Rank Probability Return Period
1967 9.93 1 0.01 110.00
1994 7.34 2 0.03 36.67
2001 6.22 3 0.05 22.00
1959 5.47 4 0.06 15.71
1989 5.43 5 0.08 12.22
1956 5.34 6 0.10 10.00
1963 5.16 7 0.12 8.46
1973 4.48 8 0.14 7.33
1995 4.32 9 0.15 6.47
1986 4.31 10 0.17 5.79
1964 4.12 11 0.19 5.24
1948 4.05 12 0.21 4.78
1970 4.00 13 0.23 4.40
1977 3.83 14 0.25 4.07
1997 3.80 15 0.26 3.79
1950 3.77 16 0.28 3.55
1980 3.67 17 0.30 3.33
2002 3.54 18 0.32 3.14
1998 3.51 19 0.34 2.97
1979 3.36 20 0.35 2.82
1976 3.27 21 0.37 2.68
1975 3.26 22 0.39 2.56
1990 3.16 23 0.41 2.44
1966 3.04 24 0.43 2.34
1987 2.99 25 0.45 2.24
1969 2.97 26 0.46 2.16
1974 2.96 27 0.48 2.08
1978 2.86 28 0.50 2.00
1961 2.84 29 0.52 1.93
1951 2.82 30 0.54 1.86
1983 2.74 31 0.55 1.80
1972 2.72 32 0.57 1.75
1981 2.71 33 0.59 1.69
1960 2.63 34 0.61 1.64
1962 2.62 35 0.63 1.59
1991 2.54 36 0.65 1.55
1971 2.48 37 0.66 1.51
1957 2.42 38 0.68 1.47
1993 2.42 38 0.68 1.47
1984 2.39 40 0.72 1.39
1992 2.38 41 0.74 1.36
1949 2.34 42 0.75 1.33
1958 2.21 43 0.77 1.29
1982 2.21 43 0.77 1.29
1999 2.20 45 0.81 1.24
1965 2.16 46 0.83 1.21
1968 2.16 46 0.83 1.21
1996 2.11 48 0.86 1.16
2000 2.11 48 0.86 1.16
1952 2.03 50 0.90 1.11
1953 2.02 51 0.92 1.09
1954 2.02 51 0.92 1.09
1988 1.94 53 0.95 1.05
1955 1.72 54 0.97 1.03
1985 1.66 55 0.99 1.01
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Table 3.11: Relationship between precipitation and cli-
mate

Climate Rainfall (mm/yr)
Arid, Desert < 250
Semi-arid, Mediterranean 250 � 500
Humid 500 � 1500
Rainforest > 1500

annual rainfall totals, often due to variable weather pat-
terns that may bring rain at certain times of year. The
eastern US tends to have relatively predictable rains, al-
though Georgia's annual totals may easily vary� 20% from
its 1250 mm/yr average. Winter rains are usually frontal,
bringing long, wet periods with low to moderate intensi-
ties. Summer rains are usually convective, with high in-
tensities, short durations, and large areal variation. Thus,
it may rain in Watkinsville and not in Athens.

Because monthly rainfall totals do not vary much in
Georgia, precipitation is considered to have lowseasonal-
ity (seasonal variation). Rainfall in the desert southwest,
however, has high seasonality. Tucson, AZ, has three sea-
sons, a winter rainy season from November through Febru-
ary, a spring dry season from March through June, and a
summer monsoon season from July through September.
The winter rains are actually less reliable than the sum-
mer monsoons. Seattle has high seasonality because it
rains constantly from October to March and seldom in
August and September.

Precipitation Quality

Because precipitation is formed from water vapor that con-
denses in air, one might expect that rainwater would be
pure, but it is not. The condensation process itself is usu-
ally initiated by particles 
oating in the atmosphere, and
these particles become part of the resulting rain. Further-
more, the raindrops adsorb and absorb additional particles
from the atmosphere as they fall.

Examine the following table for sources of common dis-
solved constituents in rainfall. Note that many of these
constituents are from natural sources, while others are
from anthropogenic, or human, sources. Also note that
many of these constituents may fall asdry deposition dur-
ing the periods between precipitation events. The sum
of dissolved and particulate constituents is termedatmo-
spheric deposition.

Problems

1. If the temperature in Athens is 5� C on a relatively
dry fall day, what is the likely temperature at an
elevation 1000 m higher in the Georgia mountains?

2. If the temperature in Athens is 30� C on a humid
summer day, what is the likely temperature in the
Georgia mountains?

3. What does the temperature in Athens have to be
on a rainy day for there to be snow falling in the
Georgia mountains?

4. You now have a great job in Arizona. Unfortunately,
it is often 45� C in Tucson (at 500 m of elevation)
during the summer. You see Mt. Lemmon, which
rises to 3,000 m right outside of town. What is the
temperature at the summit on a clear, dry day?

5. During the winter, �nd the temperature at the ski
lodge on Mt. Lemmon if the temperature in Tucson
is 10� C on an average day.

6. Why is the wet lapse rate less than the dry lapse
rate?

7. An air mass at sea level has a temperature of 30� C
and a relative humidity of 60 percent. The air mass
is forced up and over a mountain range that is 4,000
m high and back down the opposite side of the moun-
tain to sea level again.

(a) What is the dewpoint temperature of the air
mass?

(b) At what elevation do clouds begin to form?

(c) What is the temperature of the air mass at the
summit of the mountains?

(d) What is the temperature of the air mass at the
bottom of the opposite side of the mountain?

8. For the global extreme precipitation table, plot the
intensity-duration curve for these extreme events on
the Atlanta IDF chart. Indicate which listed storm
is most likely caused by each of the four precipitation
mechanisms.

9. Explain how precipitation measured at a point might
compare to precipitation over an area. That is, how
do the di�erent rainfall generating mechanisms a�ect
the areal extent of a storm.

3.2 Evapotranspiration

Evaporation and transpiration, known together as evap-
otranspiration (ET) are responsible for returning water
to the atmosphere from the ground surface, from rivers,
lakes, and oceans, and from plants. Evapotranspiration
is expressed as a rate (depth of water over time) that is
either evaporated from surface waters and soils or tran-
spired from plants.

Evaporation

Evaporation is the change of state of liquid water, ei-
ther from an open water body or from the ground, into
vapor and the transfer of this vapor to the atmosphere.
Evaporation is an energy-driven process that occurs when
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Table 3.12: Dissolved Constituents in Precipitation

Ion Marine Input Terrestrial Inputs Pollution Inputs
Na+ Sea salt Soil dust Burning vegetation
Mg +2 Sea salt Soil dust Burning vegetation
K + Sea salt Biogenic aerosols Burning vegetation, Fertilizer
Ca+2 Sea salt Soil dust Cement manufacturing

Fuel burning, Burning vegetation
H + Gas reaction Soil dust Fuel burning to form gases
Cl � Sea salt Industrial HCl
SO� 2

4 Sea salt, Marine gases Biological decay, Volcanoes SO2 byproduct of
Soil dust, Biogenic aerosols fossil fuel burning

NO �
3 N2 plus lightning NO2 from biological decay Gaseous auto emissions

N2 plus lightning Combustion of fossil fuels
Forest burning, Nitrogen fertilizers

NH +
4 NH 3 from biological decay Ammonia fertilizers,

Decomposition of human and animal wastes
P O� 3

4 Absorbed on sea salt Soil dust, Biogenic aerosols Burning vegetation Fertilizer
HCO �

3 CO2 in air CO2 in air, Soil Dust
SiO2 ,Al , F e Soil Dust Land clearing

Table 3.13: Average annual pan evaporation (in/yr) for
various locations in the U.S.

N. Georgia 55
Pennsylvania 40
Massachusetts 35
Minnesota 30-45
East Texas 70-80
West Texas 100-120
Tucson, AZ 95
Imperial Valley, CA 120
Los Angeles, CA 60
Seattle, WA 30
Rocky Mountains 45

molecules of liquid water attain enoughkinetic energy to
overcomesurface tension and escape from the water sur-
face.

Most of the energy that drives evaporation comes from
solar radiation and sensible heat transfer (exchange of
heat) from the atmosphere. As a result, evaporation varies
by season and by time of day. The energy it takes to evap-
orate a gram of water is quite large and is known as the
latent heat of vaporization, which is equal to about 600
cal/g.

At the small scale, evaporation and condensation are
always occurring simultaneously in the air over a water
layer. The evaporation rate depends on the humidity in
the air and also on the wind speed. As the humidity of
the air increases, so does thepartial pressure of water va-
por in the air, and it becomes more di�cult for water to
evaporate.

At a given temperature and solar radiation, evapora-
tion is greatest on a windy, dry day and lowest on a still,
humid day. In other words, the evaporation increases with

increasingvapor pressure de�cit:

VP De�cit: V P D = es � ea = es(1 � RH )

Recall that es is the maximum, or saturated vapor pres-
sure, ea is the actual vapor pressure, andRH = ea=es is
the relative humidity. Basically, this equation means that
drier air has a greater the moisture de�cit.

Evaporation from open water is not limited by the
supply of water, but depends only on the vapor pressure
de�cit, which controls the tendency of liquid water to move
to the atmosphere.

Evaporation Rate: E = k � V P D = k(es � ea)

wherek increases with increasing wind speed,es increases
with increasing temperature, andE increases with increas-
ing vapor pressure de�cit.

Evaporation from open water is measured with evapo-
ration pans in which the water levels are monitored. Evap-
oration from soil (bare or mulched) is more complicated
because the water supply is limited and the water is bound
to the soil. After the surface soils dry, water vapor must
move as a gas out of pores within the soil, and vapor 
ow
between the soil particles becomes more important. Evap-
oration from the soil slows after the top surface dries.

Direct evaporation from soils is not important in forests
because the vegetative canopy and the organic debris on
the forest 
oor shield the soil from direct solar radiation.
Also, the organic debris acts as a partial barrier to vapor
transport between the soil and the atmosphere.

Direct evaporation from soils is important in cultivated
�elds and semi-arid regions. Lessons from the forest can be
applied to cultivated �elds to reduce evaporation, however.
Evaporation losses can be reduced by maintaining a mulch
layer on �elds. The mulch layer slows reduces evaporation
by keeping the soil temperature lower, slowing di�usion of
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water to atmosphere, and keeping the relative humidity
high at the soil surface.

Transpiration

Plants use carbon dioxide in the atmosphere (a trace com-
ponent of air with a concentration of about 300 ppm), as
the source of carbon for building plant tissue. To access
this carbon dioxide, the leaves of plants contain small gas
chambers, and the openings to these chambers are struc-
tures calledstomata which open to exchange gas and close
to protect the leaves from desiccation.

When a stomate is closed, the air becomes nearly sat-
urated with water vapor. When the stomate opens, this
high humidity air is exchanged with lower humidity air
outside the leaf, causing a net loss of water from the
plant. The stomate closes when cell wallturgor pres-
sure (the cell water pressure) drops. Plants lose water to
the atmosphere whenever stomata are open. Thus, plants
have to give up water to obtain carbon for photosynthesis.
This transfer of water to the atmosphere through plants
is called transpiration.

Plants also need to transpire to prevent overheating.
In hot, dry climates, leaf tissues burn if they can not cool
themselves. Transpiration is one mechanism for plants to
cool themselves. Can you think of other mechanisms for a
plant to prevent overheating? An important mechanism is
to wilt, which causes the leaf to droop and avoid the sun's
rays. Another is for the leaf petiole to twist, causing the
leaf to turn sideways to the sun. Yet another mechanism
is to 
utter in the wind, like the quaking aspen, so that
more heat is lost from the leaf surface.

Like evaporation, transpiration rates are partly con-
trolled by the vapor pressure de�cit and wind, but they
are also controlled by the supply of water in the soil and
by evaporative demand. Evaporative demand is a time-
varying measure of the plant's demand for water, and it
increases with air temperature and solar radiation, and it
also increases with relative leaf area.

One measure of the density of a canopy is theleaf area
index, which is the ratio of the area of all the combined
leaves to the area of the ground over which those leaves
grow. The soil supply is obviously a function of the current
available water content of soil, but it is also a function of
rooting density and the spatial distribution of roots in the
soil (density per depth in pro�le).

Potential evapotranspiration (PET) is the rate of com-
bined evaporation and transpiration that occurs when soil
water is unlimited. The actual evapotranspiration (AET)
is the rate of evapotranspiration that actually occurs, and
is less than the PET because of limited moisture availabil-
ity, or other factors that might limit water loss (such as
insect damage).

Canopy Interception

Canopy interception is the rainfall that is caught by plant
surfaces and evaporated directly back to atmosphere be-
fore it reaches the earth's surface. A forest canopy may
intercept between 0.5 and 4 mm of rainfall per storm event.
Because Georgia receives in the range of 50-70 events per
year, this can amount to a substantial amount of water.

Average annual interception of a hardwood forest canopy
in the southern Appalachians amounts to 10 to 20 percent
of annual rainfall. Conifer forests tend to intercept more
water than deciduous trees because the needles are present
in winter. Crop canopies intercept less water than forests
on an annual basis because they have less leaf area and
because they have a shorter annual duration of cover.

Potential Evapotranspiration

The potential evapotranspiration (PET) is the maximum
possible transpiration by plants with unlimited soil mois-
ture. For a given plant community, potential evapotran-
spiration is determined only by climatic variables such as
temperature, solar radiation, humidity, and wind. The
actual evapotranspiration loss by plants is almost always
less than potential because soil moisture is often limiting.

Measuring and estimating evapotranspiration is di�-
cult, and typical methods are indirect, that is they mea-
sure variables other than evapotranspiration and make
inferences about evapotranspiration from these measure-
ments. It would be useful to be able to measure or at least
estimate evapotranspiration for di�erent kinds of crops,
forests, and soils, but this is very expensive and time-
consuming.

Pan evaporation is considered to be the simplest way
to estimate potential evapotranspiration. The pan method
measures the evaporation by noting the changes in water
level in a pan �lled with water. The standard methodology
for estimating pan evaporation uses a Class A pan which
is 1.2 m (4 feet) in diameter and 0.3 m (1 foot) deep. A
pan measures water loss as a depth of water per day, and
it approximates evaporation for lakes.

Actual Evapotranspiration

Estimating actual evapotranspiration (AET) on a daily
basis is very useful for assessing growth conditions and
for determining irrigation needs for plants. Actual evap-
otranspiration is the actual amount of evapotranspiration
loss per time for given area, and it depends on crop (or
vegetation), stage of growth, soil moisture, and climatic
variables. AET is usually less than PET unless soil is
moist and the crop is nearly mature.

There are several methods for estimating water use by
plants. One is to adjust the estimate of PET obtained
using evaporation pans. Another is to actually set up a
soil microcosm, called a lysimeter, that is used to monitor
soil water content. Another method is to use gas 
ux
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estimates to determine the water vapor loss of a plant.
And �nally, watershed studiescan measure whole forests
to determine water use.

Pan Estimates. A rough estimate of actual evapotran-
spiration (AET) use of water by a plant can be obtained
by multiplying pan evaporation by a pan coe�cient, Cp,
which typically ranges between 0.6 and 0.9.

Actual ET: AET = Cp � ETP an

This simple, yet crude, method does not account for soil
moisture or crop conditions

Pan evaporation values and climate variables (daily
minimum and maximum temperature, relative humidity,
wind speed, and solar radiation) for various locations around
the state can be found at:

http://climate.engr.uga.edu/

Weighing Lysimeters. A weighing lysimeter is another
method for determining AET. This method uses water
budget concepts to estimate transpiration and evapora-
tion from soil. Basically, a mass of soil supporting plant
growth is placed in a container which is set on a large
scale. Water can only enter the container as precipitation
and can only leave as either out
ow or as evapotranspira-
tion.

Evapotranspiration can be determined from changes
in the weight of the container that are not explained by
precipitation, P, or runo�, R.

Mass Balance: ET = P � R � � S
� t

Weighing lysimeters are expensive but provide very ac-
curate estimates of evapotranspiration. It is very di�cult ,
however, to use a weighing lysimeter to measure evapo-
transpiration from large plants or trees (although it has
been done).

Gas Flux Measurements. An even more expensive
and di�cult way to measure evapotranspiration is through
gas 
ux measurements. A plastic tent is constructed over
vegetation, and air is blown through the tent. By mea-
suring the humidity and 
ow rate of the incoming and
outgoing air, evapotranspiration can be estimated.

Watershed Studies. Probably the most common way
to estimate evapotranspiration over large areas is through
water budgeting techniques. Similar to the weighing lysime-
ter technique, all the inputs, outputs (except evapotran-
spiration), and changes in water storage to a watershed
are measured, and ET is calculated as the rate of output
necessary to balance the budget.

We can ignore changes in storage if we use long-term
annual averages. This was done in southern Appalachian
forests (also accounting for interception, I), for example,
to produce the following estimates for evapotranspiration.

Table 3.14: Water budget components for di�erent forest
types, cm/yr. P = Precipitation, R = Runo�, I = Inter-
ception, ET = Evapotranpsiration

P R I ET
Mature Hardwoods 150 70 18 62
White Pine 150 52 36 62

Using studies like these we can show that forest har-
vesting and growth can a�ect evapotranspiration over a
watershed. Total removal of full canopy can reduce the to-
tal of evapotranspiration and interception by 40-50 cm/yr
(50%). If evaporation is reduced, and precipitation re-
mains the same, then annual runo� must increase.

Typically, removal of forests increases base 
ows (sum-
mer 
ows) and slightly increases storm 
ows in the fall and
spring. By increasing base 
ows, this aspect of forest har-
vest can actually bene�t aquatic organisms. In many arid
and semi-arid landscapes in the west, vegetation manage-
ment is used to try to augment water supplies.

One place where this has been found not to work is
in the very foggy foothills of the Cascade mountains near
Portland, Oregon. In this area, forest harvest actually re-
duced annual precipitation because the trees caused water
to condense out of the clouds and fog.

Predicting AET. There are many equations used to
estimate daily AET, and they have the general form:

Actual ET: AET = K c K s P ET

where K c is a crop factor, K s is a soil factor and P ET is
the potential evapotranspiration.

The crop factor varies over the growing season as canopy
develops and rooting depth increases. For annual crops,
the crop factor begins near zero (about 0.1) before the
seeds germinate, and increases up to about 1.1 when the
crops near their maximum size, and then the crop factor
decreases again as the plants approach senescence. Crop
factors for forests have not been determined.

Figure 3.5: Variation of the crop factor over a growing
season.
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Figure 3.4: Schematic of aweighing lysimeter.

The soil factor is estimated various ways and is based
on total available water in root zone (by horizon).

Simple Approach: K s = F
S

Actual Available Water: F = � v � W P

Max Available Water: S = F C � W P

This is a measure of the percentage water currently in soil
that is available to plants

If F = S: K s = 1 ; AET = P ET

If F = 0: K s = 0 ; AET = 0

Field Water Budgets

If it were not for soil's ability to hold water against gravit y,
it would be very di�cult for plants to grow in upland
areas of the landscape. The soil acts as a water storage
reservoir so that, during normal climate periods, water is
continuously available to plants between rain storms.

After a large rain, the soil reservoir is full of water.
Each day after the rain, some of the water in the reservoir
is transpired by plants, some is evaporated from the soil,
and some drains downward out of the root zone. Conse-
quently, each day there is less water in the reservoir than
the day before, that is, until it rains again. As the amount
of water in the soil is reduced, evapotranspiration rates
slow down commensurately.

The storage and use of soil water can be accounted for
on a daily basis using water budget techniques. Conduct-
ing a daily water budget for the root zone in an area of
land provides insight into the magnitude of water use by
plants and into the regularity with which plants require
rainfall. Field water budgets also have practical applica-
tions. They are used by farmers and golf course managers,
for instance, to decide when and how much to irrigate.

Mass Balance Equations

A �eld water budget basically uses a checkbook approach
to keep a tally of rainfall and actual evapotranspiration
and thereby estimate soil water storage on a daily basis.
AET is estimated using the equation (above) where crop
factors are based on published estimates and pan evapora-
tion measurements are used to estimate potential evapo-
transpiration. The soil factor is calculated every day based
on estimated soil storage.

Soil Storage: F = P � (R + AET )

The water budget must begin with a known water stor-
age, so a budget is initiated after a large storm when it
can be assumed that the soil is at �eld capacity. It is
assumed that vertical 
ow out of the root zone is negligi-
ble, an assumption that works relatively well in croplands
during the summertime. If new rainfall exceeds the water
necessary to bring the soil to �eld capacity, the additional
rainfall runs o�.

Water Budget Procedure:

1. Set initial storage in root zone at �eld capacity (in sprin g
after soaking rain), F(1) = S

2. Calculate the soil factor, K s = F=S

3. Calculate the AET = K c K s P ET

4. Subtract AET from the soil storage, F 0 = F � AET

5. Add rainfall, if any, F 00= F 0 + P

6. Subtract runo�/drainage if soil is too wet, if F 00 > S ,
then R = F 00� S and F 000= S

7. Carry over soil from end of day 1 to beginning of day 2,
F (2) = F 000(1)

Irrigation Scheduling

Field water budgets are used to schedule irrigation. It is
generally best to irrigate when 75% of maximum avail-
able water has been removed from the soil (tensions reach
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Table 3.15: Climate Data - Plant Sciences Farm, Watkinsville, GA, Sept/Oct 1997

Source: Ga. Automated Environ. Monitoring Network, http:/ /www.georgiaweather.net

Date Temp, � F RH Soil Temp Wind Solar Rad. Rainfall ET
max min % ( � F 2") mph MJ inches inches

Sep 27 65.3 61.0 95.4 68.1 10.4 4.2 0.15 0.03
Sep 28 70.0 61.5 99.5 68.6 6.7 4.8 0.22 0.03
Sep 29 78.1 55.9 72.4 69.4 7.3 20.5 0 0.14
Sep 30 84.1 53.4 65.1 68.7 7.8 19.6 0 0.14
Oct 1 78.2 54.2 63.3 68.8 6.1 19.7 0 0.13
Oct 2 73.1 51.7 68.9 68.9 4.9 19.4 0 0.12
Oct 3 75.5 48.1 78.5 68.4 2.2 19.1 0 0.12
Oct 4 79.2 48.2 77.3 68.8 1.5 19.4 0 0.12
Oct 5 84.5 57.1 82.5 71.0 1.8 18.8 0 0.13
Oct 6 85.0 58.9 82.4 72.2 1.7 17.0 0 0.12
Oct 7 84.7 60.5 81.2 72.4 1.8 16.3 0 0.12
Oct 8 82.3 60.3 81.4 72.4 3.2 15.9 0 0.11
Oct 9 80.6 60.8 91.4 72.2 1.8 11.2 0 0.08
Oct 10 83.7 59.8 83.9 72.6 1.3 14.5 0 0.10
Oct 11 81.2 60.5 83.9 72.6 1.9 14.0 0 0.10
Oct 12 80.5 62.5 86.1 72.5 5.4 13.3 0 0.09
Oct 13 79.5 64.9 86.1 72.9 4.1 13.5 0 0.09
Oct 14 73.7 55.6 94.8 71.7 3.4 4.3 0 0.03
Oct 15 62.1 55.4 86.9 68.8 4.6 3.8 0 0.02
Oct 16 59.7 53.0 86.4 67.1 5.5 5.1 0.05 0.03
Oct 17 65.2 53.2 88.8 67.1 3.1 13.7 0 0.08
Oct 18 59.0 52.6 96.9 65.5 4.0 3.1 0.44 0.02
Oct 19 70.7 51.0 85.0 65.5 4.2 13.1 0.17 0.07
Oct 20 71.6 44.8 74.5 64.4 3.1 16.4 0 0.09
Oct 21 70.8 46.8 83.7 64.1 3.4 12.3 0.01 0.07
Oct 22 66.3 43.1 83.4 64.9 3.5 14.1 0.12 0.07
Oct 23 58.8 39.5 86.6 62.6 3.7 14.8 0 0.07
Oct 24 61.6 45.6 100.0 61.4 5.5 2.2 0.48 0.01
Oct 25 74.3 61.3 98.4 65.0 4.8 5.2 1.44 0.03
Oct 26 69.3 62.4 99.9 66.0 6.4 2.6 3.29 0.02

about 1 bar, from moisture curve). The point at which
you choose to irrigate depends on the type of plant (some
are more drought tolerant, others are more drought sensi-
tive), as well as how mature the crops are (younger crops
could be more drought sensitive). Obviously you would
want to know something about the crop you are growing!

Problems

1. Find 25% of the maximum available water:
F � = 0 :25� 4:1 cm = 1 :02 cm

2. Determine which day falls below 1.02 cm:
) Irrigate on Day 9.

3. Determine how much water to add to bring rooting
depth back to FC:
S = 4 :10� 0:97 = 3:13 cm

4. Determine how long to irrigate:
� t = 3:13 cm

1cm=hr = 3 :13 hours

3.3 Snow Hydrology

The e�ects of snow on hydrology are very important in the
western and northern parts of the United States, but less
so in the Southeast, where snow is less frequent. Snowmelt
provides a large part of the summer runo� in the moun-
tainous west, and can cause spring 
ooding in northern
states.

Snow Behavior

Interception. Interception is the capture of precipita-
tion by vegetation, causing a reduction in the amount of
precipitation reaching the ground surface. Interception
tends to a�ect snow more than rain because of the larger
surface area of snow 
akes, and the tendency of snow to
attach to other snow particles. The leaves, needles, and
branches of trees all catch snow, more so on evergreen
species that do not lose their foliage during the winter.

Snow that collects on vegetationsublimes - which is
like the evaporation to a gas of liquids, except that subli-
mation is the latent change from a solid to a gas, like dry
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Table 3.16: Water Budget Example

Day
1 2 3 4 5 6 7 8 9

F 4.10 3.06 2.34 1.76 4.10 3.22 2.28 1.68 1.52
K s = F=S 1.00 0.75 0.57 0.43 1.00 0.79 0.56 0.41 0.37
P ET (Given) 1.30 1.20 1.50 0.35 1.60 1.50 1.35 1.70 1.86
AET = K cK sP ET 1.04 0.72 0.69 0.12 1.28 0.94 0.60 0.56 0.55
F 0 = F � AET 3.06 2.34 1.66 1.64 2.82 2.28 1.68 1.12 0.97
P (Given) 0.00 0.00 0.10 3.10 0.40 0.00 0.00 0.40 0.00
F 00 = F 0+ P 3.06 2.34 1.76 4.74 3.22 2.28 1.68 1.52 0.97
R = F 00� S if F 00> S 0.00 0.00 0.00 0.64 0.00 0.00 0.00 0.00 0.00
F 000 = F 00� Q 3.06 2.34 1.76 4.10 3.22 2.28 1.68 1.52 0.97

Depth of rooting zone - D s = 20 cm

Bulk density - BD = 1 :70 g=cm3

Field capacity - F Cg = 0 :20

Wilting point - W Pg = 0 :08

Maximum water content - S = [ F Cg � W Pg ] � BD � D s = [0 :20 � 0:08] � 1:70 � 20 = 4:1 cm

Actual evapotranspiration - AET = K cK sP ET

Crop factor - K c = 0 :8

Soil factor - K s = F=S

Initial water content - F (1) = S

Precipitation - P given in table

Potential evapotranspiration - PET given in table

ice. Thus, one would expect greater sublimation on warm,
dry, windy days.

As a result of interception, snow tends to gather more
in openings, but can be greatly a�ected by wind. A fence,
building, or row of trees will collect snow on their wind-
ward side, and have less accumulation on theirleeward
side.

Snow Aging. Snow grains change over time, evolving
from a �ne powder, to big grains, and �nally to a slushy
paste as it melts. Fresh snow is 90 percent air, thus only
10 percent of the snow depth is actually water. Snow
porosity decreases over time, from many �ne pores with
large capillary forces to larger pores with smaller capillary
forces.

Table 3.17: Types of Snow

Type Density Albedo
Fresh snow 5 to 15% 0.9
Old snow 40 to 70% 0.5
Glacier ice 90 to 98% 0.4

Snow Chemistry. Atmospheric deposition on snow can
be substantial because of the length of time that snow ac-
cumulates on the surface before it melts. Some of the

materials deposited are particulate, in that they are rel-
atively insoluble. Fine dust particles, soot, and other in-
soluble particles tend to collect on the snow surface as it
melts, changing the color and albedo of the surface.

In addition to particulates, dissolved ions are also present
within the snow. Sulfate and nitrate from power plants, as
well as sodium and chloride from road salt, tend to collect
on the surfaces of ice crystals. As the snow melts, these
ions are 
ushed from the snow pack, causing a�rst 
ush
of salts and acid ions. In some cases,acid snow melting
results in rapid pH changes in poorly bu�ered streams,
and �sh kills have been reported.

Snowmelt. Snowmelt occurs by:

� melting from below due to conduction from the un-
derlying soil - this is greatest early in the year when
the soil is still warm

� melting from above due to heat exchange with a
warm atmosphere

� melting from above and near the snow surface due
to absorption of solar radiation penetrating the snow
pack

� melting near the surface due to rain on snow (ROS)
where sensible heat from warm rain is converted into
latent heat of melting - ROS events cause extremely
rapid snowmelt.
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Snow Surveys

Snow surveys are used to measure water content of snow-
pack. Snow measurements are di�cult due to wind drift
and interception losses. Also, snow is not easily collected
in a raingage as wind commonly blows the snow around
the gage opening. One method for measuring snow accu-
mulation is to use snow pillowsthat measure the weight of
snow. An alternative to using recording instruments is to
conduct �eld surveys that measure the total snow depth.

Snow Water Equivalent. The snow water equivalent
is used to convert the depth of snow to an equivalent depth
of water. For example, if we were to place snow in a con-
tainer and let it melt, we would �nd that the depth of
water is much less than the original snow:

D sw = � s D s (3.8)

where D sw is the snow water equivalent,D s is the snow
depth, and � s is the snow density. As noted in the table
above, the density of fresh snow is very low, but increases
as the snow ages. Snow cores are commonly used to de-
termine the snow density by weighing the mass of snow
collected within a core barrel of known volume.

Cold Content. While the snow water equivalent is use-
ful for predicting the potential runo� volume, it does not
directly provide a measure of when the snow will melt.
Because it is also important to predict snow melt timing,
we need an index that predicts how close to melting the
snowpack is. The snow cold content, Es, is the energy
required to raise snow temperature to 0� C:

Es = HT D sw Ts = 0 :5 D sw Ts (3.9)

whereHT = 0 :5 cal=g=� C is the speci�c heat of ice andTs

is the snow temperature below freezing. For example, if 10
cm of snow water equivalent is at a temperature of� 5� C,
then the cold content is (0:5 � 10� 5) = 25 cal=cm2.

Thermal Quality. The thermal quality, Qt , is used to
indicate how much ice is left in the snow, and for partially
melted snow, it is:

Qt =
D sw

D t
=

D sw

D sw + Dw
(3.10)

where D sw is the snow water equivalent depth, D t =
D sw + Dw is the total depth of unmelted, D sw , plus melted,
Dw , snow present within the snowpack. Thus, a thermal
quality of Qt = 0 :5 means that half of the snow has melted.
The limits of this index are from 0 (when all of the snow
has melted) to 1 (when none of the snow has melted).

We can extend the range to unmelted snow, i.e.,Qt > 1
by �nding the total energy needed to melt the ice, E t =
Es + Em , which is the sum of the energy needed to �rst
warm the ice to freezing (the cold content, Es) plus the

energy needed to melt all of the ice (Em ). The energy
needed to melt the ice is just:

Em = HL D sw (3.11)

whereHL = 80 cal=gis the latent heat of fusion (freezing),
and D sw is again the snow water equivalent depth. The
sum of these two energies is:

E t = HT D sw Ts+ HL D sw = ( HT Ts+ HL ) D sw = (0 :5 Ts+80) D sw

(3.12)

We can now de�ne the thermal quality by dividing this
quantity by the energy needed to melt the total snowpack
if it were entirely frozen, HL D t :

Qt =
E t

HL D t
=

�
1 +

HT

HL
Ts

�
D sw

D t
(3.13)

which reduces to the previous de�nition when the temper-
ature of the snow pack is at the melting point, Ts = 0.

Note that this equation is only used when Ts 6= 0, in
which case the amount of unfrozen water can be ignored,
Dw = 0, so that D sw = D t , and

Qt = 1 +
Ts

160
Ts 6= 0 (3.14)

Note also that the temperature must be far below zero for
the sensible heat component to make much di�erence. For
example, if Ts = 40 � C (equivalent to a snow temperature
of � 40� C), then Qt = 1 :25.

Problems

1. A pot containing 1 kg of snow at -20� C is placed on
a stove top. The stove is turned on, adding 10 cal/s
of heat to pot. Plot the temperature of the pot over
time.

2. A large snowstorm drops 50 cm of snow at a temper-
ature of -10� C on the ground. Describe what hap-
pens to the grain structure and snow porosity over
time. Explain how the water behaves in the snow-
pack once it begins to melt. Describe what happens
if a warm rain (T = 10 � C) falls on the snowpack.


