EAS 345 Lab #4

HEAT AND HYDROLOGY: EVAPORATION AND SNOWMELT
Introduction
Snow does not run down into the rivers until it melts. Water that evaporates does not run down into the rivers at all. For these and related reasons, it is essential in hydrology to measure or calculate evaporation and melting. Unfortunately, it is very difficult to measure these important quantities so that a number of techniques are used to calculate approximate evaporation and melting rates. These techniques involve heat, because heat is required to melt ice and snow and evaporate water.
The First Law of Thermodynamics is the fundamental equation of heat. We use it in a simplified form (by excluding work) as,



[image: image30.png]Solar Declination over the Year





1
Here, dQ is the amount of heat, c is the specific heat capacity of the material (see Table below), m is its mass, dm is the mass of material changed to the higher energy level, and L is the latent heat of the change.

Several other forms of the First Law are useful in Hydrology. To get rates of heating, melting or evaporation, divide by the time interval, dt.



[image: image2.wmf]dt

dm

L

 

+

 

dt

dT

cm

 

=

 

dt

dQ


2
To get evaporation and melting rates in units of millimeters or inches per day, divide by the area, A of a column and use the fact that m = (V = (Adz. The First Law is then,
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3
The units here are m·s-1. To convert to mm per day multiply by 86400 s/day and multiply by 1000 mm/m. To convert it to m per year, multiply by 86400(365.25 s/yr.

	PRIVATE 
Substance
	c
	(
	k

	Water
	4186
	1000
	.5  

	Snow
	2100
	50-900
	.8

	Ice
	2100
	880-917
	7-21

	Air
	1004
	(1
	.025

	Quartz
	800
	2.65
	8.8

	Granite
	840
	2.65
	3.25

	Basalt
	840
	2.6
	1.7


The specific heat capacities of various substances are given in the table. The latent heats of evaporation and of sublimation were given in Lab 3. The latent heat of fusion for water is
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Example 1: Calculate how much heat is needed to warm 2 kg of ice from -20°C to vapor at 130°C.

Solution: This is the type of problem you see in Physics classes because it represents a direct application of the First Law. This problem always gives difficulties because it is a compound process that must be subdivided into individual components. But if you ask what happens to the ice as it is heated, the problem becomes easier. First the ice is heated to 0°C. Then it melts. Then water is heated from 0°C to 100°C (assuming sea level pressure). Then it boils or evaporates. Finally, the vapor is heated from 100°C to 130°C. Thus the problem must be solved in 5 pieces and all the pieces must be added.
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Example 2: Sunlight heats a swimming pool 2 m deep at the rate of 500 Wm-2 for 8 hours. A: Calculate how much the temperature will rise if all the heat is used to raise temperature, B: Calculate the depth of water that will evaporate if all the heat is used to evaporate water. This is the type of problem you encounter in the Earth Sciences because it asks how deep a layer of water will evaporate or how deep a layer of snow will melt if heated or if warm rain pours on it.
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This means that a day of bright sunshine will raise the temperature of a pool by less than 2°C or evaporate less than 1 cm of water.

Several processes can cause snow to melt or sublimate or water to evaporate. Snow is affected by at least 6 processes. They are,

1. Heat conducted from the ground.

2. Melting caused by rain.

3. Radiation absorbed from sunlight and from the atmosphere.

4. Heat conducted from the atmosphere.

5. Latent heating due to condensation of water on snow.

6. Sublimation.

Conduction. Heat moves through solids from warmer regions to colder regions by the diffusive process of thermal conduction. The heat transport rate is proportional to the temperature gradient and the conduction coefficient of the substance. As a result, the equation of heat conduction is,
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5
The heat transport rate can only be determined if the temperature gradient is known.

Example 3: Calculate the rate of heat flux (W m-2) through Arctic Sea ice 3 m thick (with no snow cover) if the air temperature is -26°C and the water temperature below is -1°C. Use the conduction coefficient for ice, k = 2. 
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If the equation for the heat transport rate due to conduction is properly combined with the First Law of Thermodynamics, the result is the Classical Heat Conduction Equation,

[image: image10.wmf]z

T

c

k

 

=

 

t

T

2

2

¶

¶

¶

¶

r


This equation is self-contained and can be solved so long as the initial temperature structure is known throughout, and the subsequent heat flow or temperature is known at the boundary. This equation can be used to tell if the snow that falls will melt when it hits the ground.
Evaporation and Transpiration: Evaporation, the invisible part of the hydrologic cycle, is the power behind the throne of all storms. To see evaporation in action, fill a shallow pan with water on a hot sunny day and watch the water disappear before your eyes. The evaporation rate depends on many factors including the
1. Moisture content of the surface. The wetter the surface, the higher the evaporation rate. If the top few feet of the ground is dry, as in the desert, virtually no water will evaporate. The maximum or potential evaporation rate occurs over water.

2. Temperature. Because the potential evaporation rate is proportional to the vapor capacity, it doubles roughly every 10°C (18°F). The contrast between the Sahara Desert and Antarctica dramatizes the effect of temperature on evaporation rates. Lake Nasser, impounded behind the Aswan Dam, loses more than 10 feet (3 meters) of water each year to evaporation in the hot Sahara. By contrast, the heart of Antarctica gets only about 1 inch of water a year, yet it is so cold that almost none of it evaporates. Over the centuries, snow there has accumulated and compacted into a massive ice cap.

3. Relative Humidity of the Air. On humid days, we may sweat, but we are not cooled because the sweat does not evaporate quickly. The lower the relative humidity, the higher the evaporation rate.

4. Wind Speed. The more vigorously the air is stirred, the greater the evaporation rate. Turbulence is more vigorous when the wind is fast, and when the ground is hotter than the air above. As a result, the largest evaporation rates occur on sunny afternoons. During storms at sea, wind speeds faster than about 40 mph magnify evaporation rates by filling air with spray and spume torn from the sea surface. By contrast, on clear, calm nights, evaporation almost ceases. In fact, if the ground gets cold enough at night, vapor condenses on it as dew. In frigid polar climates, deposition of frost on the ground or icecap accounts for a substantial fraction of the annual precipitation. 

5. Plant cover. A lush plant cover increases water loss in two ways. First, plants pump water from the ground even if the surface soil is bone dry. Most plants (other than dry climate plants such as cactus) then freely transpire (exude) vapor from the stomata (pores) provided the leaves have enough water to hold the stomata in a rigidly swollen, open position. Second, transpiration takes place through a considerable depth of atmosphere rather than just at the surface because vegetation extends well above the ground. (The combination of evaporation and transpiration is called evapotranspiration.)
Turbulent Convection. Heat and vapor move through the air from concentrated regions to sparse regions by a turbulent process analogous to diffusion. The main difference is that turbulence requires moving blobs of fluid rather than individual molecules. Therefore, turbulent transport is proportional to the wind speed. Turbulent transport is usually determined by measuring the wind at one height and the temperature (or the quantity to be transported) at two different heights. Often the wind is measured at 10 m above the surface while the quantity is measured at the surface (subscript, 0) and 2 meters above the surface (subscript, 2).

The equation for turbulent transport of sensible heat up from the ground is then,



[image: image11.wmf])v

T

-

T

c(

C

 

=

 

dt

dQ

A

1

2

0

r


7
Here C is the coefficient of turbulent heat transfer and v is the wind speed. Over lakes, the coefficient, C ( 1.9(10)-3. The rougher the surface and the more unstably stratified the atmosphere the larger is C, which can vary in the range 10-3 (( C ( 3(10-3.

Turbulent Evaporation. A related equation is used to express the turbulent transport of latent heat due to evaporation or sublimation, namely
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8
Both equations for turbulent heat transport can be combined with the First Law of Thermodynamics to find the evaporation or melting rates in terms of dz/dt. 
Example 4: Calculate the rates of upward sensible and latent heat flux (W m-2) if the air temperature and Relative Humidity at 2 m above ground level are 25°C and 50% and the air temperature and Relative Humidity at 0 m above ground level are 30°C and 80% when wind speed, v = 5 ms-1, and air density,  = 1.2 kg m-3.  
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To find Latent Heat transport, we must first find the values of vapor pressure
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In this example, latent heat is transported more than 6 times faster than sensible heat. It is a general property that so long as the ground is moist enough to supply water vapor to the air, that the higher the temperature, the smaller the fraction of sensible heat transport, the larger the fraction of latent heat transport and the greater the evaporation rate. 
Radiation All objects absorb radiation that strikes them and emits radiation if T > 0 K. The transport of heat due to radiation is proportional to the 4th power of the Kelvin Temperature and, for a perfect radiator, is given by the 

Stefan-Boltzmann Law,
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This is maximum or so-called black body radiation rate. Most solids and thick clouds radiate almost as well as black bodies but only water vapor and CO2 radiate appreciably in the clear atmosphere.
Example 5: Calculate the rate of black body radiation (W m-2) of the ground T = 27°C.
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The average value of sunshine on Earth is 342 Wm-2.
One simple approximate formula for the net rate of radiation leaving the ground under clear conditions is,
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10
This equation includes radiation emitted by the ground and radiation from the atmosphere that is absorbed by the ground. It can also be combined with the First Law of Thermodynamics to trace the evolution of temperature over the course of the night.

Solar Heating. The Sun is the main source of heat and therefore is the main source of water in the air (Check the PowerPoint Presentation on Sunlight). Sunlight varies over

1. Latitude ()
2. Time of day (h = time from noon = 15º per hour or /12 radians per hour)
3. Day of the year

Solar Irradiance. The instantaneous value of solar irradiance on level ground (in the absence of an atmosphere) is equal to the solar constant, S0 = 1367 W m-2 when the Sun is overhead and when the Earth is at its average distance from the Sun. When the Sun is not overhead and when the atmosphere is included, this value must be multiplied by 3 factors

1. Cosine of the Sun's Zenith angle, Z, the angle between the Sun and the top of the sky
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2. Distance factor given by the inverse square law
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3. Transparency (a) factor (at each wavelength), given by
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Neglecting the important impact of transmission of light through the atmosphere, which must be integrated over wavelength, solar Irradiance on a horizontal surface at the top of the atmosphere is given by
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The total daily solar heating on level ground (without an atmosphere to reduce irradiance) is the integral of the equation for Solar Irradiance over a day from sunrise to sunset.
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To solve these equations, we must know the distance to the Sun, dSE, the declination, , or latitude where the Sun is directly overhead, the latitude, , and the time of sunrise and sunset, H.

The distance to the Sun, dSE, varies over the year because the orbit is an ellipse. The Earth is as close as 147(106 km to the Sun around Jan 3 (perihelion) and as far as 152(106 km around July 3 (aphelion). A simple, reasonably accurate formula for the distance of the Earth from the Sun on any day of a year with 12 months of 30 days is
Earth – Sun Distance Formula



dSE ( [149.5 + 2.5(cos{number of days from July 3}](106 km
______________________________________________________________________________

Example 6: Calculate the distance from Earth to the Sun on October 15. That is 102 days from July 3 if every month has 30 days and the year has 360 days.

dSE ( [149.5 + 2.5(cos{102(}](106 km =150.0(106 km
______________________________________________________________________________

Declination,  (Latitude where the Sun is Overhead) and The Role of the Seasons

Sunlight is overhead at only one point on Earth at a time. This occurs at noon local time somewhere in the tropics. The declination = latitude where the Sun is overhead depends on the time of the year. Four days must be remembered
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Vernal Equinox
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(21 June
Summer Solstice
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Autumnal Equinox
 0
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23.5 S

The graph to the right can be used to tell the latitude at which the Sun is overhead at all other times of the year. This latitude is called the declination, D = . It is approximately equal to
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Example 7: Calculate the Solar Declination on October 15. If every month has 30 days then Oct 15 is 114 days from June 21.
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Time of Sunset and Sunrise The sun rises and sets when it is at the horizon. If we neglect its finite angular width, this means that sunset and sunrise occur when Z = 90( or when cos(Z) = 0. The time of sunset, H is then given in Radians by
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______________________________________________________________________________

Example 8: Calculate the time of sunset and sunrise on October 15 at latitude 41ºN. 
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Since there are 2 radians per 24 hours and 60 minutes per hour, multiply by 12/ to get sunset time in hours after noon or sunrise time in hours before noon and then convert the fractional hour to minutes. This yields 1.42(12/ = 5.44 = 5:26 PM and sunrise = 6:34 AM, assuming the day is centered around noon, local time. 
Example 9: Calculate the Solar Zenith Angle, distance to the Sun, and solar Irradiance at latitude  = 41ºN on October 15 at 3:00 PM. Then calculate total solar heating per square meter and average solar irradiance over 24 hours. 
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To find the average solar irradiance, divide by 86400 seconds. This yields 251 Wm-2. Mean solar irradiance on Earth is exactly 1/4th of the Solar Constant or 342 Wm-2.
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HEAT AND HYDROLOGY: EVAPORATION AND SNOWMELT
On math problems, show all work.

Problems
1. Calculate the depth of water, z that will evaporate in 8 hours if the average sunlight striking level ground is 1000 W m-2 and ⅓ of the sunlight is used to evaporate water. 

z = _______ m

2. a. Use the program SUNPATH to find the total sunlight striking level ground on 23 November at latitude 41(N and at 41(S.

Qtot = _________ J m-2


Qtot = _________ J m-2
b: Assuming 25% of this heat is used to evaporate water, calculate the depth of water evaporated per day and per year at this rate.

dz = _________m day-1


dz = _________m day-1
dz = _________m yr-1


dz = _________m yr-1
3. Calculate the depth of snow melted if 1 cm of rain with T = 5(C falls on the snow. Assume that the snow is initially at 0(C and that (snow = 100 kg m-3.

dz = _________m

4. Calculate the rates of heat transport and evaporation from a lake with C = 1.9(10)-3 if v = 5 m s-1, 

T0 = 280 K
RH0 = 100%,

T2 = 270 K
RH2 = 30%.

[dQ/dt]/A = _________ W m-2
dz/dt = _______ m s-1


dz/dt = _______ m yr-1
5. Recalculate the rates of heat transport and evaporation in Problem 4 if both temperatures are raised 10(C and all other conditions remain the same.

[dQ/dt]/A = _________ W m-2
dz/dt = _______ m s-1


dz/dt = _______ m yr-1
6. Calculate the rates of sensible heat transfer and condensation onto a snow surface if T2 = 5(C, RH2 = 100% and v = 5 m s-1. Then compute the depth of melted snow as a result of each of these processes if the snow has a density, (snow = 100 kg m-3 and if the process continues for 5 hours. Compare this to your answer in problem 3.

Sensible Heat Transfer


Condensation
[dQ/dt]/A = _____ W m-2


[dQ/dt]/A = _____W m-2
dz = _______ m




dz = _______ m

7. Calculate the net radiation from a snow surface at -10(C when RH = 50%. You will first have to calculate e.

[dQ/dt]/A = _____ W m-2
8. Calculate the net upward radiation from the ground in the Sahara desert if the temperature is 40(C and RH = 10%.

[dQ/dt]/A = _____ W m-2
9. Use the 4-panel graph to calculate daily potential evaporation, given that

T = 70ºF
Td = 60ºF
Iavg = 300 W m-2 ( 600 cal cm-2 day-1
v = 5 m s-1 ( 10 mph

PE = _________ in day-1 
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