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Introduction

Earth is a unique planet because the life is found only on this planet. The air has a
special place among the conditions necessary for life. The air is a mixture of
several gases. The air encompasses the earth from all sides. The air surrounding the
Earth is called the atmosphere. The atmosphere is an integral part of our Earth. It is
connected with the earth due to the gravitational force of the earth. It helps in
stopping the ultra violet rays harmful for the life and maintains the suitable
temperature necessary for life. The air is essential for the survival of all forms of
life on the earth. You cannot imagine any kind of life in the absence of it. The
atmosphere is like a large protective cover. Besides many gases, water vapour and
dust particles are also found in the atmosphere. Due to these all kinds of changes
take place in the atmosphere you will study in this lesson. The composition and

structure of the atmosphere and the cyclic process of main gases.
1. ATMOSPHERE COMPOSITION AND STRUCTURE

The atmosphere is the mixture of different types of gases, including water vapour
and dust particles. Nitrogen and Oxygen are the two main gases of the atmosphere.
99 percent part of it is made up of these two gases. Other gases like organ, carbon
dioxide, hydrogen, nion, helium etc. form the remaining part of atmosphere. The

details of different gases of the atmosphere are given in the table 1 Fig. 1
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Atmospheric Physics

Table (1) Amount of gases in dry and air of the atmosphere.

Dr Abdel Galeil A Hassan

Serial No. | Gas Amount (in percentage)
A. Main
1. Nitrogen 78.1 )
- 99%
2. Oxygen 20.9
B. Secondary
1. Organ 0.9
2. Carbon Dioxide 0.03
3. Hydrogen 0.01
4, Nion 0.0018 [~ 997
5. Helum 0.0005
6. Ozone 0.00006
7. Others /

Fig (1) composition of atmosphere
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a) Ozone gas

The amount of ozone gas in the atmosphere is very little. It is limited to the ozone
layer but it is very important. It protects the living beings by absorbing the
ultraviolet rays of the sun. If there was no ozone gas in the atmosphere, there

would not have been existence of living beings and plants on the earth surface
b) Water vapour

Gaseous form of water present in the atmosphere is called water vapour. Water
vapour present in the atmosphere has made life possible on the earth Water vapour
Is the source of all kinds of precipitation. Its maximum amount in the atmosphere
could be up to 4 percent. Maximum amount of water vapour is found in hot-wet
regions and its least amount is found in the dry regions. Generally, the amount of

water vapour goes on decreasing from low latitudes to high latitudes

In the same way, its amount goes on decreasing with increasing altitude. Water
vapour reaches in the atmosphere through evaporation and transpiration.
Evaporation takes place in the oceans, seas, rivers, ponds and lakes while

transpiration takes place from the plants, trees and living beings.
c) Dust particles

Dust particles are generally found in the lower layers of the atmosphere. These
particles are found in the form of sand, smoke and oceanic salt. Sand particle have
important place in the atmosphere. These dust particles help in the condensation of
water vapour. During condensation water vapour gets condensed in the form of
droplets around these dust particles. Due to this process the clouds are formed and

precipitation is made possible.
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2- Importance of the Atmospheric Composition:

(1) Oxygen is very important for the living beings.
(i) Carbon dioxide is very useful for the plants.
(iii) Dust particles present in the atmosphere create suitable conditions for

the precipitation.

(iv) The amount of water vapour in the atmosphere goes on changing and
directly affects the plants and living beings.

(v) Ozone protects all kinds of life on the earth from the harmful ultra

violet rays of the sun

3-STRUCTURE OF THE ATMOSPHER

The atmosphere is an integral part of the earth. It surrounds the earth from all sides.
Generally it extends up to about 1600 kilometers from the earth’s surface. 97
percent of the total amount of weight of the atmosphere is limited up to the height
of about 30 kilometers. The atmosphere can be divided into five layers according

to the diversity of temperature and density.
(a) Troposphere (d) lonosphere
(b) Stratosphere (e) Exosphere

(c) Mesosphere
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(a) Troposphere (d) Ionosphere
(b) Stratosphere (e) Exosphere

(c) Mesosphere
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Fig (2) Atmospheric Strata
(a) Troposphere:

(i) This is the lowest layer of the atmosphere.

(if) The height of this layer is about 18 kms on the equator and 8 kms on the poles.
The main reason of higher height at the equator is due to presence of hot

convection currents that push the gases upward

(iii) This is the most important layer of the atmosphere because all kinds of
weather changes take place only in this layer. Due to these changes development of
living world take place on the earth. The air never remains static in this layer.

Therefore this layer is called changing sphere or troposphere.

10
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(iv) The environmental temperature decreases with increasing height of
atmosphere. It decreases at the rate of 10C at the height of 165 meter. This is called

Normal lapse rate.

(v) The upper limit of the troposphere is called tropopause. This is a transitional

zone. In this zone characteristics of both the troposphere and ionosphere are found.
(b) Stratosphere

(i) This layer is above the troposphere.

(i1) This layer is spread up to the height of 50 kms from the Earth’s surface. Its

average extent 40 kms.

(iii) The temperature remains almost the same in the lower part of this layer up to
the height of 20 kms. After this the temperature increases slowly with the increase
in the height. The temperature increases due to the presence of ozone gas in the

upper part of this layer.

(iv) Weather related incidents do not take place in this layer. The air blows

horizontally here. Therefore this layer is considered ideal for flying of aircrafts
(c) Mesosphere

(i) It is the third layer of the atmosphere spreading over stratosphere.

(11) It spreads upto the height of 80 kms. from the surface of the earth. It’s extent
is 30 kms.

(iif) Temperature goes on decreasing and drops up to — 1000C.

(iv) ‘Meteors’ or falling stars occur in this layer.

12
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(d) lonosphere
(i) This is the fourth layer of the atmosphere. It is located above the mesosphere.

(i1) This layer spreads up to the height of 400 kms. from the surface of the earth.
The width of this layer is about 300 kms.

(iii) The temperature starts increasing again with increasing height in this layer.

(iv) Electrically charged currents flows in the air in this sphere. Radio waves are
reflected back on the earth from this sphere and due to this radio broadcasting has

become possible.
(e) Exosphere

(i) This is the last layer of the atmosphere located above ionosphere and extends to

beyond 400 km above the earth.

(if) Gases are very sparse in this sphere due to the lack of gravitational force.

Therefore, the density of air is very less here.

e Change of weather take place only in troposphere.
e Change of weather conditions do not take place in stratosphere. This is an

ideal layer for flying aero planes.

e |ons are found in abundance in ionosphere. lonosphere reflects back the
radio waves to the earth and makes possible the communication system.

e Density of air is the least in the exosphere

14
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Gas Laws
Understanding atmospheric thermodynamics begins with the gas laws that you

learned in chemistry. Because these laws are so important, we will review them
again here and put them in forms that are particularly useful for atmospheric
science. You will want to memorize these laws because they will be used again
and again in many other areas of atmospheric science, including cloud physics,

atmospheric structure, dynamics, radiation, boundary layer, and even forecasting.

Ideal Gas Law

The atmosphere is a mixture of gases that can be compressed or expanded in a way

that obeys the ldeal Gas Law:

PV = NRT

157?), Vis the volume (m%), N is the number of

Where p is pressure (Pa = kg m
moles, R is the gas constant (8.314 J K mole™), and T is the temperature (K).
Note also that both sides of the Ideal Gas Law equation have the dimension of
energy (J = kg m?s ™).

Recall that a mole is 6.02 x 10% molecules (Avogadro’s Number). Above
Equation is a form of the ideal gas law that is independent of the type of molecule
or mixture of molecules..

Usually in the atmosphere we do not know the exact volume of an air parcel or air
mass. To solve this problem, we can rewrite the Ideal Gas Law in a different useful
form if we divide N by V and then multiply by the average mass per mole of air to

get the mass density:

16
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mass (kg mol™). Density has SI units of kg m™>. The Greek symbol p is used for
density and should not be confused with the symbol for pressure, P.
PRT
M
Density is an incredibly important quantity in meteorology. Air that is denser than
its surroundings (often called its environment) sinks, while air that is less dense
than its surroundings rises. Note that density depends on temperature, pressure, and
the average molar mass of the air parcel. The average molar mass depends on the
atmospheric composition and is just the sum of the mole fraction of each type of

molecule times the molar mass of each molecular constituent

Example

Let’s calculate the density of dry air where you live. We will use the Ideal Gas
Law and account for the three most abundant gases in the atmosphere: nitrogen,
oxygen, and argon. The mole fractions of the gases are 0.78, 0.21, and 0.01,
respectively. M is the molar mass of air; M = 0.029 kg mol™, which is just an
average that accounts for the mole fractions of the three gases:

M =0.78 MN, + 0.21 MO, + 0.01 Mar

0.78-0.028 + 0.21-.032 + 0.01-0.040 = 0.029 kg mol ™
R =8.314 JK™* mol™. Here, p = 960 hPa = 9.6 x 10* Paand T = 20 °C = 293 K.

Putting these values into the equation
PRT

M

we get that the dry air density is 1.1 kg m>.

P

18
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M =0.78 MN, + 0.21 MO, + 0.01 Mar
0.78-0.028 + 0.21-.032 + 0.01:0.040 = 0.029 kg mol "
R =8.314 J K mol . Here, p = 960 hPa = 9.6 x 10* Paand T = 20 °C = 293 K.

Putting these values into the equation
PRT
M
we get that the dry air density is 1.1 kg m >,
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Dry Air

Often in meteorology we use mass-specific gas laws so that we must specify the
gas that we are talking about, usually only dry air (N, + O, + Ar + CO, +...) or
water vapor (gaseous H,0). We can divide R by M; to get a mass-specific gas
constant, such as Ry = R/Mgy air-

Thus, we will use the following form of the Ideal Gas Law for dry air:

Pd:dedT

R —_ R _ 8.31K tmol~?!
@7 Maryqir  0.02897kg mol=1

=461 m*s °K '=461 Jkg 'K
Mary air 1S 0.02897 kg mol ™, which is the average of the molar masses of the gases
in a dry atmosphere computed to four significant figures.

Note that p must be in Pascals (Pa), which is 1/100th of a mb (a.k.a, hPa),
and T must be in Kelvin (K).

Water Vapor

We can do the same procedure for water vapor:

B, =e=p,RyT
R

RV=

Mwater vapor

8.314 JK 'mol™1
0.0180 Kg mol~—1

=461m?s°K'= 461Jkg—1K ™

Typically e is used to denote the water vapor pressure, which is also called the

water vapor partial pressure.

20



Atmospheric Physics Dr Abdel Galeil A Hassan

O clgd

oy e aliSIL aolzdl jlell Gwlgd paziws  dgzdl sloVl ple 58 Ble
(N2 + Oy + Ar khsd Bll <lgpdl WSy Lo dsleg aie Wa=w Sl jlell o Lude
b osle Jgazl) Mi (sde R @oowd LiSey (3l (H20 slodl Lz ol+ CO, +...
. Rq =R/ Mdry air Jio « alisIb pols 5le

8Ll clgpl) (sJlodl 5Ll U8 o LI Sl paiws Bgw « JLdlg

Pd:dedT

R —_ R _ 8.31K tmol~?!
@7 Maryqir  0.02897kg mol=1

=461 m*s °K '=461 Jkg 'K
Bll slgpl) Jawgioll My, 4 is 0.02897 kg mol™,
(K) alSIL T 0eSy ol ez « (Pa) JSowllb weSy ol e p ol bV

slodl L

sbodl )lxd asy )bl Guss paseiww

Mwater vapor

8.314 JK 'mol™1
0.0180 Kg mol—1

=461m?s°K = 461Jkg—1K ™

bsall Cal csoss Silg ¢ slodl [l hes (sl 8,LoW e plaziwl pu Lo dsle

water vapour pressure. clodl lsed o=

21



Atmospheric Physics Dr Abdel Galeil A Hassan

2-Dalton’s Law
This gas law is used often in meteorology. Applied to the atmosphere, it says that

the total pressure is the sum of the partial pressures for dry air and water vapor:
P=P4+H,0O+e

Imagine that we put moist air and an absorbent in a jar and screw the lid on the jar.

If we keep the temperature constant as the absorbent pulls water vapor out of the

air, the pressure inside the jar will drop to pyq. Always keep in mind that when we

measure pressure in the atmosphere, we are measuring the total pressure, which

includes the partial pressures of dry air and water vapor.

So it follows that the density of dry air and water vapor also add:

p:pd+pv

Application of Gas Laws

« When the physical conditions of the environment change, the behavior of gas
particles deviates from their regular behavior. The numerous laws known as
gas law can be used to investigate these changes in gas behavior.

« The gas laws have been around for a long time, and they greatly assist
scientists in determining quantities, pressure, volume, and temperature when it
comes to gas.

« Furthermore, the gas law, as well as newer variants, are used in a variety of
practical applications using gas. For example, measurements of respiratory
gases, tidal volume, and vital capacity, among other things, are taken at room
temperature, despite the fact that these exchanges occur in the body at 37
degrees Celsius.

« The law is also frequently utilised in thermodynamics and fluid dynamics. It

can be employed in weather prediction systems

22
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Virtual Temperature
Suppose there are two air parcels with different temperatures and water vapor

amounts but the same pressure. Which one has a lower density?

We can calculate the density to determine which one is lighter, but there is another
way to do this comparison. Virtual temperature, T,, is defined as the
temperature dry air must have so that its density equals that of ambient moist
air. Thus, virtual temperature is a property of the ambient moist air. Because the
air density depends on the amount of moisture (for the same pressure and
temperature), we have a hard time determining if the air parcel is more or less
dense relative to its surroundings, which may have a different temperature and
amount of water vapor. It is useful to pretend that the moist parcel is a dry parcel
and to account for the difference in density by determining the temperature that the
dry parcel would need to have in order to have the same density as the moist air
parcel. We can define the amount of moisture in the air by a quantity

called specific humidity, g

L
P, te,

We see that q is just the fraction of water vapor density relative to the total moist

q:

air density. Usually g is given in units of g of water vapor per kg of dry air, or g
kg™
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Using the Ideal Gas Law and Dalton’s Law, we can derive the equation for
virtual temperature:

T, = [1+ 0.61q]
where T and T, have units of Kelvin (not °C and certainly not °F!) and q must be
unit less (e.g., kg kg ™).
Note that moist air always has a higher virtual temperature than dry air that has the
same temperature as the moist air because, as noted above, moist air is always less
dense than dry air for the same temperature and pressure.
Note also that for dry air, q = 0 and the virtual temperature is the same as the
temperature.
Solve the following problem on your own. After arriving at your own answer, click

on the link to check your work

Consider a blob of air (Tye = 25°C, Qo = 10 g kg™) at the same pressure level as
a surrounding environment (Ten = 26°C and genv = 1 g kg™). If the blob has a

lower density than its environment, then it will rise. Does it rise?

The Atmosphere’s Pressure Structure: Hydrostatic Equilibrium

The atmosphere’s vertical pressure structure plays a critical role in weather and

climate. We all know that pressure decreases with height, but do you know why?

PropA

l z+Az

pbottornA
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The atmosphere’s basic pressure structure is determined by the hydrostatic balance

of forces (link is external). To a good approximation, every air parcel is acted on

by three forces that are in balance, leading to no net force. Since they are in

balance for any air parcel, the air can be assumed to be static or moving at a

constant velocity.

There are 3 forces that determine hydrostatic balance:

1. One force is downwards (negative) onto the top of the cuboid from the
pressure, p, of the fluid above it. It is, from the definition of pressure(link is

external)
Ftop = Ptop A
2- Similarly, the force on the volume element from the pressure of the fluid below
pushing upwards (positive) is:

Fyottom = Ppottom A
3- Finally, the weight (link is external) of the volume element causes a force

downwards. If the density (link is external) is p, the volume is V, which is simply
the horizontal area A times the vertical height, 4z, and g the standard gravity(link is

external), then:
Fweignt = —pVy = —pgAdz

By balancing these forces, the total force on the fluid is:

z F = Ftop + Fpottom + Fweight

=Ppottom A — PropA — pgA Az,
This sum equals zero if the air's velocity is constant or zero. Dividing by A,
0= Pyottom — Prop — Pg 4z
Ptop — Pyottom = — Pg 4z
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Piop — Phottom 18 @ change in pressure, and Az is the height of the volume element —
a change in the distance above the ground. By saying these changes are infinit
esimally (link is external) small, the equation can be written in differential (link is
external) form, where dp is top pressure minus bottom pressure just as dz is top
altitude minus bottom altitude.

dP == — pg 4z

P
i Pg

This equation is called the Hydrostatic Equation.

Using the Ideal Gas Law, we can replace p and get the equation for dry air:

P

dz = 9R,T
aprP M
P9 gy = Mg,
P RyT RT

We could integrate both sides to get the altitude dependence of but we can only do
that if T is constant with height. It is not, but it does not vary by more than about
+20%. So, doing the integral,

_Z
P=pPye/n
i RT
Where P, is surface pressure and H =
Mgir 9

H is called a scale height because when Z= H, we have p=p.e . If we use an
average T of 250 K, with M,;, = 0.029 kg mol™, then H= 7.3 km. The pressure at
this height is about 360 hPa, close to the 300 mb surface that you have seen on the
weather maps. Of course the forces are not always in hydrostatic balance and the
pressure depends on temperature, thus the pressure changes from one location to

another on a constant height surface.
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From the above equation, we can conclude that the atmospheric pressure falls off
exponentially with height at a rate given by the scale height. Thus, for every 7 km
increase in altitude, the pressure drops by about 2/3. At 40 km, the pressure is only
a few tenths of a percent of the surface pressure. Similarly, the concentration of
molecules is only a few tenths of a percent, and since molecules scatter sunlight,
you can see in the picture below that the scattering is much greater near Earth's

surface than it is high in the atmosphere.

First Law of Thermodynamics

Weather involves heating and cooling, rising air parcels and falling rain,
thunderstorms and snow, freezing and thawing. AIll of this weather occurs

according to the three laws of Thermodynamics.

The First Law of Thermodynamics tells us how to account for energy in any
molecular system, including the atmosphere. As we will see, the concept of
temperature is tightly tied to the concept of energy, namely thermal energy, but
they are not the same because there are other forms of energy that can be

exchanged with thermal energy, such as mechanical energy or electrical energy.

Each air parcel contains molecules that have internal energy, which when thinking
about the atmosphere, is just the kinetic energy of the molecules (associated with
molecular rotations and, in some cases, vibrations) and the potential energy of the
molecules (associated with the attractive and repulsive forces between the
molecules). Internal energy does not consider their chemical bonds nor the nuclear
energy of the nucleus because these do not change during collisions between air
molecules. Doing work on an air parcel involves either expanding it by increasing

its volume or contracting it.
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In the atmosphere, as in any system of molecules, energy is not created or
destroyed, but instead, it is conserved. We just need to keep track of where the

energy comes from and where it goes.

Let U be an air parcel’s internal energy, Q be the heating rate of that air parcel,
and W be the rate that work is done on the air parcel. Then:

v _ + W
dt_Q

The dimensions of energy are M L* T so the dimensions of this equation are M
L2 TS

To give more meaning to this energy budget equation, we need to relate U, Q,
and W to variables that we can measure. Once we do that, we can put this equation

to work. To do this, we resort to the Ideal Gas Law.

For processes like those that occur in the atmosphere, we can relate working, W, to
a change in volume because work is force times distance. Imagine a cylinder with
a gas in it. The cross-sectional area of the piston is A. If the piston compresses the
gas by moving a distance dx, the amount of work being done by the piston on the
gas is the force (PA) multiplied by the distance (dx). W is then PAdx/dt. But the
volume change is simply —Adx/dt and so:

W=—-pP—
dx

Reducing a volume of gas (dV/dt < 0) takes energy, so working on an air parcel is

positive when the volume is reduced, or dV/dt < 0. Thus:

du dv
dt_Q dx
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Heat Capacity

The heat capacity C is the amount of energy needed to raise the temperature of a
substance by a certain amount. Thus,
_9
Cdr
dt
It has Sl units of J/K. Cdepends on the substance itself, the mass of the

C

substance, and the conditions under which the energy is added. We will consider

two special conditions: constant volume and constant pressure.

1- Heat Capacity at Constant Volume

Consider a box with rigid walls and thus constant volume: % = 0. Nowork is

being done and only internal energy can change due to heating.

rigid walls

8
H

The candle supplies energy to the box, so Q>0 and Z—'Z> 0. The internal energy

can increase via increases in molecular kinetic and potential energy. However, for
an ideal gas, the attractive and repulsive forces between the molecules (and hence
the molecular potential energy) can be ignored. Thus, the molecular kinetic energy
and, hence, the temperature must increase:

dU

—>0
dt

aTr
So, QZCVE
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Cy, the constant relating Q to temperature change, is called the heat capacity at
constant volume. Heat capacity has units of J K™

ar . : . :
Remember that C,, s the change in the air parcel’s internal energy.

The heat capacity, Cy, depends on the mass and the type of material.

Some specific heat capacity values are included in the table below:

dry air 718
water vapor 1390
carbon dioxide 820

Heat Capacity Constant Pressure
The atmosphere is not a sealed box and when air is heated it can expand. We can

no longer ignore the volume change. On the other hand, as the volume changes,
any pressure changes are rapidly damped out, causing the pressure in an air parcel
to be roughly constant even as the temperature and volume change. This constant-
pressure process is called isobaric.
dU dv
Q= I + P a
Now the change in the internal energy could be due to changes in
temperature or changes in volume. It turns out that internal energy does not
change with changes in volume. It only changes due to changes in temperature. But
we already know how changes in internal energy are related to changes in
temperature from the example of heating the closed box. That is, the internal

energy changes are related by the heat capacity constant volume, C,. Thus:
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Note that when volume is constant, we get the expression of heating a constant
volume. Suppose we pop the lid off the box and now the air parcel is open to the
rest of the atmosphere. What happens when we heat the air parcel? How much

does the temperature rise?

It’s hard to say because it is possible that the air parcel’s volume can change in
addition to the temperature rise. So we might suspect that, for a fixed heating
rate Q, the temperature rise in the open box will be less than the temperature rise in
the sealed box where the volume is constant because the volume can change as
well as the temperature.

Enthalpy

Enthalpy (H) is an energy quantity that accounts not only for internal energy but

also the energy associated with working. It is a useful way to take into

consideration both ways that energy can changein a collection of molecules

by internal energy changes and by volume changes that result in work being done.
Enthalpy = H —-U + PV

Enthalpy is the total energy of the air parcel including effects of volume changes.

We can do some algebra and use the Chain Rule to write the First Law of

Thermodynamics in terms of the enthalpy:

0 = du L aVv

dt
_ dU PdV du dPv) _dP _d(U+PV) _ydp_ad_ dp
Q= dt  dt dt dt dt dt dt dt

If the pressure is constant, which is true for many air parcel processes,

then dp/dt =0 and:

_dH
T dt
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Summary

. In a constant volume process, heating changes only the internal
energy, U
. In a constant pressure process, heating changes enthalpy, 4 (both

internal energy and working).

In analogy with constant volume process, for a constant pressure process,

we can write:
dH dT

_ C —_—
Qconstant pressure dt v dt

Note that ¢, takes into account the energy required to increase the volume
as well as to increase the internal energy and thus temperature.
What is the difference between C, and C,? You will see the derivation of
the relationship, but I will just present the results:

e By mole Cp,, =C,,, + R

e By mass of dry air Cpy = C,q + Ry

e By mass for water vapor Cp, = C,y + R,
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e Bymole Cp,, = Cpyy + R

e By mass of dry air Cpy = Cpq + R4

e By mass for water vapor Cp, = C,y + R,
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The Clausius Clapeyron equation

The Clausius Clapeyron equation is a way of describing a discontinuous phase
transformation between two phases of matter of a single constituent, named after
Rudolf Clausius and Benoit Paul Emile Clapeyron. A straight line does not exist
between a liquid's temperature and its vapour pressure.The vapour pressure in the
water, for example, rises at a much faster rate than the system's temperature. The
Clausius equation will describe this action. The temperature of a system
determines the balance between a liquid and its vapour; an increase in temperature

induces a subsequent rise in the vapour pressure of the liquid

The Clausius Clapeyron equation Thermodynamics is as follows,

P, AHyey (1 1
o 3 (Y

To determine the ranges of hydrate stability, the Clausius Clapeyron equation
can be applied to a hydrating system and used to estimate the equilibrium water

behavior for a hydrate pair occurring in equilibrium at various temperatures.

For hydrate systems, the Clausius Clapeyron equation was obtained by assuming
that the higher and lower hydrates occur in equilibrium as three pure phases of
water vapour and that the average volume transition involved in this equilibrium
process is approximated by the volume of the emitted water vapour which behaves
ideally.
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A Thermogravimetric analyzer with an attached water vapour distribution system
was used to dynamically assess the equilibrium water vapour pressure for the

nedocromil sodium monohydrate and trihydrate systems at various temperatures.

The enthalpy of dehydration obtained by applying the Clausius Clapeyron equation
to experimentally defined equilibrium water vapour pressures agrees very well
with the enthalpy of dehydration resulting from differential scanning calorimetry
(13.7 +/- 0.6 kcal/mol of water loss, n = 5), meaning that the Clausius Clapeyron

equation can be applied to organic hydrate structures.

Applications of the Clausius Clapeyron Equation
The equation can be used for the following:
1- To determine the slope of a metamorphic reaction from thermodynamic data.
This is used to find out if it could be a potential geothermometer or

geobarometer.

2- The equation can help us determine thermodynamic values for reactions or
phases.

3- When we perform a Schreinemakers analysis of an invariant point, we can
use the Clausius Clapeyron equation to position reactions correctly.

4- By using the experimental results on a certain reaction at one temperature or
pressure, we can calculate the slope, and look at other conditions, instead of

conducting other experiments that could make it time-consuming.
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Normand's theorem

The height at which clouds will form in air that is lifted, for instance over a
mountain, is known as the lifting condensation level (LCL). It was shown that the

LCL can be found as the intersection of two lines on an agrological diagram

1. A dry adiabatic through a point representing the dry-bulb temperature (T) at
the surface, and

2. A saturation mixing-ratio line through the surface dewpoint (Ty).

Once the LCL is found, one can easily find the wet-bulb temperature (T,) at the
surface: from the intersection of the two lines mentioned above, follow a saturated
adiabatic down to ground level and read the temperature (see the Fig). That is the
surface wet-bulb temperature. This rule was proposed by C.W.B. Normand in
1924. The reason for this theorem is that the energy consumption that explains the
temperature difference between moist and dry adiabatic is the same as that that

explains the difference between wet and dry bulb thermometer readings.
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Entropy is a scientific concept as well as a measurable physical property that is
most commonly associated with a state of disorder, randomness, or uncertainty.
The term and the concept are used in diverse fields, from classical
thermodynamics, where it was first recognized, to the microscopic description of
nature in statistical physics, and to the principles of information theory. It has
found far-ranging applications in chemistry and physics, in biological systems and
their relation to life, in cosmology, economics, sociology, weather science, climate
change, and information systems including the transmission of information

in telecommunication.

The thermodynamic concept was referred to by Scottish scientist and
engineer Macquorn  Rankinein 1850 with the names thermodynamic
function and heat-potential ] In 1865, German physicist Rudolf Clausius, one of the
leading founders of the field of thermodynamics, defined it as the quotient of an
infinitesimal amount of heat to the instantaneous temperature. He initially
described it as transformation-content, in German Verwandlungsinhalt, and later
coined the term entropy from a Greek word for transformation. Referring to
microscopic constitution and structure, in 1862, Clausius interpreted the concept as

meaning disgregation

A consequence of entropy is that certain processes are irreversible or impossible,
aside from the requirement of not violating the conservation of energy, the latter
being expressed in the first law of thermodynamics. Entropy is central to
the second law of thermodynamics, which states that the entropy of isolated
systems left to spontaneous evolution cannot decrease with time, as they always
arrive at a state of thermodynamic equilibrium, where the entropy is highest.
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Austrian physicist Ludwig Boltzmann explained entropy as the measure of the
number of possible microscopic arrangements or states of individual atoms and
molecules of a system that comply with the macroscopic condition of the system.
He thereby introduced the concept of statistical disorder and probability
distributions into a new field of thermodynamics, called statistical mechanics, and
found the link between the microscopic interactions, which fluctuate about an
average configuration, to the macroscopically observable behavior, in form of a
simple logarithmic law, with a proportionality constant, the Boltzmann constant,
that has become one of the defining universal constants for the

modern International System of Units (SI).

In 1948, Bell Labs scientist Claude Shannon developed similar statistical concepts
of measuring microscopic uncertainty and multiplicity to the problem of random
losses of information in telecommunication signals. Upon John von Neumann's
suggestion, Shannon named this entity of missing information in analogous manner
to its use in statistical mechanics asentropy, and gave birth to the field
of information theory. This description has been identified as a universal definition

of the concept of entropy

The second law of thermodynamics

The second law of thermodynamicsis a physical law based on universal
experience concerning heat and energy interconversions. One simple statement of
the law is that heat always moves from hotter objects to colder objects
unless energy is supplied to reverse the direction of heat flow. Another definition

is: "Not all heat energy can be converted into work in a cyclic process

50


https://en.wikipedia.org/wiki/Ludwig_Boltzmann
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Statistical_mechanics
https://en.wikipedia.org/wiki/Logarithm
https://en.wikipedia.org/wiki/Proportionality_(mathematics)
https://en.wikipedia.org/wiki/Boltzmann_constant
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Bell_Labs
https://en.wikipedia.org/wiki/Claude_Shannon
https://en.wikipedia.org/wiki/John_von_Neumann
https://en.wikipedia.org/wiki/Information_theory
https://en.wikipedia.org/wiki/Physical_law
https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Energy_transformation
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Heat_flow
https://en.wikipedia.org/wiki/Work_(thermodynamics)
https://en.wikipedia.org/wiki/Cyclic_process

Atmospheric Physics Dr Abdel Galeil A Hassan

The second law of thermodynamics in other versions establishes the concept

of entropy as a physical property of a thermodynamic system. It can be used to

predict whether processes are forbidden despite obeying the requirement

of conservation of energy as expressed in the first law of thermodynamics and

provides necessary criteria for spontaneous processes. The second law may be

formulated by the observation that the entropy of isolated systems left to

spontaneous evolution cannot decrease, as they always arrive at a state

of thermodynamic equilibrium where the entropy is highest at the given internal

energy. An increase in the combined entropy of system and surroundings accounts

for the irreversibility of natural processes often referred to in the concept of

the arrow of time

Historically, the second law was an empirical finding that was accepted as

an axiom of thermodynamic theory. Statistical mechanics provides a microscopic

explanation of the law in terms of probability distributions of the states of large

assemblies of atoms or molecules. The second law has been expressed in many

ways. Its first formulation, which preceded the proper definition of entropy and

was based on caloric theory, is Carnot's theorem, formulated by the French

scientist Sadi Carnot, who in 1824 showed that the efficiency of conversion of heat
to work in a heat engine has an upper limit. The first rigorous definition of the

second law based on the concept of entropy came from German scientist Rudolph

51


https://en.wikipedia.org/wiki/Entropy
https://en.wikipedia.org/wiki/Thermodynamic_system
https://en.wikipedia.org/wiki/Conservation_of_energy
https://en.wikipedia.org/wiki/First_law_of_thermodynamics
https://en.wikipedia.org/wiki/Spontaneous_process
https://en.wikipedia.org/wiki/Isolated_system
https://en.wikipedia.org/wiki/Thermodynamic_equilibrium
https://en.wikipedia.org/wiki/Irreversibility
https://en.wikipedia.org/wiki/Arrow_of_time
https://en.wikipedia.org/wiki/Empirical_evidence
https://en.wikipedia.org/wiki/Axiom
https://en.wikipedia.org/wiki/Thermodynamics
https://en.wikipedia.org/wiki/Statistical_mechanics
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Caloric_theory
https://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics)
https://en.wikipedia.org/wiki/Nicolas_L%C3%A9onard_Sadi_Carnot
https://en.wikipedia.org/wiki/Rudolph_Clausius

Atmospheric Physics Dr Abdel Galeil A Hassan

Clausius in the 1850s and included his statement that heat can never pass from a
colder to a warmer body without some other change, connected therewith,

occurring at the same time.

The second law of thermodynamics allows the definition of the concept

of thermodynamic temperature, relying also on the zeroth law of thermodynamics.

r
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INTEXT QUESTIONS

1. Define tropopause.

2. Why is there a difference in the height of troposphere?

3. Inwhich two spheres the temperature increases with the height?
4. From which sphere are the radio waves reflected?

5. In which layer of the atmosphere, the density of the air is the least?

6. . In which layer of the atmosphere is the ozone gas found?
4- CYCLIC PROCESS OF THE ATMOSPHERIC GASE
The cycle of main gases found in the atmosphere is given below:-

a) Carbon dioxide cycle
b) Oxygen cycle

¢) Nitrogen cycle
a) Carbon dioxide cycle

1. The element of carbon is present in the atmosphere in the form of carbon
dioxide. The source of carbon for all living beings is atmosphere.

2. Green plants receive carbon dioxide from the atmosphere which is used for
making food with the help of the sun light. This is called photosynthesis. By
this process the plants create ‘carbohydrates’ in the form of food.
Carbohydrates thus, produced by plants are used as a food by all Living
beings

3. Carbon dioxide gets dissolved in the water bodies and gets collected in the
form of lime on the earth. After dissolution of lime stone, carbon dioxide

again reaches in the atmosphere. This process is called carbonization.
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. In this way carbon dioxide goes on moving between the atmosphere and

waterbodies of the earth.

4. Carbon dioxide produced by breathing of plants and animals, disintegration
of plants and animals and by burning fossil fuels like coal, petroleum and

natural gas again returns back to the atmosphere.

In this way, the process of receiving of carbon-dioxide from the atmosphere and
going back to it from the surface of the earth keeps on going continuously. It keeps

the balance between the carbon and biosphere
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Fig 3 Carbon dioxide cycle
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b) Oxygen cycle
1. The amount of oxygen in the atmosphere is about 21% and all living
being use oxygen present in the atmosphere for breathing.
2. For the burning of fuels like wood, coal, gas etc. oxygen is essential and
carbon dioxide gas is produced by their burning.
3. The main sources of oxygen in the atmosphere are plants and trees.
Higher the number of trees and plants, the availability of oxygen will be

more.
4. Oxygen produced through photosynthesis by the green plants goes back

to the atmosphere. In this way the process of oxygen cycle goes on

continuously.
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C)Nitrogen cycle
Nitrogen is an important element for life. The amount of nitrogen gas in the

atmosphere is 78%. The main source of nitrogen are nitrates present in the soil.
From the atmosphere, nitrogen enters into bio components through the biological
and industrial processes. Nitrogen compounds from the plants are transferred to
the animals through food chain. The process of transformation of nitrogen gas of
the atmosphere into nitrogen components is called nitrogen Fixation. Bacteria’s
decompose dried plants and dead animals. It produces nitrogen gas which goes

back into the atmosphere. In this way the cycle of nitrogen gas is completed.
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Meteorology

1- Introduction to meteorology
The earth is surrounded by a large envelope of gases called atmosphere. The
condition of the atmosphere and the changes it undergoes influence all physical,
chemical and biological activities over the earth. The study pertaining to lower
atmosphere and its changes is called atmosphere physics or meteorology. In
modern usage, meteorology denotes the science of weather and includes the study

of atmospheric phenomena.

Definition Meteorology can be defined as the science that deals with the study of

the atmosphere

2- Divisions of Meteorology
» Marine meteorology: Meteorology pertaining to the sea and ocean is called
marine meteorology.
* Aeronomy: The science of aeronomy investigates both the chemical and physical
properties of the atmosphere and the changes that occur in these as the result of

external and internal forces.

» Bio-meteorology: The scientific study of the interactions between living

organisms and their atmospheric environment called biometeorology.
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a) Weather

The word ‘weather’ refers to short period variation in the atmosphere at a given
place. In other words, the physical state of the atmosphere at a given time
constitutes weather. Weather at any place is defined as the momentary condition of
the atmosphere. It varies from day to day and place to place. The condition of the
atmosphere depends on the following variables which are called weather elements.
They are

1) Temperature of the air,

2) Pressure,

3) Humidity,

4) Rainfall and

5) Wind.

These weather elements are closely interrelated. Among these, temperature is the
most basic and fundamental. Any change in temperature causes change in the other
elements. Weather influences most day-to-day activities such as farming, modes of
transportation, as also clothing, etc.

b) Climate
The word climate refers to the condition of the atmosphere over a long period of

time over a large area. In other words, the long-term average of weather is climate.
The climate differs from region to region and season to season. Climate determines
water potential, natural vegetation, cropping pattern, land use, housing and other
infrastructure, industrial location, racial characteristics, etc. The mean value of
atmospheric variables such as temperature, wind, rainfall for different areas and
periods constitutes climatological data. However, extreme values as well as
infrequent droughts, high winds, heat and cold waves are taken into accounts to
obtain a true obtain a true picture of the climate. The study of climate is

climatology
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Climatic change has been attributed to both terrestrial and extra-terrestrial
processes. The main factors are:

« Astronomical: Variations in the incoming solar radiation due to changes in the
sun-earth distance arising from variation in the ellipticity of the orbit and also
changes in the in clination of the axis.

* Geological: Changes in the disposition of oceans and continents.

 Anthropogenetic: Changes due to human activities in the form of deforestation,
the release of greenhouse gases such as carbon dioxide into the atmosphere, etc.
3- Climatic control
The weather and climate are influenced by various factors. These factors are called
climatic controls. They are,
1. Latitudes of the place
Altitude of the place
Land and water surfaces
Mountains
Vegetation
Winds and storms
Ocean currents

Semi-permanent highs and lows

© ©o N o 00~ WD

Air masses

10.Cyclones
Depending on the factors, the weather elements change from place to place and
season to season giving rise to varieties of weather and climates. Heating due to
insolation depends on the angle of the sun’s rays as well as the duration of
sunlight, both of which are governed by the latitude. Altitude plays a large part in

shaping weather and climate. Altitude is usually specified above the mean sea level
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(amsl). Pressure decreases with height. Temperature also decreases as we go upto a
certain height in the atmosphere.

4- Process of Heat Transmission

Practically all of the energy that reaches the earth comes from the sun. Energy
travels from the sun to the earth by means of electromagnetic waves. The shorter
the wavelength, the higher the energy associated with it. Intercepted first by the
atmosphere, a small part is directly absorbed, particularly by certain gases such as
ozone and water vapour. Some energy is also reflected back to space by clouds and
the earth’s surface. Energy is transferred between the earth’s surface and the
atmosphere via conduction, convection and radiation. The processes of heating and
cooling of the atmosphere are,

* Conduction

 Convection

» Radiation

» Advection.

Convection

Heat Transfer o, ,>J| Jlaul
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The conduction is the process by which heat energy is transmitted through contact

with neighboring molecules. Air and water are poor conductors.

b- The Convection

The convection transmits heat by transporting groups of molecules from place to
place within a substance. Convection occurs in fluids such as water and air, which
move freely. In the atmosphere convection includes large and small scale rising
and sinking of air masses and smaller air parcels. These vertical motions
effectively distribute heat and moisture throughout the atmospheric column and
contribute to cloud and storm development (where rising motion occurs) and
dissipation (where sinking motion occurs). It is through this process differential

heating of the atmosphere and horizontal and vertical movement of air takes place.

c- The Radiation

The radiation is the transfer of heat energy without the involvement of a physical

substance in the transmission. Radiation can transmit heat through a vacuum.

d- The Advection

The process of horizontal transfer of heat by winds is called advection. Air masses

in the form of winds blow from one region to another.
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5- Heating of the Atmosphere
The atmosphere does not absorb short wave radiation. Therefore, most of the
radiation is transmitted to earth without heating the atmosphere. The insolation
chiefly heats up the earth’s surface. The heated surface of the earth reflects back
the heat to atmosphere in the form of long-waves (terrestrial radiation). Insolation
Is received only during the day-time. But transmission of terrestrial radiation takes
place all through the day and night. As a result of this phenomenon nights are

cooler than the day.

The average temperature of the earth generally does not change. The amount of
heat reflected back by earth through terrestrial radiation equals the amounts of
insolation or incoming solar radiation. In the way there is balance between
insolation and terrestrial radiation. This balance is known as the heat budget of the
earth.
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a- Insolation

The energy for all atmospheric processes is derived from the sun. The sun radiates
energy at a temperature of 6000°C. Incidence of the solar radiation on the earth’s
surface is referred as insolation. The sun’s rays suffer depletion due to absorption,
scattering and reflection and by the atmospheric constituents, particulates or
aerosols and clouds. Most of the ultraviolet radiation is absorbed by the ozone
layer. Part of the radiation is reflected back to space by water, snow and deserts
and the rest is absorbed by land and water. Nearly 19 percent of the incoming solar
radiation is absorbed in the atmosphere and 34 percent scattered or reflected back
to space. The rest 47 percent of the radiant energy is absorbed by the earth and
transformed into heat (Fig). Heating extends to considerable depth in water due to
turbulent mixing and overturning. Oceans store energy for long periods. Over land,
however, the heating effect is restricted to a few centimeters. Heat is transferred
upwards by conduction and eddy transfer. Large masses of heated air become
buoyant and are carried upward by convection. Cooling takes place in the vertical

up lift and water vapour condenses into liquid water drops, liberating latent heat.

b- Albedo

The term albedo denotes the reflectivity for sunlight of a rough (diffusely
reflecting) surface or of an entire planet. It is defined as the ratio of diffusely
reflected radiation to the incident radiation. Thus an albedo of 1(or 100 percent)
would apply to a perfectly white diffuse reflector, while an albedo of zero (or 0
percent) would apply to a perfectly black body. The average or overall albedo of a

planet determines its mean temperature.
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c- Greenhouse effect

The phenomenon called the greenhouse effect causes warming of the surface and
lower atmosphere of a planet through the atmosphere’s trapping of outgoing
infrared radiation (long wave radiation). The trapping is affected by certain gases
that act as infrared absorbers- for examples, water vapour, carbon dioxide, methane
and chlorofluorocarbons (CFCs). As these gases absorb the infrared radiation being
emitted by the surface, they warm the lower atmosphere and they then reradiate to

the surface, warming it.

d- Greenhouse gases
Through the absorption and emission of the Earth’s radiation, certain atmospheric
gases contribute importantly to determine the average temperature of the planet.
These are called greenhouse gases and included are such primary constituents as
water vapour, carbon dioxide, ozone, methane, nitrous oxide and
chlorofluorocarbons. The major constituents of the air, nitrogen and oxygen are not
greenhouse gases. Some greenhouse gases are influenced by human activities, but

others, such as the chlorofluorocarbons are entirely produced by human industry.

Water vapour has the largest greenhouse effect in the Earth’s atmosphere, but its
concentration is determined by a global balance between evaporation from the
oceans and precipitation, so it is not directly affected by human activities. In
general, carbon dioxide and other greenhouse gases are relatively inefficient
absorbers of solar radiation; however, these gases are strong absorbers of infrared

(IR) radiation (heat), the type of radiative energy emitted by the Earth.
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After carbon dioxide, the most important greenhouse gas is methane. Other
greenhouse gases are the chlorofluorocarbons which are notorious for their effect
on the ozone layer but also strong infrared absorbers, and nitrous oxide produced
in soil when nitrate fertilizers are used. All the other greenhouse gases together,
except for water vapour, contribute about the same to the greenhouse warming as

does carbon dioxide alone.

E- Global warming

Globally averaged surface air temperatures during the 1980s and early 1990s have
been warmer than at any other time. Many scientists believe that this global
warming is the result of a concurrent increase in the levels of atmospheric
greenhouse gases, specifically carbon dioxide, methane and the
chlorofluorocarbons. It is also believed that the greenhouse gases have been
increasing primarily because of human activities. Increasing amounts of carbon
dioxide are released into the atmosphere due to the ever growing combustion of
fossil fuels. Greater absorption of the outgoing long wave radiation from the earth
due to the higher concentration of greenhouse gases such as carbon dioxide,
methane and nitrogen oxides in the atmosphere would result in a rise in global

temperatures or global warming.

Global warming may have long-term consequences such as the melting of polar ice
caps which in turn would lead to flooding and submergence of low lying coastal
areas. Rise in sea level would mean the wiping of the prosperous and teeming
settlements of human lives as in Sunderbans, Bangladesh, Maldives, etc. The
forests of the world act as global sinks which absorb the carbon dioxide emitted

into the atmosphere through the burning of fossil fuels.
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Depletion of our forest cover necessarily reduces their capacity to absorb carbon

dioxide. Further, clearing and burning of the forests release more and more carbon

dioxide into the atmosphere, thus enhancing the greenhouse effect.
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a- Air Temperature

The temperature of the air is a fundamental and important weather element. The
main source of heat for the atmosphere is the radiation emitted by the earth. The
atmospheric temperature shows large variation due to irregular distribution of

insolation on the surface of the earth. These variations can be classified into three

types:

e Periodic temperature variation
e Horizontal temperature variation

o Vertical temperature variation

b- Periodic temperature variation

It is a common knowledge that the air temperature shows periodic variations from
high to low values. These periodic variations can be classified into daily and
annual changes. The daily maximum temperature occurs in the midafternoon
between 1 and 4 P.M. The daily minimum temperature occurs in the early morning
just before sunrise between 4 and 6 A.M. The annual variations largely follow the
diurnal variations. The annual maximum temperature occurs in the end of July, a
full month after summer solstice (June 21st). The annual minimum temperature
occurs in the end of January, a month after winter solstice (December 22nd). These
variations for the northern hemisphere only, the seasons being reverse in the

southern hemisphere.
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c- Horizontal Temperature Variation

The most fundamental horizontal temperature variation is the slow decrease in air
temperature from the equator towards the poles. This is the normal effect of
latitude on temperature, since the amount of insolation received on the earth’s
surface largely depends on the latitudes. However, the temperature at different
places of same latitude will not be same because of various other factors. The
irregular composition of the earth’s surface has a great effect on temperature. Land
areas warm and cool more rapidly than water masses (ocean). The annual
temperature ranges are greater over the land than over the oceans. The temperature
of the air in the first 2 or 3km above the oceans varies less between seasons and
between day and night than the air above the continents. The effect is most evident
in middle and high latitudes, where seasons are pronounced. The most important
reason for differences in the rates of heating and cooling is that the fluid character
of water permits it to mix and as a result, the heat added to the oceans by solar
radiation is distributed to over a greater depth than the heat added to a land surface.
Similarly, when a water surface cools, the surface water becomes heavier and
begins to sink, allowing warmer water to rise to the surface. In addition, the sun’s
rays penetrate water to a considerable depth, thus distributing their energy through
a relatively deep layer. Water is mobile and experiences both vertical and
horizontal movements which distribute the heat energy absorbed at the surface
throughout its mass. On the other hand, the opaqueness of land concentrates the
absorption of solar energy at the surface, causing relatively rapid and intense
heating. Insolation is absorbed by land only at the surface and is transmitted slowly
downward by conduction. Also of major significance is the large specific heat of
water. Specific heat is the ratio of the heat addition to temperature change. Water

has at specific heat of 1, while soils have a specific heat of less than 0.5.
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Thus, to raise the temperature of a mass of water by 1°C requires more than twice
as much energy as is needed to rise the temperature of an equal mass of land by
1°C. A final important factor is that in oceanic areas more of the solar energy goes
into evaporating water and thus is not available for heating the water. Because of

these factors the oceans are a great stabilizer of temperature.

d- Isotherms

The horizontal distribution of the air temperature is shown by means of isotherms.
Isotherms are the lines connecting points of equal temperature. The temperature
gradually decreases from the equator towards the poles due to the effects of
latitude. If the latitude is the only factor affecting temperature, then isotherm on the
world map would have been straight lines. But there are other factors which
influence the temperature. Hence isotherms on a world map are irregular lines.
Isotherm representing highest temperature would be near the equator. A line
connecting the places having highest average temperature is known as “Heat
equator”. The temperature change in a direction normal to the isotherm is called
horizontal temperature gradient. The lowest valid temperature registered so for is -
127°F at Voslok station, Antarctica. The highest world temperature recorded is
136°F at Tripoli in North Africa.

E- Vertical Temperature Variation

Observation of temperatures in the upper air indicates the decrease of temperature
with altitude. The regular decrease in temperature with altitude is called vertical
temperature gradients. This extends up to the tropopause. There are three reasons
for this decrease in temperature,
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e The major source of heat for the atmosphere is the earth. So as the distance

from the surface of the earth increases the temperature must decrease

e The density of water vapour decreases with elevation, so less heat is

absorbed by the air at higher latitudes.

e As the air rises to higher altitudes it expands and the temperature decreases.

Temperature Inversion

Certain special conditions in the atmosphere at some altitude may produce a
reversal of the normal lapse rate, so that the temperature actually increases with an
increase in altitude. This is known as temperature inversion. This can occur only
when a warm layer of air overlies a colder layer. The layer in which temperature

increases with altitude is called inversion layer

Actual Lapse Rate

The actual decrease in temperature with elevation at a given place is called actual
lapse rate. It is determined by actually observing the temperature at different

elevations. It changes from place to place and time to time.

Normal Lapse Rate

The average rate of temperature decrease with elevation is called “Normal lapse
rate”. This is determined by taking the average of the different lapse rate observed

at different places and different times. Normal lapse rate is 6.5°C.
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Measurement the Air Temperature
Maximum Thermometer

Usually used at shore stations in order to record the maximum daily temperature.
They are of two types, one having a constriction in the tube (as with a clinical
thermometer) and the other with an index in the bore. With the later type, the
mercury pushes the index up the tube when the temperature rises and when it falls,
the index is left in position. The maximum temperature is read at the end of the

index nearest to the mercury. Mercury is used as it has a high boiling point.

Minimum Thermometer

As with the maximum thermometer, this is generally used at shore stations to
record the minimum daily temperature. The liquid is usually alcohol as this has a
low freezing temperature. The index is immersed in the alcohol and as the
temperature falls and the alcohol contracts; the surface tension of the alcohol draws
the index down the tube. As the temperature increases the alcohol is free to flow
past the index. The minimum temperature is read at the end of the index nearest the

open end of the alcohol.

Sixes Thermometer

This is a useful little instrument which incorporates a maximum and minimum
thermometer and is much used by gardeners. The expansion of the alcohol in the
round bulb as the temperature rises, forces the mercury round towards the pear
shaped bulb and in turn, forces the index up the tube. The converse occurs when
the temperature falls. The maximum and minimum temperatures are read at the

ends of the indices nearest the mercury.
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Sixes Thermometer

Thermograph

This recording thermometer is not often seen abroad ship. A pen, attached to a
metallic coil which expands and contracts, records the temperatures on a drum
moved by clockwork. A commonly used thermograph is one which uses a
bimetallic strip as reactor. Two thin, curved sheets of metal of widely different
thermal expansion are welded together. When the temperature changes, the two
metals will expand unequally, and the curvature of the strip will change. This
change is transferred through levers to a pen that traces the temperatures on the

thermogram.

Thermograph
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Humidity and Water Vapour

Role and causes of water vapour in the atmosphere

The amount of water vapour in the atmosphere is called humidity. The main
sources of water vapour in the lower atmosphere are evaporation from the earth’s
surface and transpiration by plants. The main sink (route of loss from the
atmosphere) is precipitation as rain or snow. Atmospheric water vapor accounts for
only about 1 part in 10,000 of the total amount of water in the global hydrological
cycle. The total volume of water in the atmosphere is about 1.3x 1023 cubic meters;
the overwhelming majority of this is in the vapor phase. For comparison, the
oceans contain about 1.35x10° cubic meters of water. Atmospheric water vapor is
one of the most important factors in determining earth’s weather and climate,
because of its role as a greenhouse gas and because of the large amounts of energy
involved as water changes between the gaseous (vapor) phase and the liquid and

solid phase.

Air saturated when it holds the maximum possible amounts of water vapor. At that
point, the rate at which water molecules enter the air by evaporation exactly

balances the rate at which they leave by condensation.

Specific humidity is the concentration of water vapor in a sample of moist air.
Absolute humidity is the water vapor density, defined as the ratio of the mass of
water vapor to the volume of associated air; it is generally expressed in grams per

cubic meter.
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The partial pressure of water vapor in saturated air is called the saturation air
pressure. Saturation vapor pressure increases rapidly with temperature; the value at
32°C is about double the value at 21°C.

Relative humidity can be defined as the ratio of the actual vapor pressure to the
saturation vapor pressure at a given air temperature; the result is expressed as
percentage. Because the saturation vapor pressure is temperature dependent, for a

given value of relative humidity, warm air has more water vapor than cooler air.

When air is cooled at constant pressure and water vapor content to the saturation
(or condensation) point, the air temperature at which that point is reached is the
dew-point temperature. The difference between the actual temperature and to the

dew-point is called the dew-point depression.

Variations in Humidity

In the absence of significant changes in weather, the variations in humidity that
occur over the course of a day can easily be understood. The specific humidity
remains relatively constant from day to night and so the dew-point temperature
does also. As the temperature cools at night, however, the saturation vapour
pressure decreases, so relative humidity increases. The highest humidity values
usually occur at the time of lowest temperature, before sunrise. Seasonal humidity
variations depend on two factors- seasonal changes in temperature and seasonal
changes in atmospheric circulation. In temperate climate, the warmer air in

summer has a higher saturation vapor pressure than does the cooler winter air.
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Average relative humidity values in summer and winter tend not to differ much, so
the specific humidity tends to much greater in summer. In monsoon climates,
relative and specific humidity tend to increase dramatically during the monsoon
season, when onshore winds carry moisture-laden air from the ocean to land areas.
Humidity measuring instruments

1) Hair hygrometer

In 1783, De Saussure used human hair to measure the moisture of the air and
constructed the hair hygrometer, which, with later improvements is still standard
station equipment. When air is dry, the cells in the hair are close together; but
when the air is humid, the space between the cells absorbs water vapour and air
thickens and lengthens. It is this lengthening that is used as a measure of the

moisture.

hair e‘lement

Hair hygrometer

2 ) APsychrometer

APsychrometer is a simple, widely used instrument for measuring humidity. This
consists of two thermometers mounted side by side in a Stevenson’s screen. One is
a dry bulb thermometer, the other a wet bulb thermometer. One of these is naked
while the other has its bulb tightly dressed in fine muslin with a wick that draws

pure water from a container thus keeping the bulb wet.
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Now, when air is blown fast the bulbs, the dry thermometer shows the temperature
of the air, while water evaporates from the wet bulb. Since heat is required to
evaporate water, the temperature of the wet bulb thermometer sinks; it does so
until a state of equilibrium is reached and then stays steady. The saturation vapour
pressure at the wet bulb is then the same as that of the air and no further
evaporation takes place. The temperature shown by this thermometer is called the
wet-bulb temperature and we may say that this temperature is the lowest
temperature to which the air can be cooled by evaporating water into it. Now, ,
when air is blown fast the bulbs, the dry thermometer shows the temperature of the
air, while water evaporates from the wet bulb. Since heat is required to evaporate
water, the temperature of the wet bulb thermometer sinks; it does so until a state of
equilibrium is reached and then stays steady.

The saturation vapour pressure at the wet bulb is then the same as that of the air
and no further evaporation takes place. The temperature shown by this
thermometer is called the wet-bulb temperature and we may say that this
temperature is the lowest temperature to which the air can be cooled by
evaporating water into it.

Now if the air is saturated initially, no evaporation would occur and the dry-bulb
and wet-bulb temperatures would be the same; the relative humidity would be 100
per cent and the wet-bulb depression would be zero. The larger the saturation
deficit, the more evaporation would be needed and the lager would be the wet-bulb
depression. Once the air temperature and the wet-bulb temperature have been
observed, the relative humidity and all other humidity measures can be obtained
from tables or graphs. By entering tables with the dry-bulb temperature and the
difference between the wet and dry bulbs, the dew point and relative humidity can

be found

99



Atmospheric Physics Dr Abdel Galeil A Hassan

loiw « slgpdl 81,5 a>,5 Bl jioge,dl zuogs dcywn slggdl dan lodie WV
Ol ¢ slodl 2 auglle 8,5l OV b .ol (Gulad]) £33l oo slodl 2
oo Al (| Jgogll pin si> v posts paexis Jluodl siego sl 8)> a=)s
s 98 byl o33l die guiidl Hl oo WSy Vi LU Sy 05 wsleill
dlawly dsogoll 8,5l @5y oo il oo e Wiy Vg slgp)l bhes
sl @ 04d 8Ll @, ol Jgis a8g aub,Jl 6,1,> ) 1is 8,2l Lwlée
baie « OVl alsly clodl 1z b oo Ll clogdl 3,5 OSew 8,,> &>,
sy loiw ¢ slgpdl 8)l> ax)s Bl 8=l puliso sl ac,uw clopdl G
5,L,> as, uld ¢ cloll 2 aglho 8,2l WV Gk cwby)l 52l Go sloll
pi Uslgill o Al (sl Jgogll oy i iy posy ¢ paexis Juodl yiogo il
Bt Jky

Vg slogll bhes auunsi 98 bl (Guladl) s52dl e guid] )l bhes wsS) Ui
i 8,15l pwlio alawly dxogoll 81,2l @55 (a2l o Wio Gz
oS 8,1, @x)5 (susl B 0id 8,1l @) ol Jgss a8y aub,Jl 8,2l ax)s
Al slodl juss Boub o gl slgpdl 30,0

8)ly> W=y UsSiwy i Sl Gazm 18 @bl 8 erie slgpll O 3]
sy WS 9 % 100 apuwidl agb,ll UeSTy s (sd b))l 9 BRI yingo,dl
50 8,5l &5y s Lolazol Ld UgSaawg szl csdl sl ol « gl jxc
ab,)l 8,15l &>)59 slgpll 8,1,> a5, @asVo syxos Wet bulb i)l ]
ol Jglazdl o 5,3Vl agb))l Guglie gr0>9 duill dgb)ll (sle Jgazl Sa,
9,ally aub)llg @l=l 8=l a5 go Jglazdl Jss| 805k e Lawldl ool

Q] aygbyllg ol ddass sl Lol Sy 9 Login

100



Atmospheric Physics Dr Abdel Galeil A Hassan

Dry Bulb Wet Bulb depression {*C)
(g & 1 3 & 4 B & 7 WA ¥ 16 12 14 14 18 %6
2 (o9%+| B4%| 68% | 52% 37%|22% | 8%
4 95+ B5% 70% 56% 42% 29% 246%| 3%
& [97r | B6% | 73% | 60% 47% 34%[22% 11%
8 9%+ | B7%|75% 63% 51%| 39%|28% 18% 7%
10 995+ | BB% | 76% £5%| 54% | 44% 33% 23% | 14%| 4%
12 99%+ | B9%|78% 67% 57%| 47% 38% 29% 20% 1% 3%
14 99%+ | 89% | 79% 69% 60%|51% 42% 33% 25% 17% 9%
16995+ 90% | 80% 71% 62% 54% 45% 37% 29% 22% 14%
18 99%+ | 91% | B1% 73% | 64% | 56%  48% 41% 33%|26% 19% &%
20 99%+| 91% | 82% 74% 66% | 5B8% 51% 44% 37% 30% 24% 11%
22 99%+| 91% | 83%  75% 68% | 60% 53%  46% | 40% | 34% 27% | 16%| 5%
24 59%+ | 92% | BA% 76% 69% 62% 55% 49% 43% 37% 31% 20%| 9%
26 99+ | 92% B5% 77% 70% 64% 57% 51% | 45% 39% 34%|23% 14% 4%
28 99w+ | 92% B5% 78% 72% 65% 59% 53% 47% 42% 37%|26% 17% 8%
30 99%+ | 93% | B6% 79%| 73% | 67% 61% 55% | 49% 44% 39%[29% 20% 12% 4%
32 9%+ | 93% B6% BO% 74% 6B% 62% 56% 51% 46% 41% 32% 23% 15% B% 1%
34 99+ 93% B87% B1% 75% 69% 63% 58% 53% 48% 43% 34% 26% 18% 11% 5%
36 99+ | 93% 87% B1% 75% 70% 64% 59% | 54% 50% 45%|36% 28% 21% 14% 8%
38 99%+ | 94% BB% B2% 74% 71% 5% 60%|56% 51% 47%)38% 31% 23% 17% 11%
40 995+ 94% BB% B2% 77% 72% 66% 62% 57% 52% 48% 40% 33% 26% 19% 13%
42 9%+ | 94% | BB% B3% 77%| 72% 67% 63% 58%|54% 50% 42%|34% 28% 21% 16%
44 55w+ | 94% B9% B2% 7B% 73% 68% 64% 59% 55% 51% 43% 36% 29% 23% 18%

101



Atmospheric Physics Dr Abdel Galeil A Hassan

Condensation

The water vapour content in the atmosphere varies widely, rising at times to as
much as 4 percent by volume. Nearly 85per cent of the moisture enters the
atmosphere by evaporation from the oceans, lakes, rivers, glaciers, ice caps and the
rest by evapotranspiration from vegetation. Moisture can be present as vapour,
droplets and ice crystals. Moisture comes out of the atmosphere by condensation
and precipitation. The condensation occurs when water vapour in the atmosphere
changes state from a gas to a liquid or from a liquid to a solid. This process forms
fog, dew, frost and clouds, which may eventually lead to precipitation.
Condensation is a major component of the hydrologic cycle because it is the
mechanism by which moisture in the atmosphere is returned to the earth or ocean.
Condensation of atmospheric moisture on the ground is called dew if the surface
temperature is above freezing and frost if it is below freezing. Fog is simply a

stratus cloud in contact with the ground.

In addition to its importance within the hydrologic cycle, condensation is also an
important component of the energy balance. As the combined processes of
evaporation and transpiration, store energy by changing water from a liquid to a
gaseous state, this energy is again released as water condenses from a vapour to a
liquid during the process of cloud formation and eventually, precipitation. This
energy is removed from the surface of the earth in evapotranspiration and serves to

heat the atmosphere when it is released through the condensation of water vapour.
Condensation cannot begin unless the air becomes saturated with a relative
humidity of 100% that is when the partial pressure of water vapour in the

atmosphere reaches the saturation vapour pressure at the ambient temperature.
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As the temperature of the air continues to decrease owing to rising motions,
traditional cooling or contact with cooler surface, the vapour pressure exceeds the
saturation vapour pressure, producing a condition called supersaturation. When air
IS supersaturated, the water vapour begins to condense producing extremely small

water droplets.

The atmosphere contains many aerosol particles produced by blowing dust and
soil, sea spray (salt), forest fires, volcanic activity and industrial pollution. Some of
them are hygroscopic, i.e. they attract water. Hygroscopic particles such as sodium
chloride (NaCl) act as condensation nuclei. Water vapour condenses initially on
hygroscopic nuclei and changes into liquid water droplets. Once condensation is
initiated, the process goes on and clouds form. Condensation can begin on
condensation nuclei even when the relative humidity is less than cent percent.
Water vapour can exist in the supersaturated state upto -39°C in the atmosphere.
Supercooled water droplets are extremely unstable and freeze instantaneously on

coming into contact with ice crystals.

Ice particles can grow large enough to produce clouds and precipitation through
two processes. The first, called the Bergeron process after its discovery by Tor
Bergeron in 1933, is based on the principle that when air is saturated with respect
to water at temperatures below 0°C, it is supersaturated with respect to ice. Ice
particles can also grow by collision with supercooled droplets (called riming) or

with other ice particles (aggregation).
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Precipitation

The fall of liquid water droplets or ice crystals from the clouds to the ground is
termed precipitation. The fall can be in nature of drizzle, rain, shower, hail, sleet
or snow. Drizzle, rain and shower are liquid water droplets, the nomenclature

depending on the size of the drops and their number per unit volume.

Drizzle consists of a very large number of minute droplets per unit volume.

Number of drops is much less in rain and still less in showers.

Snow is composed of ice crystals which exhibit a fantastic variety of forms and

sizes depending upon the temperature.

Sleet is a mixture of rain and snow. Ice pellets with diameters from 0.5 to 5.0 cm

falling out of thunderclouds are termed hail..

Rainfall is measured as the height of water collected in an open impermeable space

by direct precipitation. Any loss by absorption, evaporation or runoff is prevented.

Precipitation is measured by a rain gauge or a snow gauge. There are two types of
rain gauges-ordinary rain gauge and self-recording rain gauge. Rainfall is
expressed in millimeters per day, month or year and denotes the total depth of
water falling on the earth from all types of precipitation. Snow is measured as the

water equivalent or directly as the depth of accumulation.
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Precipitation process

The floating cloud droplets fall to the ground under the influence of gravity.
However, they remain airborne so long as their fall speed is less than the
magnitude of the upward motion in the atmosphere.

The tiny droplets in the cloud grow due to aggregation or coalescence. The larger
the drop, the greater is the fall or terminal velocity. When the drops grow to a size
where the terminal velocity becomes greater than the updraft, they come down to
the ground as precipitation.

In hot or dry atmosphere, initially the drops may not reach the ground due to
evaporation in the intervening layers. The rain can then be seen from a distance as
downward strands from the cloud, disappearing midway. This phenomenon is
termed virga.

A mechanism is required for the growth of water droplets to become large enough
to attain terminal velocity high enough to come down as precipitation.

Precipitation can be initiated by two different processes, depending on the
temperature in the cloud. When the cloud temperature is less than 0°C either
partially or wholly, initially ice crystals form in the supercooled region at the top
where the temperatures are of the order of -120°C.

Once formed, ice crystals draw moisture rapidly from water droplets and grow at
their expense. Ice crystals in the cloud multiply by a splintering process also. A
shell of ice forms on a supercooled drop. As it grows and presses inwards, the drop
shatters and thousands of spikes of fine ice crystals scatters and thousands of
spikes of fine ice crystals scatter in the cloud. The ice crystals melt as they fall
through cloud, liquid water drops collide with others, aggregate to form larger
drops and come down to the ground as rain. If the temperature continues to be very

low, snowfall occurs. This is the cold rain process.
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Atmospheric Pressure

Introduction

The detectable atmosphere extends to hundreds of miles above the earth’s surface
which is held by gravity. The pressure exerted by the atmospheric air on the
surface of the earth is called atmospheric pressure. The atmospheric pressure is
expressed in terms of certain equivalent values such as mass or height of mercury
column that can balance the atmospheric pressure.

Units of pressure Pressure is measured by a barometer as the height of mercury
column supported by the atmosphere and expressed as a force in millibars (mb).
The unit mb is 1000dynes per sg. cm.

Periodic Variation

The atmosphere is not a static body. It is a dynamic medium. Atmospheric pressure
varies with time and distance, as also with altitude and weather conditions. The
pressure attains the high values and the low values daily. The high values occur at
10 AM and 10 PM while the low values occur at 4 PM and 4 AM. This effect is
known as solar tide. This is pronounced in tropics where the difference between

maxima and minima can be of the order of 2 to 3 mb.
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Vertical variation

The atmosphere is a mixture of gases held to the earth by gravity. Since gases are
compressible, the overlying air compresses the lower air considerably and thereby
Increases the density of air near the ground. Because of this compression, pressure
rapidly decreases with elevation. The rate of decrease with height is not constant.
Near the ground it is approximately 1 millibar per 10 meters but at 20km, pressure
decreases more slowly at about 1millibar per 130 meters. At the top of a 1000

meter mountain, pressure is about 900mb.

Horizontal variation
Atmospheric pressure is not everywhere uniform. The air over the earth’s surface
undergoes variety of pressure changes due to non-uniform heating of the earth’s
surface. The horizontal pressure field is analyzed by drawing lines of equal
pressure values on a map where atmospheric pressure readings reduced to mean
sea level of different stations are plotted. The horizontal variations of pressure are
much less than the vertical variations, but the relatively small variations are of
fundamental significant in determining wind direction and speed. The horizontal
pressure patterns are of two types,

« Those whose average position is roughly the same.

« Those whose position moves with the line.
Isobars Isobars are the lines joining the points of equal pressure. Isobars are

usually drawn at pressure intervals of 3, 4 or 5 millibars..
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Horizontal pressure gradient the change in pressure with horizontal distance is
called pressure gradient. The pressure gradient is in a direction perpendicular to the
isobars.

Isollobars It is often important to know the magnitude of the pressure change
rather than simple pressure over a particular region. The change in pressure in the
hours prior to observable recording time is called pressure tendency and it is a net
value. The line connecting places having equal pressure tendencies is called °

Isollobars’ and constitute an important tool in weather analysis.

High and low pressure areas
An area which has low pressure than surrounding areas at the same elevation is

called as low. If there is a fairly identifiable center of low pressure on a weather
map, it is referred as cyclone or depression. A region which has high pressure than
surrounding areas at the same elevation is called high. If a Centre of high pressure

can be identified on a weather map, it is referred as high or anticyclone

o

L
2

A high pressure and a low pressure center with wind directions {northern hemisphere).
Circles are isobars with pressure in mb.
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A high pressure and a low pressure center with wind directions (northern hemisphere).
Circles are isobars with pressure in mb.
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RS Lo
1004 —_ Wind Is caused by air flowing from

high pressure to low pressure
/ Its direction is influenced by the Earth’s rotation
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Pressure measuring instruments Aneroid Barometer:

A barometer which is cheap, robust and handy for home and travel is the aneroid.
Essentially it consists of an air tight box from which the air has been partly
evacuated. When the atmospheric pressure increases, the box will be slightly
compressed and when the pressure decreases the box will expand and these
motions are transferred through amplifying levers to a pointer which moves across

a scale graduated in millibars or inches of mercury.
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Clouds

Introduction

Clouds are visible aggregates of minute water droplets or ice crystals or a mixture
of both in free air. The exact composition is influenced by the temperature. Clouds
are in a state of constant evolution and exhibit a fascinating variety of shapes, sizes

and forms.
Cloud formation

Clouds form when the moisture content in the air exceeds the capacity of the air to
hold water vapour. Water vapour then condenses to form cloud droplets or ice
crystals. The processes that cause clouds to form are therefore those processes that
moisten the air or reduce its water vapour holding capacity of air increases rapidly
with temperature (it doubles roughly for every 10°C), processes that cool air are
very effective in producing clouds. These cooling processes include ascent, which
cools by expansion of air at decreasing pressure(about 10°C of cooling per
kilometer of ascent); radiative cooling by emission of infrared radiation(heat) and
conduction which occurs when warm air lies over a warm, moist surface,
moistening of the air by evaporation from the surface also produces a different

types of cloud.

119



Atmospheric Physics Dr Abdel Galeil A Hassan

Clouds _=.Jl

s ol adsdl wlgl of @asall clodl wlhnd o @by wleess oe 8)le !
Al 0 ol 8,2l a5l B8l S, 2l slgpdl (59 lagalS o
pL.z;Wg JISw VI oo A2il) Acgoxo Lo,%i9 yodwo Hglai

Cloud formation wowwll JaSow

blassVl sle slgpll 8,18 slgpll (58 augh,Jl Sgizo sl losic v LS
¢ Syl Ololy ol &l wlyad JSiind sloll 5By @S o3 slodl ey
e Josi il Oldos)l i o wodl 258 8 i il llasll Ol
8505 &0 ac,un sy sl elgpdl (59 slodl [l slgisl 8,38 Judai of clgg)l wuboy
aled slgpll 5,0 wldoc (sdg (dugio Wiz, 10 JSJ G,s5 waclan) 6,l,=J a=)s
Gk o 3w Sl sgrall 038 il wldas Jouii oowd! 2li| s 13>
oo oS JSU il o @gio wls)s 10 (slg>) Ladliw bass sic slgpll Saod
(5,L,=l) shosdl v awVl wledl b oo welewl sl (Seeall
aii oS wbyg cséls adaaw g9 esdlall elgpll g8y bodie Gaxy Sl Juogilly

ozl o Aalizes Elgil adadl (o y2eidl ik (e slgpll by e

\\‘//

Cooling, Rising, Condensing
Air Parcel
(Blue dots represent moisture)

Ground

120



Atmospheric Physics Dr Abdel Galeil A Hassan

N
: ¢ 3
4

Cooling, Rising, Condensing
Air Parcel
(Blue dots represent moisture)

Rising Warm Air Parcel

Warm Air
Above The Ground

Ground

Classification of clouds

Clouds with rounded tops resembling heaped cotton or cauliflower are termed
cumuliform while those forming as sheets in layers are referred to as strati form.
Rain bearing clouds are categorized as nimbus. Clouds with fibrous appearance
like silken tufts are called cribriform clouds. Clouds are classified combining their

levels of formation and appearance as follows:
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‘LE‘TE‘]S of formation Cloud type

Low (ground to 2km) Stratus (St).
Stratocumulus (Sc)

Medium (Alto)(2 to 8km) || Altostratus(As),
Altocumulus (Ac)

Curostratus(Cs).
Cirrocumulus (Cc)

Clouds with vertical Cumulus (Cu),
development Cumulonimbus (Cb)
(low level to 12 to 18km

High (Cirro)(above 8km) || Cirrus(Ci). |
f'
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Levels of formation

Cloud type

Low (ground to 2km)

Stratus (St).
Stratocumulus (Sc)

Medium (Alto)(2 to 8km)

Altostratus(As).
Altocumulus (Ac)

High (Cirro)(above 8km)

Cirrus(Ci).
Cirrostratus(Cs).
Cirrocumulus (Cc)

Clouds with vertical
development
(low level to 12 to 18km

)

Cumuluns (Cu),
Cumulonimbus (Cb)

above 20,000 feet

High /
Clouds (6,000 meters)
cirro-stratus .
cirrus
(Made
mostly of
ice
crystals)
alto-stratus
Middle | 6,500 to 20,000 feet

Clouds | (2,000 to 6,000 meters)

strato-cumulus

stratus

below 6,500 feet
(2,000 meters)

nimbo-stratus

Low
Clouds

cirro-cumulus

alto-cumulus

fog DEnchaitedLearning.com

cumulo-nimbus

cumulus
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The Wind

Introduction

Wind is air in motion. It is produced by the uneven heating of the earth’s surface
by the sun. Since the earth’s surface is made of various land and water formations,

it absorbs the sun’s radiation unevenly.

Two factors are necessary to specify wind: speed and direction. The movement of
wind is almost horizontal component. The vertical component is nearly always
very small. The wind velocity is fully described by two quantities-its speed and its
direction. The units of wind speed are the meter per second(m/s), mile per
hour(mile/h) and the nautical mile per hour or knot(kn). Wind direction is the
direction from which the wind blows. It is well known that the wind velocity, both
speed and direction, at any given place is continuously changing. Therefore, the
velocity of any parcel of air as it moves over the earth’s surface would also be
continuously changing. The surface wind velocity is normally measured at a
standard height of 10metres (33feet) above the ground. Knowledge of winds at
levels well above the ground is of the greatest importance to aircraft navigation; it
Is also important to the study of the development of depressions and anticyclones.
Clearly, they cannot be measured by anemometers and wind vanes, except perhaps
in the first 300 metres above the ground where the instruments then be mounted on

a tower.

Pressure gradient force. The force caused by the pressure variation is the
pressure gradient force.

Isotach A line connecting points of equal wind speed.
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Vertical Motion and Atmospheric Stability

This lesson describes the vertical structure of the atmosphere, atmospheric stability
and the corresponding vertical motion. Adiabatic diagrams are introduced to help

explain atmospheric conditions affecting pollutant dispersion.
Principles Related to Vertical Motion
Parcel

Throughout this lesson we will be discussing a parcel of air. This theoretically
infinitesimal parcel is a relatively well-defined body of air (a constant number of
molecules) that acts as a whole. Self-contained, it does not readily mix with the
surrounding air. The exchange of heat between the parcel and its surroundings is
minimal, and the temperature within the parcel is generally uniform. The air inside

a balloon is an analogy for an air parcel.

Buoyancy Factors

Atmospheric temperature and pressure influence the buoyancy of air parcels.
Holding other conditions constant, the temperature of air (a fluid) increases as
atmospheric pressure increases, and conversely decreases as pressure decreases.
With respect to the atmosphere, where air pressure decreases with rising altitude,
the normal temperature profile of the troposphere is one where temperature
decreases with height. An air parcel that becomes warmer than the surrounding air
(for example, by heat radiating from the earth's surface), begins to expand and
cool. As long as the parcel's temperature is greater that the surrounding air, the
parcel is less dense than the cooler surrounding air. Therefore, it rises, or is

buoyant.
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As the parcel rises, it expands thereby decreasing its pressure and, therefore, its
temperature decreases as well. The initial cooling of an air parcel has the opposite
effect. In short, warm air rises and cools, while cool air descends and warms. The
extent to which an air parcel rises or falls depends on the relationship of its
temperature to that of the surrounding air. As long as the parcel's temperature is
greater, it will rise; as long as the parcel’s temperature is cooler, it will descend.
When the temperatures of the parcel and the surrounding air are the same, the

parcel will neither rise nor descend unless influenced by wind flow.

The lapse rate

The lapse rate is defined as the rate at which air temperature changes with height.
The actual lapse rate in the atmosphere is approximately —6 to —70 C per km (in
the troposphere) but it varies widely depending on location and time of day. We
define a temperature decrease with height as a negative lapse rate and a
temperature increase with height as a positive lapse rate. How the atmosphere
behaves when air is displaced vertically is a function of atmospheric stability. A
stable atmosphere resists vertical motion; air that is displaced vertically in a stable
atmosphere tends to return to its original position. This atmospheric characteristic
determines the ability of the atmosphere to disperse pollutants emitted into it. To
understand atmospheric stability and the role it plays in pollution dispersion, it is
important to understand the mechanics of the atmosphere as they relate to vertical

atmospheric motion.
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Dry Adiabatic

For the most part, a parcel of air does not exchange heat across its boundaries.
Therefore, an air parcel that is warmer than the surrounding air does not transfer
heat to the atmosphere. Any temperature changes that occur within the parcel are
caused by increases or decreases of molecular activity within the parcel. Such
changes, occur adiabatically, and are due only to the change in atmospheric
pressure as a parcel moves vertically. An adiabatic process is one in which there is
no transfer of heat or mass across the boundaries of the air parcel. In an adiabatic
process, compression results in heating and expansion results in cooling. A dry air
parcel rising in the atmosphere cools at the dry adiabatic rate of 9.8°C/1000m and
has a lapse rate of —9.8°C/1000m. Likewise, a dry air parcel sinking in the
atmosphere heats up at the dry adiabatic rate of 9.8°C/1000m and has a lapse rate
of 9.8°C/1000m. Air is considered dry, in this context, as long as any water in it
remains in a gaseous state. The dry adiabatic lapse rate is a fixed rate, entirely
independent of ambient air temperature. A parcel of dry air moving upward in the
atmosphere, then, will always cool at the rate of 9.8°C/1000 m, regardless of its
initial temperature or the temperature of the surrounding air. You will see later that
the dry adiabatic lapse rate is central to the definition of atmospheric stability. A
simple adiabatic diagram demonstrates the relationship between elevation and
temperature. The dry adiabatic lapse rate is indicated by a broken line, as shown in
Figure 4-1, beginning at various temperatures along the horizontal axis. Remember
that the slope of the line remains constant, regardless of its initial temperature on

the diagram.
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A rising parcel of dry air containing water vapor will continue to cool at the dry

adiabatic lapse rate until it reaches its condensation temperature, or dew point. At

this point the pressure of the water vapor equals the saturation vapor pressure of

the air, and some of the water vapor begins to condense. Condensation releases

latent heat in the parcel, and thus the cooling rate of the parcel slows. This new

rate, called the wet adiabatic lapse rate, is shown in Figure. Unlike the dry

adiabatic lapse rate, the wet adiabatic lapse rate is not constant but depends on

temperature and pressure. In the middle troposphere, however, it is assumed to be
approximately —6 to —7°C/1000 m.
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Elevation, km

Temperature, °C

Wet adiabatic lapse rate

Environmental

As mentioned previously, the actual temperature profile of the ambient air shows
the environmental lapse rate. Sometimes called the prevailing or atmospheric
lapse rate, it is the result of complex interactions of meteorological factors, and is
usually considered to be a decrease in temperature with height. It is particularly
important to vertical motion since surrounding air temperature determines the
extent to which a parcel of air rises or falls. As Figure shows, the temperature
profile can vary considerably with altitude, sometimes changing at a rate greater
than the dry adiabatic lapse rate and sometimes changing less. The condition when
temperature actually increases with altitude is referred to as a temperature
inversion. In Figure, the temperature inversion occurs at elevations of from 200 to
350 m. This situation is particularly important in air pollution, because it limits

vertical air motion.
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Atmospheric Stability

The degree of stability of the atmosphere is determined by the temperature
difference between an air parcel and the air surrounding it. This difference can
cause the parcel to move vertically (i.e., it may rise or fall). This movement is
characterized by four basic conditions that describe the general stability of the
atmosphere. In stable conditions, this vertical movement is discouraged, whereas
in unstable conditions the air parcel tends to move upward or downward and to
continue that movement. When conditions neither encourage nor discourage air
movement beyond the rate of adiabatic heating or cooling, they are considered
neutral. When conditions are extremely stable, cooler air near the surface is
trapped by a layer of warmer air above it. This condition, called an inversion,
allows virtually no vertical air motion. These conditions are directly related to

pollutant concentrations in the ambient air.

Unstable Conditions

Remember that an air parcel that begins to rise will cool at the dry adiabatic lapse

rate until it reaches the dew point at which point it will cool at the wet adiabatic
lapse rate. This assumes that the surrounding atmosphere has a lapse rate greater
than the adiabatic lapse rate (cooling at more than 9.8°C/1000 m), so that the rising
parcel will continue to be warmer than the surrounding air. This is a super
adiabatic lapse rate. As Figure shows, the temperature difference between the
actual environmental lapse rate and the dry adiabatic lapse rate actually increases

with height, and buoyancy is enhanced.
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As the air rises, cooler air moves underneath. It, in turn, may be heated by the

earth's surface and begin to rise. Under such conditions, vertical motion in both

directions is enhanced, and considerable vertical mixing occurs. The degree of

instability depends on the degree of difference between the environmental and dry

adiabatic lapse rates. Figure shows both slightly unstable and very unstable

conditions.
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Unstable conditions most commonly develop on sunny days with low wind speeds
where strong insolation is present. The earth rapidly absorbs heat and transfers
some of it to the surface air layer. There may be one buoyant air mass if the
thermal properties of the surface are uniform, or there may be numerous parcels if
the thermal properties vary. The air warms, becomes less dense than the
surrounding air and rises. Another condition that may lead to instability is the
cyclone (low pressure system), which is characterized by rising air, clouds, and

precipitation.
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Neutral Conditions
When the environmental lapse rate is the same as the dry adiabatic lapse rate, the

atmosphere is in a state of neutral stability Vertical air movement is neither
encouraged nor hindered. The neutral condition is important as the dividing line
between stable and unstable conditions. Neutral stability occurs on windy days or

when there is cloud cover such that strong heating or cooling of the earth's surface
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Stable Conditions

When the environmental lapse rate is less than the adiabatic lapse rate (cools at less
than 9.8°C/1000 m), the air is stable and resists vertical motion. This is a
subadiabatic lapse rate. Air that is lifted vertically will remain cooler, and
therefore denser than the surrounding air. Once the lifting force is removed, the air
that has been lifted will return to its original position (Figure). Stable conditions

occur at night when there is little or no wind.
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Solar Radiation

Solar radiation, often called the solar resource or just sunlight, is a general term for
the electromagnetic radiation emitted by the sun. Solar radiation can be captured
and turned into useful forms of energy, such as heat and electricity, using a variety
of technologies. However, the technical feasibility and economical operation of

these technologies at a specific location depends on the available solar resource.

Radiation and Energy

Radiation: The transfer of energy via electromagnetic waves that travel at the
speed of light. The velocity of light in a vacuum is approximately 3 x 10* m/s. The
time it takes light from the sun to reach the Earth is 8 minutes and 20 seconds.
Heat transfer by Electromagnetic radiation can travel through empty space. Any
body above the temperature of absolute zero (-273.150 C) radiate energy to their
surrounding environment. The many different types of radiation is defined by its

wavelength. The electromagnetic radiation can vary widely.

Sun Radiation Spectrum

Visible light has a wavelength of between 0.40 to 0.71 micrometers (um). The sun
emits only a portion (44 %) of its radiation in this range. Solar radiation spans a
spectrum from approximately 0.1 to 4.0 micrometers. About 7 % of the sun’s
emission is in 0.1 to 0.4 micrometers wavelength band (UV). About 48 % of the
sun's radiation falls in the region between 0.71 to 4.0 micrometers (near infrared :
0.71 to 1.5 micrometers; far infrared: 1.5 to 4.0 micrometers).

Solar radiation incident outside the earth's atmosphere is called extraterrestrial
radiation. On average the extraterrestrial irradiance is 1367 W/m?. This value

varies by +3% as the earth orbits the sun.
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Extraterrestrial Solar Spectrum - [Wehrli, SRS)
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BASIC PRINCIPLES

Every location on Earth receives sunlight at least part of the year. The amount of

solar radiation that reaches any one spot on the Earth's surface varies according to:

« Geographic location
« Time of day

« Season

« Local landscape

o Local weather.

Because the Earth is round, the sun strikes the surface at different angles, ranging
from 0° (just above the horizon) to 90° (directly overhead). When the sun's rays are
vertical, the Earth's surface gets all the energy possible. The more slanted the sun's
rays are, the longer they travel through the atmosphere, becoming more scattered
and diffuse. Because the Earth is round, the frigid Polar Regions never get a high
sun, and because of the tilted axis of rotation, these areas receive no sun at all
during part of the year.
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The Earth revolves around the sun in an elliptical orbit and is closer to the sun
during part of the year. When the sun is nearer the Earth, the Earth's surface
receives a little more solar energy. The Earth is nearer the sun when it is summer in
the southern hemisphere and winter in the northern hemisphere. However, the
presence of vast oceans moderates the hotter summers and colder winters one

would expect to see in the southern hemisphere as a result of this difference.

The 23.5° tilt in the Earth's axis of rotation is a more significant factor in
determining the amount of sunlight striking the Earth at a particular location.
Tilting results in longer days in the northern hemisphere from the spring (vernal)
equinox to the fall (autumnal) equinox and longer days in the southern hemisphere
during the other 6 months. Days and nights are both exactly 12 hours long on the

equinoxes, which occur each year on or around March 23 and September 22.

Countries such as the United States, which lie in the middle latitudes, receive more
solar energy in the summer not only because days are longer, but also because the
sun is nearly overhead. The sun's rays are far more slanted during the shorter days
of the winter months. Cities such as Denver, Colorado, (near 40° latitude) receive

nearly three times more solar energy in June than they do in December.

The rotation of the Earth is also responsible for hourly variations in sunlight. In the
early morning and late afternoon, the sun is low in the sky. Its rays travel further
through the atmosphere than at noon, when the sun is at its highest point. On a
clear day, the greatest amount of solar energy reaches a solar collector around solar

noon.
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DIFFUSE AND DIRECT SOLAR RADIATION

As sunlight passes through the atmosphere, some of it is absorbed, scattered, and

reflected by:

« Air molecules
« Water vapor

o Clouds

o Dust

« Pollutants

« Forest fires

« Volcanoes.

This is called diffuse solar radiation. The solar radiation that reaches the Earth's
surface without being diffused is called direct beam solar radiation. The sum of
the diffuse and direct solar radiation is called global solar radiation. Atmospheric
conditions can reduce direct beam radiation by 10% on clear, dry days and by

100% during thick, cloudy days.

Stefan —Bolezmann Law

The amount of electromagnetic radiation emitted by a body is directly related to its
temperature. If the body is a perfect emitter (black body), the amount of radiation
given off is proportional to the 4th power of its temperature as measured in degrees

Kelvin. This natural phenomenon is described by the Stephan-Boltzmann law
— 4
E=oT

Where 6 =5.67 x 102 Wm?k™ and T is in K
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DIFFUSE AND DIRECT SOLAR RADIATION
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In general, good emitters of radiation are also good absorbers of radiation at
specific wavelength bands. This is especially true of greenhouse gases. Some
objects in nature have almost completely perfect abilities to absorb and emit
radiation. We call these objects black bodies. The radiation characteristics of the

sun and the earth are very close to being black bodies.

Wien’s Law
The wavelength of maximum emission of any body is inversely proportional to
its absolute temperature. Thus, the higher the temperature, the shorter the

wavelength of maximum emission. This phenomenon is often called Wien’s law:

, C
"""ma:-: = |

I
C =2897

where T is in Kelvin. According to the above equation the wavelength of
maximum emission for the sun (5800 K) is about 0.5 um, while the wavelength of

maximum emission for the Earth (288 K) is approximately 10.0 um.

The gases of the atmosphere are relatively good absorbers of long wave radiation
and thus absorb the energy emitted by the Earth's surface. The absorbed radiation
Is emitted downward toward the surface as long wave atmospheric counter-
radiation keeping near surfaces temperatures warmer than they would be without

this blanket of gases. This is known as the “greenhouse
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Comparison of Solar and Earth Radiation Spectra

Visible
light

Quantity of Radiation

0.5 3 10
Wavelenath (micrometers)

The amount of radiation passing through a specific area is inversely proportional to
the square of the distance of that area from the energy source. This phenomenon is
called the inverse square law. Using this law we can model the effect that

distance traveled has on the intensity of emitted radiation from a body like the sun.

1
Intensity = —

Where | is the intensity of radiation at one d and d is the distance traveled.
Radiation from the Sun is lessened by the inverse square law as it reaches further
and further away from the Sun. So the further away that a planet is from the Sun
then the less radiation it receives. What happens to that radiation depends on
whether the planet has an atmosphere, whether the atmosphere contains clouds and
how the clouds, or the surface reflect the radiation.

For planets with no atmosphere all the Sun's radiation will strike the surface. Some
of this will be reflected away from the planet but the rest will be absorbed. The
temperature of the surface will be raised until there is equilibrium between the

energy radiated by the warm surface of the planet and the received solar radiation.
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For planets like Mercury, this results in a very hot surface where the Sun is shining
(more than 400°C) but very cold on the night side, where the radiation from the

surface rapidly cools it to -180°C.

Atmospheric Effects on Incoming Solar Radiation

The Earth is a planet with an atmosphere and is largely transparent to the incoming
solar radiation. There are constituents in the atmosphere which prevent some kinds
of radiation from reaching the surface, such as ozone which stops the ultraviolet. A
fair proportion of the Earth is covered by clouds which reflect a lot of the Sun's

radiation and thus affecting the surface temperature.

The process of scattering occurs when small particles and gas molecules diffuse
part of the incoming solar radiation in random directions without any alteration to
the A of the electromagnetic energy. Scattering does however reduce the amount of
incoming radiation reaching the Earth's surface. A significant proportion of
scattered shortwave solar radiation is redirected back to space. The amount of
scattering that takes place is dependent on two factors: A of the incoming radiation
and the size of the scattering particle or gas molecule. In the Earth's atmosphere,
the presence of a large number of particles with a size of about 0.5 um results in
shorter wavelengths being preferentially scattered. This factor also causes our sky
to look blue because this color corresponds to those wavelengths that are best
diffused. If scattering did not occur in our atmosphere the daylight sky would be
black.

158



Atmospheric Physics Dr Abdel Galeil A Hassan

boludl (Samowidd] €l Yl e Sexdl WMl wlwl

Atmospheric Effects on Incoming Solar Radiation

oo bdlull ol S 2> (8] Bl 989 Se> B @ LSgS e 8rle uoyV
oo elew)l glol Las gios Sgzdl BUL (88 wligSe Jd . Csomoi] glesnVl
oo il g9 aswVl wlgy Sl LYl Jio « alawl (8] Jsogll
ool gled] oo St puSs sdls UV oo Ly b Y acws waell
dodl 81> a>)s e 5 (sJldlg

oo s> sl wluy>g duall Wl s bae cowdl adoce waxs
Johl) A (s s Sl vgs aslgic ool w8 bdludl csumonidl glew)l
oS oo Mo conasdl Ol o Al gog  ((anbligeg,ps)l @Slall (s=goll
00 8ymS A zgi b3le] puy 2Vl ahw I Jar Sl bdLul gles)
] @S i sladdl (J| 8 a8l wlsgoll sle jieiodl ool g lew VI
] £0S5> px>g bdludl gleaoM (s>g0ll Jghll ) 1pudole (e waxs sl
Slopmdl o S 3ac 399 S381 ¢« (oW Sezdl VMl (6 5l eS5> ol
iy osbriasi JSaiw 508l &uzgo Jlgbl il (] 5i09,Sa0 0.5 (slly> px
A go (89l welll 1id OV B3V Vgl clooudl ,opb 8 Lol Jolodl lin
sloow CulS) Szl LAME (08 i Wiz ol 3] Lawsl SVl d=goll JlgbV
slygw el

159



Atmospheric Physics Dr Abdel Galeil A Hassan

If intercepted, some gases and particles in the atmosphere have the ability to
absorb incoming insolation. Absorption is defined as a process in which solar
radiation is retained by a substance and converted into heat. The creation of heat

also causes the substance to emit its own radiation. In general, the absorption of
solar radiation by substances in the Earth's atmosphere results in temperatures that
get no higher than 1800° C. Bodies with temperatures at this level or lower would
emit their radiation in the longwave band. Further, this emission of radiation is in

all directions so a sizable proportion of this energy is lost to space.

The third process in the atmosphere that modifies incoming solar radiation is
reflection. Reflection is a process where sunlight is redirect by 180° after it strikes
an atmospheric particle. This redirection causes a 100 % loss of the insolation.
Most of the reflection in our atmosphere occurs in clouds when light is intercepted
by particles of liquid and frozen water. The reflectivity (albedo) of a cloud can
range from 40 to 90 %.
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Sun-Earth Relationships

The solar constant, Gsc is the energy from the sun, per unit time, received on a unit
area of surface perpendicular to the direction of propagation of the radiation, at
mean earth-sun distance, outside of the atmosphere

the ecliptic. The axis of rotation remains pointing in the same direction as it
revolves around the Sun, pointing toward the star Polaris. The constant tilt and
parallelism causes changes in the angle that a beam of light makes with respect to a
point on Earth during the year, called the "sun angle™. The most intense incoming
solar radiation occurs where the sun's rays strike the Earth at the highest angle. As
the sun angle decreases, the beam of light is spread over a larger area and
decreases in intensity. During the summer months the Earth is inclined toward the
Sun vyielding high sun angles. During the winter, the Earth is oriented away from

the Sun creating low sun angles.

The Sun
e The sun is a sphere of intensely hot gaseous matter with a diameter of
1.39 x 10° m

e ltis, on the average, 1.5 x 10'' m away from the earth.

e The sun rotates on its axis about once every 4 weeks,

e It does not rotate as a solid body

e The sun has an effective blackbody temperature of 5777 K

e The temperature in the central interior regions is variously estimated at 8 x
10°t0 40 x 10° K

e Sun’s density is about100 times that of water.

e The solar constant Gy.=1367 W/m?
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Solar Geometry

Earth orbit

Earth orbit Earth circulates the sun in an elliptical orbit with variable distance
between the sun and earth. The minimum center to center distance occurs on the
21* of December which is 144.48 million km and the maximum distance is 154.3
million km on the 21* of June. The complete revolution takes 365.25 days. The
Earth also rotates about itself one revolution per day. The axis of earth rotation
about itself is inclined 23.450 to the Azimuthal Axis. Azimuthal Axis is the axis
perpendicular to the plane intersecting the centers of sun and earth, called the
Azimuthal plane (see Fig.). This inclination causes the occurrence of seasons on

earth.
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Solar anglesd

Declination Angle (& ) It is the angle between the solar beam and equator (see
Fig.) . Its value swings over the year between +23.45° at summer solstice on the
21% of June and —23.45° at winter solstice on the 21 of December, while it
becomes zero at spring and fall equinoxes on the 21% of March and 21* September,
respectively. The positive values of the declination angle indicate that the northern
hemisphere is inclined towards the sun (summer season), while negative values
means the southern hemisphere inclination towards the sun (winter season). It can

be calculated using the following equation for each day in the year: —

§ = 23.45%in [% (n+ 284)]

Where n is the day number over the year (n=1 at the first of January, n=42 at the

11™ of February, n=365 at 31% of December and so on).

Zenith Axis
53

North Pole 4\

Solar Beam

Center of Eart
<]

Equator

ireenwich Line

earection sk Ratstean Meridian of Solar Noon

Schematic diagram showing northern hemisphere with related angles.
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Latitude angle (L) It is the angle intercepted between certain location on Earth
and the equator. Latitudes, by convention, take positive values in the northern
hemisphere and negative values at the southern hemisphere. Significant latitudes
are: — (Equator L=0), (Tropic of Cancer L=23.45°), (Tropic of Capricorn
L=-23.45%), (Arctic Circle L=66.550) and (Antarctic Circle L=—66.55°). Iraq lies
between L=29.1° and L=37.3°. For Baghdad L=33.3°.

Longitude angle (Long) It is the angle between the certain location on Earth and
Greenwich Line (i ki near London. Negative longitudes lie west of
Greenwich Line and positive longitudes to the east. Latitudes and longitudes
constitute the geographic coordinates of Earth surface. Irag lies between
LLong=38.80 and Long=48.5°. For Baghdad Long=44.4°.

Hour angle (h) this angle is used to replace the temporal hours by spatial angles. It
Is defined as the angle between the location of a point at certain time and the
location of the same point at the solar noon. Solar noon is located exactly between
sunrise and sunset. Since the earth takes 24 hours to circumference a compete

revolution about itself (3600) then the hour angle can be determines as follows:

h = 15[ST — 12]

Where ST denotes the solar time in 24—hours—format starting from 0 to 12 before
solar noon and 13 to 24 in the afternoon. As a result the hour angle takes negative

values in the morning hours and positive values in the afternoon.
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Solar time (ST) and local time (LT)
Solar time is the actual time related to the rotation of earth about itself. Therefore

solar time is unique for every location on earth, or more precisely, for each and
every longitude. For practical reasons, it is difficult to use solar time for official
timing of regions having different longitudes and belong to one country. Therefore,
the world is divided into 24 standard time zones. Each time zone (TZ) has a single
time that is approximated for the entire zone and valid for entire country. For large
countries more than one time zone is used in timing. The time that is used in a
certain time zone is called local time (LT). The error between the local and solar
times must be accounted for in solar energy calculations. Another error is caused
by some irregular motion of Earth around the sun. Earth does not move in a
constant speed. It accelerates and decelerates along the year causing an error of
several minutes each day. The error of irregular motion can be estimated by the

following equation called (the equation of time):
EQT = 9.87 sin(2B) — 7.53cosf3 — 1.5sinf

EQT is calculated from above equation in minutes. B is calculated as follows:
360
B=—(n—281)
364

Where (n) is the day number in the year.
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Consequently, the solar time (ST) corresponding to a certain longitude (Long) and
certain local time (LT) of one of the standard time zones (TZ) is given as follows:

Long —TZ EQT
g + Q

ST =LT+— ;
15 60

TZ in above eq. represents the nearest time zone of the longitude (Long) under
consideration. TZ takes positive multiples of 15° west of Greenwich and negative
multiples of 15° east to Greenwich. For Iraq, TZ=—45° and for Baghdad
Long=—44.4°.

Sunrise, sunset and daytime length the solar noon is the mid time between
sunrise and sunset. The total time between sunrise and sunset is called daytime
length. The hour angle corresponding to the sunrise has a certain value and is

denoted by h® and is calculated by the following equation:
cos(hy) = —tan(L)tan(d)

The value of hg is symmetrical around solar noon. To find the daytime length, the
value of hs is converted back to hours by dividing on 15 and then multiplied by 2 to
account for the two periods around solar noon. Hence, daytime length (DL) in

hours is calculated as follows:

DL = (12—5) cos ™ (—tan(L)tan(§))
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The solar zenith angle Z

The solar zenith angle is the zenith angle of the sun, i.e., the angle between the
sun’s rays and the vertical direction. It is the complementto the solar
altitude or solar elevation, which is the altitude angle or elevation angle between
the sun’s rays and a horizontal plane. At solar noon, the zenith angle is at a

minimum and is equal to latitude minus solar declination angle. This is the basis by

which ancient mariners navigated the oceans.

zenith

elevation or
altitude

- -

Altitude angle (a) It is the angle between the solar beam and the horizon. The
complementary angle of (a) is called the Zenith angle (z) which is the angle
between the solar beam and the vertical axis Altitude angle is given by the

following equation:

sin(a) = cos(z) = sin(L)sin(6) + cos(L)cos(&)cos(h)
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Extraterrestrial solar radiation intensity (Irradiance) in W/m?

The amount of solar radiation is inversely proportional to the distance it travels in
the outer space. The solar radiation undergoes further attenuation upon entering the
atmosphere. The rate of solar radiation intensity in W/m? (irradiance) measured on
a surface perpendicular to the solar beam and placed just above the atmosphere
when Earth is at its average distance from the sun is termed as Solar Constant I
(recently called Total Solar Irradiance TSI). The most accurate and recent
measured value of the solar constant is 1360.8 = 0.5 W/m2. The value of irradiance
above the atmosphere varies during the year by about +£3.5% due to the change of
distance from the sun. Therefore, the instantaneous value of irradiance in W/m2 on
a surface perpendicular to the solar beam at any day in the year and termed as lo is

given by the following equation: —

I, = I [1+0.033cos (%n)]

Where n is the day number in the year and I,=1360 for calculation
purposes. The value of I, is calculated on a surface perpendicular to solar
beam. The amount can be calculated for a surface parallel to ground and

placed outside atmosphere as follows:

Iy = I,sin(@)
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