Chapter 5
The science underlying meteorology
There is a particularly interesting sequel to the events mentioned at the end of the last
chapter. The first durable trans-Atlantic telegraph cables were in operation from August
1866 (with James Graves as superintendent at the station at Valentia island in Ireland). It
would appear that for some time after its opening weather reports were sent from
Newfoundland to the Board of Trade in London. In 1871* an instruction was received
through the cable to the effect that no further weather reports were to be transmitted to
London "as the station is so distant, the observations seem to be of little use in terms of UK
weather". The instruments were to be returned to London but, the instruction continued "You
may continue to take observations for the W.O. in Washington"
Science clearly needed to catch up
In fact, almost everything was there already. It just needed integrating and in some ways it
needed a change in mind-set which did not really come about until very late in the 19th
century when the science of dynamic meteorology faced the fact that the atmosphere is a
fluid, subject to all the laws of fluid mechanics. Some of the ideas were at the point of
development and some of the people who would make an impact afterwards were around at
the time of FitzRoy. As Galton pointed out in his review, FitzRoy was using an adaptation of
Dove's law and of course Buys-Ballot's law had yet to explained. But maybe we are jumping
the gun. To get an appreciation of theoretical meteorology we have to consider clouds and
winds. Clouds were almost the easier to understand, so we will consider them first, then we
will consider the factors that lead to the manifestation of wind and finally we will
amalgamate the ideas as we witness how the history of the subject progressed.
FitzRoy in his book had referred to Glaisher's balloon ascents which was in effect some of
the first weather observations in the third dimension (oh the joy of looking down on clouds
for the first time!). Glaisher looked at the variation of temperature with altitude, something
that we call 'lapse rate'. We will approach this problem from the laws of thermodynamics.
Thermodynamics and the vertical movement of air
To get any further with this basic idea we have to start thinking in the way that
thermodynamicists do. We have to consider their working fluid, which is (to a first
approximation) an ideal gas. Let us start with a balloon which has been inflated with an ideal
gas and is held inside a pressurisable container. If we increase the pressure of this vessel we
will see that the balloon contracts. If we were to increase the temperature of the gas inside
the balloon then it would expand and the chances are that the pressure inside the balloon
would also increase. Now mathematical physics or physical mathematics hates this situation
where many things (e.g. pressure, volume and temperature are all changing at once). As in
the best experimental practice we should change only one independent variable at a time and
keep all the others constant. This way we can see how the dependent variable changes as a
function of just one parameter. Let us imagine that we somehow heated the gas inside the
balloon, but as it attempted to expand (increase the volume) we increased the pressure in the
surrounding vessel so that the volume remained the same, then we would be able to measure

*

Anglo American Telegraph Co, Service Messages Weaver (London) to Weedon (Heart's Content, NFLD) 1
November 1871 (Provincial Archives of Newfoundland and Laborador, St. Johns, NFLD,)

 Donard de Cogan 2012

the change in pressure as a function of change in temperature at constant volume. We can
⎡ ΔP ⎤
write this as
⎢ ⎥
⎣ ΔT ⎦V
The subscript 'V' outside the bracket indicates that we have not allowed the volume to
change.
We could have done quite a different experiment with the same kit. If we had injected heat
into the gas inside the balloon, but changed the volume of the balloon so that the pressure
inside the balloon remained the same as the pressure outside then we could be measuring the
change of volume as a function of temperature at constant pressure
⎡ ΔV ⎤
⎢ ⎥
⎣ ΔT ⎦P
Now, the next stage is to consider what might happen if we injected a microscopically small
increase in temperature. This allows us to treat the real world with calculus. It is the same as
saying that we might drive from Cambridge to London (54 miles) in 90 minutes (average
speed Δs/Δt = 36mph) but our speed at any time, ds/dt can be legally as high as 70mph and
frequently a lot less. Now back to our gas where we look at how pressure or volume changes
as a function of temperature; the equivalent to ds/dt is called a partial derivative* and these
are written as
⎛ ∂P ⎞
⎛ ∂V ⎞
and
⎜ ⎟
⎜ ⎟
⎝ ∂T ⎠V
⎝ ∂T ⎠P
Simple though they look, these can be manipulated in wondrous ways that are totally relevant
to our quest to understand the physics behind meteorology.
Thermodynamics and work
Now we have to look at this gas in a slightly different way, a way in which it could do work.
We will consider the gas held inside a cylinder which has a frictionless piston.

Heat, Q is injected through the end wall. Three things can happen.
1. We can allow the piston to move out so that the temperature of the gas does not rise.
This means that all of the heat that is injected is converted into work (moving the
piston)
2. The piston does not move. The pressure inside the cylinder will go up and so will the
temperature of the gas. No work is done.
3. The temperature of the gas rises and the piston moves out distance Δx. Some work is
done and the rest of the heat input increases the energy of the gas
We can write 3. as

ΔQ = ΔU + ΔW

*

If you haven't studied calculus, don't panic. It is not essential to the basics of this chapter. Like a
picture, it provides a short-hand notation to express ideas.
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heat injected increases the internal energy U of the gas and does some work W. If we prevent
the gas from expanding then
ΔQ = ΔU which is case 2. If we have maintain the
internal energy of the gas
ΔQ = ΔW which is case 1. If the energy of the gas does
not change, then its temperature does not change. This is called isothermal expansion.
The relationship between internal energy and temperature is called the specific heat the
amount ofwork/energy needed to heat the gas by one degree Celsius and is cited for constant
volume or constant pressure
⎛ ∂P ⎞
⎛ ∂U ⎞
and
cV = ⎜ ⎟
cP = ⎜ ⎟
⎝ ∂T ⎠V
⎝ ∂T ⎠P

These are closely related and it is an exercise for undergraduate physics students to show
that
cP − cV = R
where R is the Gas constant in Boyle's/Charles law for an ideal gas PV = nRT
Work is defined as Force × distance so ΔW = FΔx
Pressure is Force/Area, so P = F × A
Volume V = A × length
ΔW = PAΔx =PΔV
If in the expression for the first law of thermodynamics ΔQ = ΔU + PΔV we allow no heat to
enter or leave the system then we have ΔU + PΔV = 0
This means that ΔU = −PΔV
An adiabatic (Δ Q = 0) expansion means that if the expansion Δ V is positive then Δ U is
negative. Internal energy is drawn from the system and the temperature goes down. This is
what happens inside a refrigerator; the expanding gas does work and therefore cools down.
The opposite happens when we quickly (adiabatically) compress a gas (e.g. inside a diesel
engine); it gets hot.
The relationship between P and V of an ideal gas under adiabatic conditions is

cP
cV
Now we are ready to get back to the physics of meteorology

PV γ = constant where γ =

The adiabatic lapse rate
This 'lapse-rate' is a fancy way of saying how the temperature of the air varies with altitude.
The air is a column of gas where at any height the weight of all the air above exerts a force
per unit area (a pressure). This can be expressed as Perrin's law which is equivalent to a
hydrostatic balance. The pressure at height h is
−

Mgh

P = P0 e RT
M is the molecular weight of the gas, g is the gravitational constant, R is the gas constant and
T is the temperature in Kelvin.
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Now by manipulating ΔU + PΔV = 0 and using the hydrostatic balance we can get
ΔT −g
−9.81m s−2
=
=
Δh cP 1004JKg −1K −1
The theory says that for every 1000m we ascend through the atmosphere the temperature
should drop by 9.8ºC. and since no heat enters the system (Δ Q = 0) this is called the
'adiabatic lapse rate'
When Victorian scientists came up with this result they may have felt that they had got
somewhere, but sadly, there was still something wrong because theory and experiment did
not match up. FitzRoy in his Weather Book (p. 448) cites an extract from Glaisher
concerning his Balloon ascent of 5 September 1862 where his temperature versus altitude
(pressure measurements) lead him to conclude " . . . the theory of decline of temperature of 1º in
every 300 feet must be abandoned". We can assume that FitzRoy was using the Fahrenheit
temperature scale in his book, so that this would be equivalent to 6.07ºC per 1000m which is
significantly less than that given above. Glaisher did note that the lapse rate was different at
different altitudes and was dependent on whether the atmosphere was clear or cloudy. Of
course there were those who criticized Glaisher's work. Dmitry Mendeleev (he of the
Periodic Table) believed that the placement of the thermometer inside the cabin of the
balloon meant that the apparent temperature was in fact higher than the temperature outside
the cabin*. The graph below shows a typical modern measurement of the variation of air
temperature as a function of height (km) above ground. A measure of the equivalent pressure
is shown on the right. It is normal to cite these temperatures in Kelvin. However, those who
take intercontinental flights will know that at about 39,000 feet (11,880m) the external
temperature can be as low as -50ºC. For the Victorian pioneers there was still much work to
be done.

Insolation and heat transfer mechanisms

*

N.M. Brooks "Dmitrii Mendeleev and Russian Meteorology during the second half of the 19th century" Proc
of Int. Commission on History of Meteorology 1.1 (2004) 41 - 47.

 Donard de Cogan 2012

Before we go further with our consideration of this apparent discrepancy in lapse rates we
should perhaps consider the mechanisms by which the sun heats up the earth and its
surrounds. The first mechanism is by solar radiation. The Stefan-Boltzman law which relates
the total radiant flux (heat per area per second) to the fourth power of the absolute
temperature of a black-body emitter was not enunciated until 1879. The air itself does not
absorb much of the incoming radiation, but that which is absorbed by the earth causes the
ground to heat up. However, we are all pretty much aware that there is a thermal time-lag;
although incident radiation may be maximum at noon (local time), the maximum temperature
of the day is not reached until about two hours later. This is a characteristic of thermal
conduction, where the conducting medium (the ground) has a large thermal mass.
Now let us consider a parcel of dry air (1m × 1m × 1m) next to the ground. It readily
absorbs heat from the ground so that its temperature rises. The ideal Gas Law can be written
as
P = ρ RT
where ρ is the density of the gas. Now, as the pressure of the atmosphere is fixed at ground
level and P and R are constants then we have
constant
ρ=
T
So, if the temperature of the gas increases, then its density must decrease. The gas becomes
more buoyant and therefore rises above the ground. We get convection.
As this parcel of hot air rises the pressure of its surrounds decreases according to Perrin's law
and if the pressure decreases, then the volume must increase; the gas expands. This
expansion is achieved by the gas molecules doing work. But we must remember that heat
does not enter or leave the system within the time-scale of this event. It is an adiabatic
expansion
From the first law of thermodynamics we have ΔU + PΔV = 0
The work done in expansion is at the expense of the temperature of the gas which drops.
There comes a point at which the density of the gas is no different than its surrounds and it
will not rise any further.
Much of this is shown in the next diagram. Let us imagine that the solid line represents the
actual (called 'environment') lapse rate at a location which is at a particular temperature.
Now take a parcel of dry air at the ground which has been heated up well above the
temperature of its surrounds (e.g. the temperature above a large black asphalt area. It will
start to rise and being dry, it will follow the dry adiabatic lapse-rate which we calculated
above and is shown as a fine dotted line. At the height where these two lines cross the
temperature of the air parcel and the temperature of the surrounds are identical. If however
the parcel rises higher, then it will be cooler than its surrounds at that height and will
therefore sink back down. We could also consider a parcel of cold air which was released
high up in the atmosphere. This would sink and as it did the parcel volume would contract.
The work done on the gas by compression would cause it to warm up along the dry adiabatic
line. However, once the cross-over point was reached the parcel would now be warmer than
its surrounds and would therefore become more buoyant. An environment lapse-rate
condition where this tendency not rise too far or not fall too far is referred to as 'stable air'.

 Donard de Cogan 2012

Stable dry air: where the environmental lapse rate of an air mass is less than the dry adiabatic
lapse rate.
The thermodynamics of moist air
The presence of moisture was eventually recognised as being responsible for the difference
between the theoretical lapse rates and those that were observed in experiments. But this was
part of a much larger research activity. Black in 1871 had recognised the fact that when ice
becomes water at 0ºC heat is absorbed without any change in temperature. In fact this turns
out to be 334 joules/gm. In order to get a change of phase from liquid (water) to solid (ice)
the same heat must be extracted. This is termed 'the latent heat of fusion'. The advent of
railways led to a blossoming of understanding of the conversion of water to steam and the
fact that the latent heat of evaporation of water is particularly large (2260 joules/gm).
Regnault produced steam tables in 1847 and in 1850 Rankine developed a theory of the latent
heat of evaporation. He introduced the idea of saturated vapour pressure. Regnault had
noted that gases near this transition point do not follow Boyles law and people such as
Mendeleev, who was working outside the Russian meteorological community*, was
convinced that phase transitions in moisture-laden air did have an effect on weather
conditions. As part of his quest for the 'ether' he and his researchers undertook very precise
measurements of gases and gas mixtures at extreme conditions. The Clausius-Clapeyron
equation (shown immediately below) finally related latent heat, L, absolute temperature, T
and vapour pressure, and all started to become clear.
dP
L
=
dT T ΔV

*

The St Petersburg Physical Laboratory accumulated immense amounts of data from a significant network of
observation stations, but this was not associated with any theoretical or experimental meteorological work.
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For our next step we need to define humidity, the amount of water in the air and this is not as
simple as it might appear on account of the different definitions. There is Absolute Humidity
which is the mass of water in a volume of air. This is sometimes called the Volumetric
Humidity. Then we have the Mixing Ratio which is the mass of water per mass of dry air.
This can also be defined in terms of partial pressures [remember Dalton's law says that the
total pressures of a mixture of gases is the sum of the contributions from each component. So
in a mixture of nitrogen and water vapour, the contribution to the pressure from each is called
the 'partial' pressure]. Now the Relative Humidity is the ratio of the partial pressure of the
water vapour in the air to the saturated vapour pressure of water at the temperature of the air.
We will work with the Specific Humidity, qV, the mass of water per in 1kg of air and is
defined as
m
qV = w
mair

The specific humidity of air at different temperatures for different levels of relative humidity
The first law of thermodynamics for a gas can be expressed as
ΔP
ΔQ = cP ΔT −
ρ
where ρ is the density of the gas.
Now, if this injection of heat into the system is due to energy released when water vapour
condenses then
ΔQ = −Le ΔqV
Le is the latent heat of evaporation of water and ΔqV is the change in specific humidity of the
air parcel as a result of this condensation.

−Le ΔqV = cP ΔT −

ΔP
ρ
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or

ΔP
ρ
Now divide across this equation by an incremental change in height, Δ h and reduce the
discretisations so that this and others become the differentials of calculus (the same as
instantaneous velocity dx/dt as opposed to average speed, Δx/Δt )
−cP ΔT = Le ΔqV −

dT Le dqV
1 dP
=
−
dh cP dh cP ρ dh
From the hydrostatic balance we know that
−

1 dP
=g
ρ dh
where g is the gravitational constant of acceleration. We therefore end up with
−

dT Le dqV g
=
+
dh cP dh cP
This is called the Saturated Adiabatic Lapse Rate. The first term on the right is the heating of
the gas due to the emission of latent heat during condensation. The second term is the
cooling of the gas due to expansion
−

An Environmental Lapse Rate plotted on the same curve as an Saturated Adiabatic Lapse
Rate for the situation where the latter is greater than the former. The argument that was
given for the same lapse rate compared with the Dry Adiabatic Lapse Rate also applies here.
A parcel of air under these conditions will be stable. In all the lapse-rate diagrams which
follow, the Dry and Saturated rates will be superimposed. We can now consider some other
important cases
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Neutral air
If the Environmental Lapse Rate of a parcel of dry air is identical to the Dry Adiabatic Lapse
Rate, then there will be no additional buoyancy effects. Air which is forced upwards or
downwards will not continue to rise/fall. Nor will it have any tendency to return to its original
position. The exact same applies if we were considering the movement of a parcel of
saturated air where the Environmental Lapse Rate was identical to the Saturated Adiabatic
Lapse Rate.
Unstable air
In the diagram shown below we have a condition where the change of temperature with
altitude is much larger than either of the theoretical lapse rates. Thus if a packet of warm air
(dry or moist) were released at or above point 'X' it would always be at a higher temperature
than its surrounds and would therefore rise indefinitely. If a packet of air was induced to fall
below position 'X' then it would always be cooler than its surrounds and would therefore
continue to fall until it came into contact with the ground.

Conditionally unstable air
The diagram below shows a situation where the Environmental Lapse Rate lies somewhere
between the two extremes of dry adiabatic and saturated adiabatic. If dry air is forced to rise
from a point above 'X' then following the Dry Adiabatic Lapse Rate, it will always be cooler
than its immediate environment and will therefore be stable. Now if the packet of air that
was forced to rise at a point above 'X' was saturated, then it would always be warmer than its
surrounds and would therefore rise in an unstable manner. The same ideas apply to a packet
of cold air forced to descend from a point below 'X'; stable if dry, unstable if saturated.
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Temperature inversion
The final situation that we will consider at the moment is the case where a layer of warm air
lies over a layer of cold air. This often happens during winter where the ground is very cold.
In the diagram shown below the sign of the Environmental Lapse Rate changes at 'X'. So, as
we rise above this point the air gets warmer, until further up (at 'Y') the sign of the Lapse
Rate reverts to its original state. So warm moist air from a chimney at ground level will rise
but when it reaches 'X'. Beyond here there will come a point where environment will be
warmer than the air packed, which will not be able to rise further. Under these conditions
smoke from chimneys will be seen to rise and then flatten out. This is also the reason why
one often sees a smoke haze above cities during winter. Before the introduction of smokefree zones, temperature inversion was the source of smog, an acrid smoke-laden fog which
caused severe breathing difficulties and was frequently fatal. Something over 4,000 people
were killed by the Great London Smog of December 1952 and this led to the Clean Air Acts
(see http://www.metoffice.gov.uk/education/secondary/students/smog.html)
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So now we have some appreciation of the factors which govern the motion of air in the
vertical axis. It is clear that both FitzRoy, Glaisher, Mendeleev and others were indeed
correct. They were all looking at the same thing, but without a clear appreciation of the
underpinning science they were not to know this.
With this knowledge behind us we are in a position to move on to consider the factors which
influence the horizontal motion of air masses
Wind
Wind and its effects were known to ancient mariners and also to people on land. Well before
FitzRoy's era Beaufort had introduced his scale of winds which were based on the effects that
a wind was seen to have. His scale, subject to refinements is still in use. The land-based
definitions are tabulated immediately below and are followed by a table which shows the
same for observable states of the sea.
Beaufort Scale based on observed effects on land
Force

0
1

equivalent
10m above
miles/hour
0-1
1-3

speed
ground
knots
0-1
1-3

state

observed conditions on land

Calm
Light air

Calm; smoke rises vertically.
Direction of wind shown by smoke drift, but not by wind
vanes.
Wind felt on face; leaves rustle; ordinary vanes moved
by wind.
Leaves and small twigs in constant motion; wind extends
light flag.
Raises dust and loose paper; small branches are moved.
Small trees in leaf begin to sway; crested wavelets form
on inland waters.
Large branches in motion; whistling heard in telegraph
wires; umbrellas used with difficulty.
Whole trees in motion; inconvenience felt when walking
against the wind.
Breaks twigs off trees; generally impedes progress.
Slight structural damage occurs (chimney-pots and slates
removed).
Seldom experienced inland; trees uprooted; considerable
structural damage occurs.
Very rarely experienced; accompanied by wide-spread
damage.

2

4-7

4-6

Light Breeze

3

8-12

7-10

Gentle Breeze

4
5

13-18
19-24

11-16
17-21

Moderate Breeze
Fresh Breeze

6

25-31

22-27

Strong Breeze

7

32-38

28-33

Near Gale

8
9

39-46
47-54

34-40
41-47

Gale
Severe Gale

10

55-63

48-55

Storm

11

64-72

56-63

Violent Storm

12

73-83

64-71

Hurricane

 Donard de Cogan 2012

Beaufort Scale based on observed effects at sea
Force

0
1

equivalent
10m above
mph
0-1
1-3

speed
ground
knots
0-1
1-3

state

observed conditions at sea

Calm
Light air

Sea like a mirror
Ripples with the appearance of scales are formed, but
without foam crests.
Small wavelets, still short, but more pronounced. Crests
have a glassy appearance and do not break.
Large wavelets. Crests begin to break. Foam of glassy
appearance. Perhaps scattered white horses.
Small waves, becoming larger; fairly frequent white horses.

2

4-7

4-6

Light Breeze

3

8-12

7-10

Gentle Breeze

4

13-18

11-16

5

19-24

17-21

Moderate
Breeze
Fresh Breeze

6

25-31

22-27

Strong Breeze

7

32-38

28-33

Near Gale

8

39-46

34-40

Gale

9

47-54

41-47

Severe Gale

10

55-6

48-55

Storm

11

64-72

56-63

Violent Storm

12

73-83

64-71

Hurricane

Moderate waves, taking a more pronounced long form;
many white horses are formed. Chance of some spray.
Large waves begin to form; the white foam crests are more
extensive everywhere. Probably some spray.
Sea heaps up and white foam from breaking waves begins to
be blown in streaks along the direction of the wind.
Moderately high waves of greater length; edges of crests
begin to break into spindrift. The foam is blown in wellmarked streaks along the direction of the wind.
High waves. Dense streaks of foam along the direction of
the wind. Crests of waves begin to topple, tumble and roll
over. Spray may affect visibility.
Very high waves with long over- hanging crests. The
resulting foam, in great patches, is blown in dense white
streaks along the direction of the wind. On the whole the
surface of the sea takes on a white appearance. The
'tumbling' of the sea becomes heavy and shock-like.
Visibility affected.
Exceptionally high waves (small and medium-size ships
might be for a time lost to view behind the waves). The sea
is completely covered with long white patches of foam lying
along the direction of the wind. Everywhere the edges of the
wave crests are blown into froth. Visibility affected.
The air is filled with foam and spray. Sea completely white
with driving spray; visibility very seriously affected.

At one level the phenomenon of wind is a manifestation of the second law of
thermodynamics. This has many formulations including: "no machine is 100% efficient",
Only some of the heat injected into a system is available to do useful work ('Free Energy').
The remainder is called 'Bound Energy' and contributes to the entropy (disorder) of the
system" The statement of the second law of thermodynamics due to Clausius is perhaps the
most alarmist "The entropy of the universe is rising". What this means is that nature does not
like ordered systems and it is for this reason that heat will move from a place of high
temperature to a place of low temperature. In a battery there is more chemical at one place
than there is in another place (concentration gradient) and since it is designed that the
chemical itself cannot move, then the only way for the system to increase its state of disorder
is for electrons to flow through an outer circuit. The bigger the potential trying to drive
electrons, the larger the voltage the battery will have. In terms of air masses, let us imagine
that we have two identical columns of air which are side by side. Now if the ground under
one of these were to absorb sunlight so that the air in that column got warmer, then we would
have a situation as shown in the upper of the two diagrams below. At first we would have the
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situation where pressures PC = PD and PA = PB. The situation after the air in the left-hand
column is heated is shown on the lower diagrams. Initially we would have PC' = PC.
However, as the column of air expands upwards due the increase in its temperature we have
the situation that there is now a column of air above A, so that PA' > PA and therefore PA' > PB.
We now have a pressure gradient, so that air moves from the top of the left column to the top
of the right column as shown by the upper large arrow. As this happens there is now less air
in the left-hand column, so that the pressure PC' < PD and for this reason we have the opposite
pressure gradient at ground-level and air moves from right to left.

So, if there is a pressure different between two locations at ground level then a volume of air
moves along and immediately above the surface so as to eliminate this difference, the flowrate being at all times proportional to the magnitude of the gradient (ΔP/Δx). So, where is the
problem with this? Well it is not as simple as it might appear. At just about the time that
FitzFoy was establishing the Met. Service in the UK, a professor at Utrecht University was
setting up de Koninklijk Nederlands Meteorologisch Instituut, KNMI (Royal Dutch
Meteorological Institute). Christophorus Henricus Diedericus Buys Ballot (1817 - 1890)
directed the KNMI from its foundation in 1854 until his death. While others including
William Ferrel in the US had noted the relationship between global winds and pressure
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systems it was he who in 1857 provided an empirical formulation of a law that now bears his
name

Buys Ballot's Law
If an observer in the northern hemisphere stands so as to face the wind and extends his right
hand, then he is pointing at the region of low pressure
Coriolis forces
A full explanation for the Buys Ballot law did not come until the 20th century when people
started to appreciate that the atmosphere could be treated as a fluid, and therefore amenable
to the laws of fluid dynamics. Again this might seem strange because one of the chiefcontributors to what is observed, the Coriolis effect, had been known for some time. Indeed,
William Ferrel, writing in Nature in 1871 had noted that "The deflective force due to the earth’s
rotation, which is the key to the explanation of many phenomena in connection with the winds and the
currents of the ocean, does not seem to be understood by meteorologists and writers on physical
geography" . Anders Persson gives a excellent account of the problems faced by

mathematicians and meteorologists who tried to relate experiment and theory when
considering this problem*
If we have a particle of mass m which is stationary on a system which is rotating with an
angular frequency ω and located at a distance r from the centre of rotation then it will
experience a centrifugal force of magnitude mω2r. Now, if instead of being stationary the
particle is moving at a velocity VR relative to the rotating system, then there is an additional
force which is probably best expressed in terms of vectors
 
F = −2mω × VR
This force is at right angles to the direction of motion of the particle and to the rotating axis.
A particle moving at a velocity VR on the earth at latitude φ will experience a force
(Ω is the rotational frequency of the earth)
F = −2mΩVR sin φ
*

(www.meteohistory.org/2005historyofmeteorology2/01persson.pdf)
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This force is always at right angles to the motion and the rotation, In the absence of friction
only the centrifugal balances this. The particle moves in a circle of radius R and in order to
do this the two forces must balance. We therefore have
mVR2
= 2mVRΩsin φ
R

or R =

VR
2Ωsin φ

and the period is Τ =

2π
2Ωsin φ

In the ocean these are called inertial currents and their existence was only established in
1931
Let's put some figures to these. Ω the rotational frequency of the earth is 2π radians in 24
hours or 7.2722 10-5 radians/sec. Let us assume that we have a fresh breeze. This is force 5
on the Beaufort scale or VR = 20mph. At latitude 52ºN sinφ = 0.7880. The radius and period
of rotation of this system are approximately 87km and 15 hours respectively.
In fact, in the case of an air system we have the balance of a pressure gradient force and the
Coriolis force and if we apply this we get what is called the geostrophic wind velocity VG

1
1 ΔP
2Ωsin φ ρ Δx
ΔP/Δx is the pressure gradient and ρ is the air density
VG =

One of the effects of this is that winds appear to travel parallel (or nearly parallel) to the
isobars.
Again, putting some numbers to this we could take a fixed difference in pressure (e.g. 4mB)
and therefore Δx would be the distance between isobars that are 4mB different. In this case
the above equation could be written as
constant
true for a fixed value of latitude
VG =
Δx
This is shown diagrammatically below where we see the value of the geostrophic wind as a
function of Δx, the physical distance between two isobars that are 4mB different in pressure.
Of course, since we are dealing with the surface of the earth distances shown on a graph are a
function of the projection that is used, but for the purposes of this illustration we will assume
that distance on a map/chart at 30º has the same meaning as distance at 50º.
It would be highly inconvenient to have a different VG, Δx diagram for every different latitude
and so an integrated diagram is used and is appropriate for a particular range of latitudes and
map projection
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VG as a function of distance, Δx between isobars, different by ΔP for two values of latitude.

Map of Ireland with a low pressure region moving northeast over the country with isobars
drawn at 4mB intervals. The geostrophic chart for a map at this scale is shown on the right
and has the latitude of Dublin drawn as a horizontal dashed line. The distances between
isobars for regions centred on Limerick (L) and Belfast (B) in the map have been transferred
to the chart (taking account for the small differences in latitude) and this indicates that the
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wind-speeds are 5.5m/s (Beaufort force 4) at Limerick and 12.5m/s (Beaufort force 7) at
Belfast. This is shown diagrammatically on the map below as wind vectors.

The wind directions are not quite parallel with the isobars due to the effects of friction. The
fletches* at the back of each arrow indicate wind speed. A full fletch counts as 2 on the
Beaufort scale, so that Limerick experiences force 4. A half fletch counts as 1 on the scale so
that the wind strength at Belfast is force 7.
We now have an understanding of the physics but there is still a major gap between that and
our current knowledge of weather science. To see how/why things progressed from this point
we really need to consider people and events in the post-FitzRoy period.
A true scientist at the helm of the UK Met Office
In spite of the fact that the Meteorological Office had experienced yet another reorganisation
in 1877 much remained the same. It did not have any scientists and, what outsiders might
have viewed as its most important function, weather forecasting was of no real interest to its
governing council of scientists. However, it was now funded by an annual grant from
Government. One of the actions of the Council following the 'changes' was to allocate £1000
for novel research activities. One of these projects this funded was concerned with the
development of an instrument that might use chemical changes to determine the amount of
moisture in the atmosphere. It was proposed by George Stokes (the father of fluid mechanics
which would become so important in this field later). He suggested it to Maxwell (one of the
fathers of thermodynamics) who was then at the Cavendish Laboratory in Cambridge.
Maxwell gave the task to a 25 year old physics don, (William) Napier Shaw, who in turn was
to become the father of modern meteorology. Following a successful outcome of this and
other work Shaw was elected to the Royal Society in 1891. There were many local problems
*

using a term for archery: the feathers on an arrow
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in Cambridge just before the turn of the century and it is reported that during a violent protest
about the admission of women in 1897 that Shaw was approached by the Secretary of the
Royal Society with the suggestion he take up a vacancy that had occurred on the
Meteorological Council who were particularly concerned with the imminent departure of
their secretary, Robert Scott, who had been Executive Head of the Meteorological Office
since 1867. On arrival Shaw found a group of geriatrics. The Chairman was 80 and Galton
was still there, now 75 years old. Shaw, who was now Assistant Director of the Cavendish
was asked if he would like to take over the executive post. The suggestion to appoint Shaw
was a brave move for those who oversaw a discipline that was as divided as it had always
been. Scientists and forecasters seem to have little to say to each other. Important theoretical
advances were being made. Lynch* mentions that as early as 1890 the American
Meteorologist, Cleveland Abbe has recognised that "Meteorology is essentially the application of
hydrodynamics and thermodynamics to the atmosphere". Nevertheless, there remained a
disorganised mixtures of ideas, and rules that had been handed on by theorists for whom
weather science had little standing. So, Shaw moving from comfort of Cambridge to this
new role must also be seen as an act of bravery on his part.
As this book is moving forward in time in a cycloidal fashion, this is probably the place to record a
sad footnote. On 8 September 1900 the City of Galveston was destroyed by the tidal surge
associated with an un-named hurricane. The events are vividly described in Erik Larson's book
Isaac's Storm Fourth Estate Ltd 1999. Among the victims was William Pilfold and his children.
Pilfold, Manager of the Mexican Telegraph Co. offices in Galveston had married into the family of
James Graves, who would remain the superintendent of the cable station at Valentia island for a
further nine years after this tragedy. Family documents record that Pilfold was "drowned in the
Galveston tidal wave" It was to be many years before the mechanism of these surges was fully
understood.

One of the tasks facing the Secretary of the Meteorological Council was the preparation of an
annual report which was made to the Royal Society, but presumably because there was
Government funding involved, these reports appear amongst Parliamentary Command papers
(Reports of Commissioners). The Report to the President and Council of the Royal Society
for the year ending 31 March 1904 is informative in that it highlights the nature of the old
order where many had been around since the days of FitzRoy, but really contributed so little
to the progress of meteorology as a service to Britain and its Empire.
Lieut-Genl. Sir Richard Strachey
Mr Alexander Buchan
Professor George Darwin
Rear Adm. Sir William Wharton,
Mr William Napier Shaw
The Earl of Rosse
Mr John Buchanan
William Dines
Professor Arthur Schuster

Mr Robert Scott

*

Soldier, involved with India, Chairman of Met Council from 1883. He
was the father of the writer Lytton Strachey
Secretary of the Scottish Meterological Society 1860 - 1907
Son of Charles Darwin, Professor of Astronomy and Experimental
Philosophy at Cambridge
Hydrographer to the Admiralty
Secretary to the Met. Council
From a worthy Irish family with scientific interests. Related to the
engineer, Sir Charles Parsons
?
Meteorologist with a particular interest in the upper atmosphere
Physicist at Manchester University with an interest in time-series
observations. Vacating his chair he ensured that Ernest Rutherford
would succeed him.
Executive Head of the Meteorological Office since 1867

http://mathsci.ucd.ie/~plynch/Talks/IUGG-Dream.pdf
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In his new executive role Napier Shaw oversaw the total reorganisation of the Office and
probably did for meteorology what Airey had done for astronomy half a century earlier. His
situation became more secure in 1905 when the Treasury orchestrated a major change by
dissolving the old structure, establishing The Meteorological Committee and asking Shaw to
take over as Director of the Meteorological Office. Hereafter annual reports were submitted
directly to the Treasury and the first of these, published in 1906 reflects a slimmer Committee
whose appointees were much more directed towards purpose
Mr W.N. Shaw
Capt. Arthur M. Field
Capt. A.J.G. Chalmers
Mr W. Somerville
Sir George Darwin
Professor Arthur Schuster
Mr G.L. Barstow

Chairman
Hydrographer to the Navy
Professional officer of the Marine Dept. of the Board of Trade
Asst. Secretary of the Board of Agriculture and Fisheries
University of Cambridge
University of Manchester
Treasury nominee

Shaw introduced major innovations. He hired scientists. He employed women. He
introduced the millibar (mB) as a unit of pressure, and is probably best remembered for the
tephigram, a multi-parameter graphical method of representing the atmosphere. It is
extraordinary to think that this man, born in 1854 lived through the development of wireless,
the development of flight and saw two world wars (he died in March 1945). His crowning
achievement must be the development of operational meteorology with aviation, military and
international services, subjects that will take up a large part of the remainder of this book.
So, what happened and why?
At this point one might pose a question: given the pre-eminence of people associated with the
subject and the arrival of an academic who was turning things round, why did the next great
developments happen outside Britain?
It is true that the balance in Meteorological Committee was now much more in favour of the
users of weather data (the Navy, merchant marine, agriculture, fisheries), but there remained
a major diversity of interests. There was the identification of the underlying science, but it
lacked focus and all sorts of peripheral issues demanded attention. In addition to internal
reorganisation, Shaw was much concerned with the factors that caused the terrible smogs that
plagued London. Britain was at the head of a global Empire, and the Office had to deal with
all sorts of questions such as the influence of climate on fever in the colonies. It is almost
unbelievable that the Report for 31 March 1914 has not the slightest intimation of an
impending war*, but discusses the work on tracking ice in the Atlantic following the Titanic
disaster. In the Report for 1914-1916 there is at least a mention of the transmission of
weather data in code, but its tone reflects much more concern with the transition from the
inch as a unit of measurement to the then more widely accepted c.g.s units. It is only in 1917
that one starts to see the importance of forecasts, but even here, the Meteorological Office
appears to be dragged along by pressures which are entirely external. The Army and the
Navy are demanding forecasts and that part of the Office has now grown so large that it has
had to be moved. Almost unbelievably, it is only in the Report for year ending 31 March
1918 that we see some recognition of the importance of aviation. Although the RAF was not
officially formed until 1 April 1918 (by the amalgamation of the Royal Flying Corps and the
Royal Naval Air Service) the report does indicate that the RAF is already making heavy
*

Germany by comparison, was taking meteorology very seriously in the run-up to the first world war.
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demands on their Forecasting Division and are about to establish their own. Another item of
interest to note in this report is Shaw's first indications of what is to be his major work in the
future
" . . . the war has shown the special importance of certain meteorological problems, the solution of
which cannot await the conclusion of hostilities.
One of the immediate requirements is the compilation, in the easily accessible form of a book, of
the information that is at present scattered in scientific journals and of which the existence is only
known to a few experienced meteorologists"

His four volume Manual of Meteorology authored "with the assistance of Elaine Austin"
started to appear in print by 1919.
Norway takes the lead in Meteorological Theory
The next step in the development of meteorological theory involves three generations of a
extraordinary Norwegian family named Bjerknes. Carl (1825 - 1903) was so influenced by
the lectures of Dirichlet in Göttingen that he devoted the rest of his life to hydrodynamics.
His son Vilhelm (1862 - 1951) obtained an excellent grounding, as he first assisted his father
in this area before applying these concepts to atmospheric and ocean circulation. In 1904 he
posited that since every state of the atmosphere comes from preceding states then a
sufficiently accurate knowledge of its current state and a sufficiently accurate knowledge of it
governing laws were the necessary and sufficient conditions for the solution of forecasting
problems*. The pursuit of this objective was to become his life's work. While visiting the US
in 1905 he found a strongly sympathetic ear in the Carnegie Institute who bank-rolled his
work thereafter. He was quite clearly an advocate of his subject and quick to identify
opportunities. He became a professor in what is now Oslo University in 1907, but was even
then thinking about air-ship and aircraft as media which would be crucially dependent on
meteorological information. He also saw flight as a means of obtaining the upper-air data
that he needed for his mathematical formulation.
Zeppelin airships were manufactured in Leipzig and as an indication of the importance which
the Germans attached to the effects of weather on flight, in 1912 Bjerknes was offered the
post of founding director of a new Institute at the University of Leipzig. Several young
Norwegian scientists, including his son, Jacob (1897 - 1975) joined him there. Life in
Leipzig became increasingly more difficult during the war and finally, in 1917 he resigned,
and the entire group returned to Norway and established the Geophysical Institute in Bergen.
One could of course speculate that with the United States in the War this was one way in
which Carnegie funding could be maintained. There was of course very strong Norwegian
interests. The war meant that the Norwegian fishing fleet did not have access to telegraphic
storm warnings from Britain. There were serious food shortages and Bjerknes recognised the
benefits that accurate forecasts might have for agriculture. The Bergen Institute became an
operational weather centre in 1918 and the funds continued to flow. The staff became
forecasters and instead of dynamic meteorology they brought a new vision to synoptic
meteorology. In 1919 Jacob analysing the dynamics of a storm of October 1918 visualised a
moving hook-shaped centre of low pressure with two lines of weather at the interface
separating a wedge-shaped intrusion of warm air from its cold surrounds. With the War still
in mind their use of the word 'fronts' to identify these interfaces was obvious and remains part
*

Vilhelm Bjerknes “Das Problem von der Wettervorhersage, betrachtet vom Standpunkt der Mechanik und der
Physik,” Meteor Zeit 21 (1904) 1–7
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of our weather vocabulary. These and many related ideas emanated from the Bergen School
during the next few years. Vilhelm moved from Bergen to Oslo in 1926 and not unlike his
own father, continued his work on a unified solution to the equations of the atmosphere. This
was not achieved in full in his own life-time, even if others had been working towards this
goal. In fact it was not until the utilisation of digital computers after the second world war
that it was possible to mathematically arrive at a forecast within a timescale where such a
forecast might be useful. This subject of numerical meteorology will be discussed in the final
chapter of this work.
Carl Bjerknes had been reclusive, unwilling to reveal his work (which was eventually
published in 1902 by Vilhelm). His son did not suffer such doubts and his collection of
published work is extensive (www.ngfweb.no/docs/NGF_GP_Vol24_VBpubs.pdf). Don't
you think that the Painting of Vilhelm* standing in the rain in Bryggen says so much.

*

by Rolf Groven (1983)
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So, now we have a clearer idea At the interface between the two air masses there is a small
perturbation. The warm, moist air intrudes into the cooler region. In the diagram below we
see a perturbation somewhere out in the Atlantic Ocean, which then propagates north easterly
along the interface. We get condensation (clouds) at the leading edge which liberates energy.
The warm air moves further into the cool region.

The region with warm air has a lower pressure and this is best visualised in the three
dimensional view of the UK with a depression in transit from west to east over it. It is quite
clear that this is a three-dimensional mixing process. At the leading edge, the pressure drops,
clouds start to form as the moist air is cooled. At the trailing edge cold air pushes back in and
the atmospheric pressure rises.
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Synoptic charts
Details of the way in which aviation and the second world war forced the recognition that
weather forecasting was a respectable discipline will be discussed in later chapters. Suffice
to say here that the lessons from the Bergen school were generally not lost on meteorological
services worldwide. There is now a worldwide sharing of weather data and synoptic charts
such as that below, which are produced several times per day.
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There is an immense amount of short-hand information concealed here and if we look at a
typical chart for the southern UK we see some of these in greater detail.

If we just take two points A and B above we see the wind arrows and wind-strength fletches.
At these two locations there is eight eighths cloud cover. At Anglesey there is four eighths
cloud cover, London six eighths and in Norwich there is seven eighths cover. If we use the
points of a clock as indicators we see numbers between 2o'clock and 3 o'clock. In the case of
location A this is 084 while at B it is 984. This is atmospheric pressure in mB (or HPa) and
since the ground pressure never goes as low as 084 this is a short-hand way of fitting a four
digit number with decimal point 1008.4HPa into a three digit representation. In transmitting
weather data it is all about fitting the maximum information into the smallest amount of data
for transmission. At position 10 o'clock at locations A and B we have the temperature 3ºC
and 7ºC respectively. At 8 o'clock we have the dew-point temperature, 3ºC for A and 7ºC for
B. Finally we have a set of symbols which are not unlike those that Admiral FitzRoy entered
in his Royal Charter synoptic chart. These are best described by a matrix of symbols and the
key (or synop codes) which are the symbols at each matrix point and are shown below.
From these we learn that at A we have "fog or ice-fog with sky obscured" and at B we have
"continuous moderate rain at time of observation"
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(from http://www.zetnet.co.uk/sigs/weather/Met_Codes/wwsymbol.htm)

An explanation of the meaning associated with the symbols at each location in the matrix is
given in the pages which follow. In each of the entries below the first number refers to a row
in the matrix above. The second number refers to a column
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(from http://www.zetnet.co.uk/sigs/weather/Met_Codes/wwcode.htm)
00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Cloud development not observed or observable }characteristic
Clouds dissolving or becoming less developed }state of sky
State of sky on the whole unchanged during the past hour
Clouds generally forming or developing during the past hour
Visibility reduced by smoke haze
Haze
Widespread dust in suspension in the air, not raised by wind at or near the station at the time
of observation.
Dust or sand raised by the wind at or near the station at the time of the observation, but no
well-developed dust whirl(s), and no sandstorm seen: or, in the case of ships, blowing spray
at the station
Well developed dust whirl(s) or sand whirl(s) seen at or near the station during the preceding
hour or at the time of observation, but no duststorm or sandstorm
Duststorm or sandstorm within sight at the time of observation, or at the station during the
preceding hour
Mist
Patches of
} shallow fog or ice fog
More or less continuous
} less than 2 m on land or 10 m at sea
Lightning visible, no thunder heard
Precipitation within sight, not reaching the ground or surface of sea
Precipitation within sight, reaching ground or the surface of the sea, but distant, i.e. estimated
to be more than 5 km from the station
Precipitation within sight, reaching the ground or the surface of the sea, near to, but not at the
station
Thunderstorm, but no precipitation at the time of observation
Squalls
} at or within sight of the station during
Funnel cloud(s) or tuba1
} the preceding hour or at time
} of observation
Drizzle (not freezing) or snow grains
Rain (not freezing)
Snow
Rain and snow or ice pellets
Freezing drizzle or freezing rain
Shower(s) of rain
Shower(s) of snow, or of rain and snow
Shower(s) of hail, or of rain and hail
Fog or ice fog
Thunderstorm (with or without precipitation)

}
} Not
} falling
} as shower(s)
}

WW=30-35 cover dust-storms or sandstorms
36
37
38
39

Slight or moderate drifting snow
Heavy drifting snow
Slight or moderate blowing snow
Heavy blowing snow

40

Fog or ice fog at a distance at the time of observation, but not at the station during the
preceding hour, the fog or ice fog extending to a level above that of the observer
Fog or ice fog in patches
Fog or ice fog, sky visible
} has become thinner during
Fog or ice fog, sky obscured
} preceding hour
Fog or ice fog, sky visible
} no appreciable change
Fog or ice fog, sky obscured
} during the preceding hour
Fog or ice fog, sky visible
} has begun or has become thicker
Fog or ice fog, sky obscured
} during the preceding hour
Fog or ice fog, sky visible

41
42
43
44
45
46
47
48

}
}
}
}

Generally low
(below eye level)
Generally high
(above eye level)
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49

Fog or ice fog, sky obscured

50
51
52
53
54
55
56
57
58
59

Drizzle, not freezing, intermittent
Drizzle, not freezing, continuous
Drizzle, not freezing, intermittent
Drizzle, not freezing, continuous
Drizzle, not freezing, intermittent
Drizzle, not freezing, continuous
Drizzle, freezing, slight
Drizzle, freezing, moderate or heavy (dense)
Drizzle and rain, slight
Drizzle and rain, moderate or heavy

}
}
}
}
}
}

slight at time
of observation
moderate at time
of observation
heavy (dense) at time
of observation

60
61
62
63
64
65
66
67
68
69

Rain, not freezing, intermittent
Rain, not freezing, continuous
Rain, not freezing, intermittent
Rain, not freezing, continuous
Rain, not freezing, intermittent
Rain, not freezing, continuous
Rain, freezing, slight
Rain, freezing, moderate or heavy
Rain or drizzle and snow, slight
Rain or drizzle and snow, moderate or heavy

}
}
}
}
}
}

Slight at time
of observation
Moderate at time
of observation
Heavy at time
of observation

70
71
72
73
74
75
76
77
78
79

Intermittent fall of snowflakes
}
Continuous fall of snowflakes
}
Intermittent fall of snowflakes
}
Continuous fall of snowflakes
}
Intermittent fall of snowflakes
}
Continuous fall of snowflakes
}
Diamond dust (with or without fog)
Snow grains (with or without fog)
Isolated star-like snow crystals (with or without fog)
Ice pellets

slight at time
of observation
moderate at time
of observation
heavy at time
of observation

80
81
82
83
84
85
86
87
88
89

Rain shower(s), slight
Rain shower(s), moderate or heavy
Rain shower(s), violent
Shower(s) of rain and snow mixed, slight
Shower(s) of rain and snow mixed, moderate or heavy
Snow shower(s), slight
Snow shower(s), moderate or heavy
{Shower(s) of snow pellets or small hail
} slight
{with or without rain or rain and snow mixed
} moderate or heavy
{Shower(s) of hail, with or without rain or
} slight

90
91
92
93
94
95

{rain and snow mixed, not associated with thunder
}- moderate or heavy
Slight rain at time of observation
Moderate or heavy rain at time of observation
Slight snow, or rain and snow mixed, or hail2 at time of observation
Moderate or heavy snow, or rain and snow mixed, or hail at time of observation
Thunderstorm, slight or moderate, without hail but with rain and or snow at time of
observation
Thunderstorm, slight or moderate, with hail at time of observation
Thunderstorm, heavy, without hail but with rain and or snow at time of observation
Thunderstorm combined with dust-storm or sandstorm at time of observation
Thunderstorm, heavy, with hail at time of observation

96
97
98
99
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The Shipping Forecast
The transmission of weather forecasts for shipping by radio is reputed to have started in the
mid 1920s, but that wonderful institution of British Radio, The Shipping Forecast is largely a
post-WWII item. Geographical offshore regions are divided into 'sea areas' and these have
assumed an almost 'magical' significance in the public mind as witness the number of Google
hits that the subject generates. The forecasts for these are read at dictation speed and the data
is in a specific format so that it can be transferred to a sea-area chart. This forecast is then
followed by a set of weather reports from coastal stations which give an indication of what
the weather has been. There was a time when I could make a complete record of the five
minute dictation, draw a weather map and make predictions relevant to sailing in small craft.
But my memory is even earlier than that when there were sea areas like Heligoland and
Minches. There were weather reports from Wick, Tiree, Boulmer, Noordhinder and later
Goeree Light Tower Automatic Weather Station. But the entire system has changed slowly
over the 60 years of one person's memory. The rough shape was in place by 1949, but later
Heligoland became German Bight. Although sea area Minches was absorbed into Hebrides
in 1983, it does not appear on the Met. Map of 1977 shown immediately below.

From "Notes on Meteorology" J.F. Kemp and Peter Young, Stanford Maritime 1977
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In 1984 sea area Viking was reduced in size and two smaller units, North Utsire and South
Utsire were added to bring the UK chart for that area into line with those used by the
neighbouring Scandinavian countries. Perhaps one of the most recent and satisfying changes
concerns what was called sea area Finisterre. The World Meteorological Committee
complained to the UK that this nomination caused confusion because Spain used the same
name for a different and smaller sea area. It was agreed that as from 4 February 2002 this
large area of sea off the north west coast of Spain would be called FitzRoy in honour of the
founder of the UK Meteorological Service.

Details of the sea areas adopted by other European maritime nations can be found in the
"RYA's Complete Guide to Weather Forecasts" by David Houghton, Royal Yachting
Association 2005.
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