Chapter 8
Bits and Pieces on the road to modern forecasting
Introduction
A major problem facing the curious engineer as he attempts to forage through all the material
that forms part of a history of weather forecasting is all those additional topics that could be
addressed. Each is important, each is deserving some time to itself, time to stop off and
admire. However, if one did this to any great extent then the thread of many chapters might
be easily lost in the forest of fascination. Thus the discerning reader might say "why did he
not discuss this or why did he not consider that?" That is what this chapter is about: balloons,
met. recce. flights and satellites. There should be a thread here too. There has been a lot of
consideration of forecasting in war, particularly the second world war. So, we will start with
some war-related topics. In particular we will deal with some cases where balloons have
formed part of the weapons of war. This will lead on to how satellites took over some of the
roles previously occupied by unmanned balloons and the contributions which satellites can
(and currently can't) make to meteorology. At this stage of the chapter the subject of
forecasting and war will be coming towards its conclusion and we will start to look towards
the final chapter, the development of numerical forecasting. Even more than before, any
attempt at an accurate forecast requires extensive and accurate information. In this context
we will look briefly at the history of meteorological reconnaissance (met. recce.) flights
before jumping onto another miracle of engineering, the free-ascent balloon-borne weather
station or sonde, where hopefully, we will learn how to interpret a tephigram.
Operation Outward*
This and the next two topics are described in Curtis Peebles' book " The Moby Dick Project"
(published by Smithsonian Books). In this case we have a military operation that was based
on the fact that the dominant winds in western Europe are from the west or southwest.
On the night of 17 September 1940, a gale broke loose a number of British barrage balloons
and carried them across the North Sea. In Sweden and Denmark, they damaged power lines,
disrupted railways and the antenna for the Swedish International radio station was knocked
down. Five balloons were reported to have reached Finland. A report on the damage and
confusion found its way to the British War Cabinet. On 23 September 1940, Winston
Churchill directed that the use of free-flying balloons as weapons against Germany should be
investigated.
The blimps in the Air Ministry initially produced a negative report, possibly because the
Ministry of Aircraft Production felt that balloons would be ineffective as weapons and would
use up too many resources. In fact, the balloons were expected to drift at no more than
5,000m over relatively short distances, which meant they did not need any complicated
ballast and pressure-regulation systems to control and maintain altitude. With winds blowing
from UK to the continent 55% of the time, the chances of German retaliation was fairly low
since the wind blew from the continent to Britain only 38% of the time. The Admiralty were
more positive to Churchill's suggestion. Hydrogen, a by-product of the electrolytic
generation of oxygen for welding was in plentiful supply. The cost of producing each

*

http://en.wikipedia.org/wiki/Operation_Outward
http://www.ghostgrey.gaetanmarie.com/articles/2008/outward/outward.htm
 Donard de Cogan 2012

balloon was only (35/= or £1.75 in decimal currency) and there would be almost no risk to
the 300 personnel, mostly women who were involved with the project.
The go-ahead was given in September 1941 with the agreement that launches would only
take place during day-light hours so as not to endanger RAF missions and a two hour
warning of any impending launch would be given to the RAF. The first launch site was at
Landguard Fort near Felixstowe in Suffolk. The balloons were either equipped with three 6pound incendiary “socks” designed to set fire to pine forests and heathland or with a trailing
steel wire intended to short-out and damage overhead power-lines.
The first launches took place on 20 March and within days intercepted RT traffic indicated
strikes near Berlin and Tilsit in East Prussia. Intercepts of Luftwaffe communications soon
showed German fighters were trying to shoot down balloons. This encouraged the British as
it was felt that the harassment value on German air defences alone justified the operation. It
cost the Germans more, in terms of fuel and wear, tear and hassle factor, to destroy them than
it cost the British to make them. In July 1942, a second launch site was set up at Oldstairs
near Dover.
There were difficulties due to damage caused to neutral European countries (Sweden or
Switzerland) by wayward Outward balloons and there is evidence that this was not
infrequent. On the night of 19-20 February 1944, a balloon shorted a Swedish rail lighting
system, resulting in a train collision. Diplomatic protests were issued by the Swedish
government, but this mostly proved without doubt the potential of the balloon campaign.
However, the greatest success happened on 12 July 1942, when a cable-trailing balloon hit a
110kV power line near Leipzig. The isolator at the power station in Böhlen did not trip fast
enough, and in the resulting fire the power station was destroyed. The damage estimate was
£1m, an excellent return on the total investment of £220k with no Allied casualties. In the
run-up to D-day invasion, launches were postponed or suspended. The operation was wound
up after the last launches on 4 September 1944.
Fogo/Fugo*
It is a strange thing to think that if we were launching balloons across occupied Europe, then
it was a clever and brave thing to do. However, if someone else was doing the same to us,
then it was a dastardly act. The Japanese use of balloons for attacks against the North
American mainland comes into this category, in spite of the extraordinary technical
achievements with very limited resources. Using common materials, simple components,
and sophisticated weather forecasting, the Japanese had evidently developed the first
operational intercontinental weapon delivery system. The Japanese called the balloon
weapons Fu-Go ("Fu" being the first character of the Japanese word for balloon). They were
assembled by hand - usually by schoolgirls after classes - and made from materials such as
paraffin waxed paper, and later from latex and silk. They were gas-proofed using starch glue.
Each balloon was about 10m in diameter and just over 21m in total height (top of canopy to
bottom of payload. Suspended below the balloon by cables was an aluminium ring about 1m
in diameter to which was attached the ballast, the control system and the payload (4
incendiaries and one 33-pound anti-personnel bomb). There were 32 - 36 explosive bolts
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around the outside of the ring and to each was attached a ballast sandbag. The balloons were
partially filled with hydrogen and after launch were allowed to rise to 10,000m. Japanese
Army researchers had discovered that at these heights there existed high-speed currents of
wind (what we now call the 'Jet-Stream) which could carry the Fu-Go all the way to North
America. As night fell and the gas cooled, the balloons would descend, but when they fell to
about 7,500m, a barometric pressure switch would close, energizing electrical circuits to the
explosive bolts plugs. A pair of ballast bags would be cut free, and the Fu-Go, lightened,
would begin to climb back into the high-altitude wind-stream. If the balloon flew too high, a
spring-loaded valve would release a puff of hydrogen. Day and night the cycle repeated
during the three to five day journey. If all went according to plan, by the time the last bolts
were released, the balloon would be over North America. From then on bombs were to be
the ballast with one released at every descent until when all were exhausted, a flash-bomb
attached to the balloon was supposed to ignite the hydrogen, incinerating the evidence.
The plan was for 10,000 of these to be 'dropped' into North America. 600 were launched in
November 1944 and 1200 in December, but for a long time there was silence. Had they
worked? Was the theory correct? Should the Japanese send more? Many did reach Alaska,
Canada and the western coast of the US but for the most part did very little damage. The
effect on officialdom gives some idea of the effect that the Outward balloons must have had
on the Germans. There was a great fear that they might carry biological pay-loads. There
was a threat of forest fires. There was the ever present fear of the effect on public morale (we
have all seen the effect that 9/11 had). Nearly three thousand soldiers were put on call to
fight balloon-ignited fires. On March 10 a balloon snagged an overhead power-line from the
Bonneville Dam and power was lost to a large part of the state including facilities that were
involved in the preparation of plutonium for use at Los Alamos. However, a side effect of
the fire bombing of Japanese cities was damage to hydrogen generation plants. Censorship
ensured that Japanese intelligence had no knowledge of the effectiveness of this, the first
intercontinental weapon and word did not get out until after the project had been all but
abandoned in April 1945*.
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Jet stream
But what of this 'jet-stream' which the Japanese had harnessed so ingeniously? They were
first noticed by atmospheric scientists in the 19th century using kites and, later, pilot
balloons, but before widespread aviation the so-called "high winds" (or "strong westerlies")
were of little interest, and many observers thought that individual observations were simply
freak occurrences. During the 1930s awareness of the jet-stream developed slowly. The
American aviator Wiley Post, who was interested in the low-friction environment of the
stratosphere for increasing aircraft speed and range, worked for several years to perfect a
rubber pressure suit. On December 7, 1934, one of his test flights took him above 20,000
feet, where he found a strong tailwind (a "strong river of air"). Because of this, Post has been
widely credited with the discovery of the jet stream. In 1935, IMO member countries in
Europe cooperated in an upper atmosphere study that was intended to help with cyclone
prediction. The data show evidence of the jet stream, but were not recognized at the time for
what they were. German meteorologist Richard Scherhag summed up the scientific view at
the time by asking, "Why is there no front in the upper air?", in part based on the 1935
observations. His colleague H. Seilkopf is credited with the coining of the term
(Strahlströmmung) in a 1939 paper, which C.-G. Rossby is reputed to have translated as "jet
stream".
R.J Ogden* records that
During the final large-scale Main Force attack on Berlin on the night of 24/25 March 1944, forecast
winds were northerly around 40kt, but by the time the wind finders reached Denmark they were
calculating speeds of well over 100kt. Believing that winds of this strength at 500mb were
impossible, some wind finders assumed they had made an error and arbitrarily reduced, or were
ordered by their Captains to do so, the speeds reported. Data coming back to Dunstable were
thus all over the place, and regrettably the Duty Upper Air Forecaster compounded the error by
sending out amended wind speeds that differed little from those originally issued. I can still vividly
recall debriefing a lazy, cocky but none-the-less brilliant French Canadian navigator on 101
Squadron who had bothered to compute only three winds over the entire route to Berlin. But one
of these, based on an astro-fix, gave a speed of over 120kts, and it never entered his head that
he might have made a mistake. He ignored the amended winds from Dunstable, instructing his
Captain on the basis of his own jet speed winds, and I think this aircraft must have been one of
very few indeed in the whole Command that was on track that night, as evidenced by the plot of
positions at which aircraft were shot down in relation to the planned track (see below). The
reason for this catastrophic error became apparent when I looked at the charts and German
DWRs held in Met Office archives. Pressure was rising rapidly over the UK behind a deep low
that had moved through to the east, leaving a northerly flow over the North Sea, Denmark and
North Germany. CFO thought the upper low had moved to about 32°E by 24 March, but, in fact,
as the German DWRs showed, the 500 mb centre had regressed from 23°E on 23 March to 21°E
on 24 March. This tightened the northerly gradient considerably, as confirmed by a radio-sonde
from Berlin itself, giving a wind at 5 km of 200 kph (i.e. well over 100kt).
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A 1943 Royal Air Force raid on Gironde, France, encountered tailwinds that sped them to
their target, but returning the same headwinds, estimated at 380 km/h, caused their aircraft to
stall, and the crews were forced to parachute into occupied Vichy France, where they were
captured.
In 1944, a United States Army Air Force Boeing B-29 Superfortress bomber squadron
encountered winds between Kyoto and Tokyo, measuring a 140-knot tailwind, and found the
winds made precision bombing at those heights almost impossible.
So, the evidence was there but the first scientist to actually quantify jet streams was the Japanese
meteorologist Wasaburo Ooishi in the early 1920s. He did this by tracking weather balloons at a
site near Mount Fuji. Between 1923 and 1925, Ooishi measured stratospheric westerlies over
Japan at consistent speeds in all seasons. Although Ooishi had contacts with the International
Meteorological Organization (IMO, now the WMO) and had travelled to Germany and the United
States, his published work went largely unnoticed outside of Japan as he chose to write in the
international language of Esperanto, which only had a small following in scientific circles, primarily
among Asians like Ooishi. His observations were utilised for the Fugo Operation although the chief
on the project, Hidetoshi Arakawa, doubted that Ooishi's measurements could be confidently
*
projected across the entire Pacific Ocean .

The physics of the jet-stream is fascinating and the first solid explanation was given by
another protégé of the Bergen school, Carl-Gustav Rossby (1898-1957). Rossby was born in
Sweden and joined a group studying under Vilhelm Bjerknes in 1918 after receiving his
"Kandidat"' in theoretical mechanics. There he started his career in meteorology as well as
his interest in oceanography. In 1921 he followed Bjerknes to the University of Leipzig for a
year and then returned to Stockholm in 1922 to a position with the Swedish Meteorological
*
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Hydrologic Service. Over the next three years he accompanied, as a meteorologist,
oceanographic expeditions to Jan Mayen in the Nordic Seas, around the British Isles, and to
Portugal and Madeira. He also studied mathematical physics at the University of Stockholm
during this time and received his "Licentiat" in 1925. In 1926 Rossby moved to the United
States and continued his research at the only extent meteorological centre, the Government
Weather Bureau in Washington, D.C. He wrote several significant papers on atmospheric
turbulence and stratospheric dynamics during this period and also organized the first airway
meterological service on an experimental basis in California which provided the pattern for
future systems. In 1928 he organized the first university level meteorological program in the
United States (at MIT), where he soon became a full professor. He spent eleven years at MIT
and contributed to such areas as the thermodynamics of air masses, turbulence in the
atmosphere and in the oceans, lateral mixing, and the interaction of the ocean-atmosphere
boundary layers. He gradually turned his attentions to large-scale motions and the general
circulation of the atmosphere, to which he began to apply the concepts of vorticity and
momentum that permeate the field today. In 1939 he became the assistant chief of research at
the U.S. Weather Bureau and in 1940 the chairman of the Department of Meteorology at the
University of Chicago, during which time he developed his theory for the long waves in the
atmosphere that later came to be called Rossby waves**.
Rossby Wave
In order to understand what a Rossby wave is let us start with a very long fish tank, not
unlike one which I encountered as a physical chemistry undergraduate. It is half filled with
carbon tetrachloride containing a small addition of iodine (a most beautiful coloured
solution). On top of this is a layer of water; the beautiful colour of the iodine in the
chlorinated hydrocarbon ensures that we can see the interface. Now it is possible to
introduce wave propagation at the interface between the two fluids with only minimum
disturbance at the water/air interface, as can be seen below

The same can happen in other layered media such as deep ocean where we have warm water
sitting on top and cold water with an interface called the 'thermocline'. If the restoring force
in this system includes the Coriolis effect then we can have waves with reasonable amplitude
at the interface and an almost undetectable amplitude on the ocean surface. These waves
move from east to west and have a very long wave-length.
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Now before we translate all of this into what is happening in the atmosphere we need to think
a little about the physics of air circulation above the earth. At the start let us imagine that we
have the sun directly over the equator so that the heated ground warms the air above it. This
leads to a region of low pressure, what we call the 'equatorial low' The air which rises must
go somewhere and in fact it goes north and south, before cooling and sinking down again at
approximately 30º North and South. Seen from the earth's surface the region around the
equator is fairly calm (the doldrums) while the divergence regions at ±30º are called the
'Horse Latitudes'. Descending air at this point can either move north or south. Coriolis
effects means that the wind returning to the equator from 30ºN appears to come from the
north east (NE trade-wind), while winds moving north from this point appears to come from
the south-west or west (depending on latitude) and are collectively known as 'the Westerlies'.
If we look again at the situation in three-dimensions, we see doughnut shaped regions north
and south of the equator. These are called 'Hadley cells'

 Donard de Cogan 2012

The warm air which travels north from 30ºN (and south from 30ºS) encounters the polar
easterly winds at approximately ±60º and along this interface we have another divergence
zone as the westerly air is warmer than its surrounds and therefore rises, while the polar air is
warmed by insolation and heat exchange. The doughnuts between 30ºN and 60ºN (and the
equivalent in the southern hemisphere are called the 'Ferrel cells. Although the picture above
might appear to show nice smooth interfaces, this is very far from reality. If we recall that
we have here an interface between a warm and a cool fluid that is being influenced by periods
of solar radiation every 24 hours. The situation is exactly the same as Rossby waves in the
ocean except that the density of the fluid being so much lower we have the potential for much
greater amplitude swings. These undulations are clearly identifiable in the picture above (see
'polar front' marked across the US/Canada border).
There is a wonderful simulation of atmospheric Rossby waves which is produced by the
University of San Francisco and is available on-line at
http://squall.sfsu.edu/scripts/nhemjetstream_model.html
If this simulation is run over a period of several days one can see that the waves run east to
west, but the situation is not quite continuous (as it would be for a standing wave on a string
or a resonant mode on a ring). Instead, the amplitude occasionally becomes excessive and
just like the crest of an ocean wave breaking, we can see the same thing happen here. Now,
all we have to do is to think of an interface between warm and cold air that extends up about
5km. As this interface snakes its way across the surface of the northern hemisphere like a
fluttering flag air is forced to move very quickly from west to east and hence we have what
we call the jet-stream. Whenever a loop breaks off high or low pressure cells can get trapped
(high pressure cells are particularly prone to this 'blocking') and a weather pattern can persist
for days or weeks until it is eventually shifted.
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The jet-stream has a profound influence on the weather which is experienced in the temperate
areas of the globe. If its track lies to the north of the UK during the summer months then
Britain can expect to have excellent weather. Some years its habitual track lies to the south
of the UK, in which case we can have a pretty rotten summer, as we did in 2008.
As a demonstration of some of this the Atlantic synoptic chart for 30 January 2009 was
captured from the BBC weather site. We could compare this with the chart above, but
instead a jet-stream simulation for the same area was obtained from
http://www.metcheck.com/V40/UK/FREE/jetstream.asp
The perspective of the BBC chart was then altered so that both could be compared and these
are shown below where the locations of maximum jet-stream speed and Atlantic lows can be
compared. In this case the eastward progress of the lows was blocked by the development of
a region of high pressure over Europe which first extended over the eastern UK, but by 1
February there were snow-flurries blown in from the Continent.
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BBC Weather on-line (30 Jan 09)

And finally in this section we come to a very interesting feedback effect. Once Rossby had
provided a credible theory for the undulation of the interface between the polar and Ferrel
cells, Jacob Bjerknes, who had become a US citizen in 1946, conducted extensive studies of
the upper atmosphere and jet stream. In particular he studied the climatic consequences of
the interaction of the ocean and atmosphere in the tropical Pacific. In 1969 he proposed
what is now called the 'Bjerknes hypothesis'. This holds that the periodical climatic effects of
El Niño (called El Niño Southern Oscillation or ENSO) is the result of a positive feedback
loop where changes in sea-surface temperature, lead to changes in wind strength and
direction, which lead to changes in the ocean circulation, in turn, leading to further changes
in sea-surface temperature.
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Balloons and spying on the Soviet Union
Just as the Japanese has used the jet-stream to mount balloon attacks on North America, the
United States did something similar during the early years of the cold war except that the
payload in their balloons was a spy camera. The first was Project Moby Dick where the
balloons would eventually be captured in passing by a Fairchild C-119 aircraft. There was a
diplomatic row when the Soviets discovered the remnants of a camera in February 1952.
Project Genetrix was authorised by President Eisenhower on 27 December 1955 and starting
in January 1956 a total of 516 balloons were arranged to drift over eastern Europe to
photograph sensitive sites and monitor Soviet nuclear tests. Genetrix balloons were phased
out with the arrival of the Lockheed U-2 spy plane which flew at 21,300m and could choose
its flight path - until Francis Gary Powers was shot down in 1960 and precipitated a major
diplomatic crisis. Much later when Powers was asked how high he was flying was prone to
respond "Not high enough". All such considerations became obsolete with the arrival of spy
satellites, which can also be used for meteorological purposes

Satellites for weather
The first attempt to use a satellite for weather purposes is reputed to be Vanguard 2 which
was launched in 1959 but the first real successes were with TIROS-1 (1960) and later
NIMBUS, but as Lynch* says "The effort to extract useful information from satellite
sounding has been one of the great struggles of the past 40 year and there have been many
heroic failures." Geostationary meteorological satellite, SMS-1 was launched in 1974 and
SMS-2 the year after. The images from these allowed wind-vectors at cloud level to be
calculated.
*
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From http://en.wikipedia.org/wiki/Geostationary_Operational_Environmental_Satellite we
see that as of February 2009 there are a series of GOES (Geostationary Operational
Environmental Satellites) which provide information for the US National Weather Service.
Other countries/groups of countries have smaller provision, but all are linked for the mutual
interchange of information. A major feature of satellite images is the information about
hurricanes which can assist with modelling of the likely tracks. They can also be used to
monitor smog formation and volcanic eruptions as well as local ocean temperature. The
picture above gives the lie to those meteorologists, who in 1866 suggested that reports of
weather from Newfoundland should no longer be forwarded to London as there appeared to
be little correlation. We now know that feedback along the jet stream provides a coherence
in North Atlantic weather; changes in North America will be experienced in Europe several
days later. Some images have a special poignancy. The picture below shows Hurricane
Katrina making landfall

Even for those who are entirely land-based satellites can provide information. I can clearly
remember that while I was in the Department of Electronic and Electrical Engineering at the
University of Birmingham, there was much research being undertaken with the ATS-6. In its
time it has been positioned in geosynchronous orbit over the Americas at 94ºW(1974-1975).
It was then relocated over the Indian Ocean 35ºE during 1975-1976 before being positioned
at 140ºW from 1976-1979. When it was suitably positioned the view from Birmingham
placed it low on the western horizon (in the track of incoming weather). The attenuation and
polarization of signals were measured using a 6m dish antenna. A host of volunteers along
the track were retained to undertake rain-gauge measurements and to submit them to the
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Department. The levels of rain at different locations and times were correlated to the
attenuation and polarization changes of the incoming signals.

Open Cassegrain dish antenna (6m diameter) on top of the Gisbert Kapp building at the
University of Birmingham (Department of Electronic and Electrical Engineering) as it would
have been oriented for collecting signals from ATS-6
Meteorological Reconaissance (Met. Recce) flights
Although aviation depends on accurate estimates of likely weather in the flight path there is
the question: how is that information derived and throughout most of this book there have
only been oblique references to the techniques that have been used and to a large extent, are
still used. This has been held until last, not because it is the good wine, but simply because it
is entirely relevant to the next and final chapter. Reference has been made to weather
stations, to weather ships and also to weather buoys (e.g.J.A. Kington and F. Selinger "The
development and use of weather buoys 1940 - 2005" Weather Vol. 61(6) (2006) 165 - 166).
There has been much mention of upper-air measurements and now that we understand about
the jet-stream and the meandering interface of the polar and Ferrel cells, we are in a better
position to appreciate the importance of these. Now is the time to do some justice to these
topics. We can go back well before Glaisher's ascents in balloons. Kington gives a summary
in www.meteohistory.org/2004polling_preprints/docs/abstracts/kington_abstract.pdf
Traces of temperature, pressure, humidity taken using a powered aircraft in 1912 were much
affected by engine vibration and work in Germany involving gliders in 1926 suggested that
they were ideal for purpose. Experiences during the first world war convinced both British
and German military authorities of the value of upper air measurements using aircraft.
Surface and upper-air data was shared on an international basis during the inter-war years.
However with the prospect of another war looming both sides geared up. The RAF had Met.
Recce. squadrons and the Germans had Wetter-Erkundungs Staffeln (Wekusta  Donard de Cogan 2012

Meteorological Reconnaissance Squadrons). The latter involved several hundred aircraft and
over 1,000 flight crews. In both cases the intention was to supplement data from other
sources such as balloon ascents. However, it must be remembered that in order to have any
value to the meteorologist the data must refer to a specific place at a specific time. In the
days before GPS this was done by operating flights to a very strict routine. Pilots were
ordered to adhere accurately to a specified track with instructions about when to ascend and
when to descend. The picture below is taken from a wonderful work which John Kington has
prepared in collaboration with Peter Rackliff ("Even the Birds were Walking: the story of
wartime meteorological reconnaissance", Tempus Publishing 2000). This shows the met.
recce. records on top of the synoptic chart for 19 January 1945

It is believed that the publication of this work was much appreciated by those who had been
involved in Met. Recce. Flights during the War. For many it was the first recognition of a
very valuable contribution that they had made. More recently Kington has collaborated with
Franz Selinger to produce an equivalent work describing German weather flights ("Wekusta:
Luftwaffe Meteorological Reconnaissance units and operations 1938 - 1945" Flight
Recorder Publications, 2006). One of the revelations here is the fact that "Encounters with
enemy aircraft were frequent and of an erratic nature, ranging from generous life-saving efforts to
attacks on downed crew members. After the secret 'Zenit' code of the German aircraft reports was
broken by British intelligence, the RAF sometimes let German weather aircraft pass without attack
because their radio messages were considered more valuable than shooting down the reporting
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There is room for this type of historical record to be made for other countries and
other historical spheres. Some US information on US Navy activities can be obtained from
http://cmapskm.ihmc.us/rid=1103741289924_1920848424_7533/METOC%20History.htm
aircraft."

With the international sharing of information much of the emphasis change, but there are still
areas where meteorological flights are essential and one of these is in the area of 'storm
chasing'. Flights through hurricanes, including the eye can give very useful information to
those who are plotting the track and estimating the landfall location. Such aircraft have to be
specially adapted and able to take all that such conditions can throw at them. In this context
it is interesting to note that turbo-prop aircraft are less prone to engine stall and are used in
preference to the more modern jet engineaircraft craft. The Lockheed 130 (Hercules) aircraft
is the workhorse for this very specific function, and a history can be found at
http://www.awra.us/WhiskeyCharlie.html#11 which includes many pictures including one
(shown below), where the web-author says " U.K.'s Snoopy, Lockheed c/n 4233, originally an RAF
C-130K. It was re-designated Hercules W. Mk 2 and modified for weather research with an 18-ft
instrumentation boom protruding from the nose. This necessitated that the radar antenna be relocated
to a pod attached to a pedestal above the cockpit. Surely this is one of the most unusual of all C-130
variants, and possibly the most photographed. Alas, the RAF retired Snoopy on 31 Mar 2001."

Weather sondes
While strolling along the shore near Boulogne several years ago I spotted a polystyrene
container about the size of a shoebox attached to the remains of a parachute. Close
inspection showed it to be a meteorological radiosonde but it was completely tangled up in
the remains of a fishing net that was deeply buried in the sand. With an incoming tide the
only possibility for the curious scientist was to try to extricate it with whatever was available.
In this case it was a razor shell which was used to cut away the parachute canopy, the battery
leads and several other items. Back in UK, and using the best practices of reverse
engineering, the package was dismantled. Of particular interest was the way in which there
was a duct in the polystyrene mould so that air could pass over the humidity sensor which
was deposited on a glass plate. Inside the box was fascinating. The humidity sensor and an
aneroid barometer were mounted on a circuit board. The temperature sensor was outside and
was sacrificed when the module was released from its tidal prison. What was surprising was
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the fact that the sensor seemed to have such thick wires. If a balloon is rising and
experiencing changes in temperature then surely a thermocouple sensor should have as small
a thermal mass as possible so that it can react quickly to external changes in temperature.
There were some interesting aspects on the circuit board itself. At the bottom of the board
was a pair of three-input sockets into which was inserted another PCB with what look to be
high-frequency coils and some spiral inductors formed onto the board. The fact that this
daughter board had a significant ground-plane and was set at right angles to the main board
suggested that it was a high-frequency sub-system where cross-talk had been minimised.
However instead of the antenna being attached to the daughter, it comprised a wire woven
into nylon thread that was secured to a loop at the furthest end of the main board. This was
all very curious and set in pace a series of thoughts about the developments of radio-sondes.
Glaisher's work with balloons and his measurements of temperature and pressure at different
altitudes was mentioned in chapter 5, as was Mendeleev's criticism based on the fact that the
temperature sensors were inside the basket and therefore not registering the 'true'
temperature. There was a clear realisation that the upper air did not always mirror what was
happening on the ground and it was not unusual for one or more small pilot balloons to be
released in advance of a manned launch in order to estimate the strength and direction of the
winds at altitude. However, it was not until the beginning of the 20th century that theodolites
were used to track pilot balloons in a systematic way.
The tropopause is that region between the troposphere and the stratosphere and is represented
by a natural reversal of the lapse rate. It had been discovered in 1902 but its study
represented significant technological problems. It starts at about 11km and was well outside
the range of manned ascents without pressurized cabins. There was another problem in that
the use of kites or captive balloons. The weight of the mooring line at these altitudes
exceeded the capacity of balloons at that time to hoist a reasonable pay-load of measuring
equipment. There were other problems. People were attempting to measure pressure, and
temperature during the ascent of what we might call a non-telemetering balloon sonde, but
there was a need for some form of synchronization. If clockwork equipment was used, how
were people to know if the drop in temperature was not adversely affecting the mechanism
and thereby making the 'time-stamping' of measurements meaningless?
In 1906 W.H. Dines (1855- 1927) developed a method which eliminated this problem. He
used a highly polished flat metal surface upon which the arm of the sensor scratched a line.
The deflection was very small and a microscope was needed to read the record once the
sonde had been located and returned. So, at once he had succeeded in reducing payload
weight, increasing accuracy and reliability and his basic idea was adapted and used right up
to the first world war. In the late 1920s L.H.G. Dines (1883 - 1965), modified his father's
design to include a hygrometer. The device which was capable of measuring pressure,
temperature and humidity should now be called a balloon sonde meteorograph.
Interaction between radio and meteorology
All of the above was very fine but it did not really help with the preparation of charts based
on today's weather, as one had to wait and hope that they would be found and returned.
There had been some attempts to transmit data telegraphically from tethered kites and
balloons by using a wire or having a wire spliced into the mooring line. Wireless
transmission of data was an obvious option, but in the early days those who sought to use it
for commercial benefit jealously protected their patents and all development focused on big,
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powerful transmitters which were capable of extensive coverage. Nevertheless, there was
geophysical interest in that wireless transmissions appeared to be influenced by
meteorological conditions. So there was the basis for a symbiotic relationship. There are
some reports that German meteorologists were toying with the idea of placing a transmitter in
a balloon as early as 1914, but the electronic valves that were available at that time were not
up to the job. The benefits of valves were already known, particularly the use of feedback
which could lead to instability (oscillations), which could be used as a transmitter. Under
certain circumstances of feedback one had a circuit which could act as a very sensitive
detector of radio signals (the 'regenerative' detector).
What is nice is that much of these developments were achieved by amateurs* and semiprofessionals. There were significant developments at shorter wavelengths which had the
benefit of shorter antennae. However, the advent of the first world war put a stop to all
amateur radio work. Espionage was feared and anyone who had skills as a radio amateur had
a role to play in the war effort. When the US entered the war all amateur wireless stations
had to be dismantled and all commercial stations were turned over to the U.S. Navy.
Restrictions were removed after the war and it is believed that everything was in place for a
viable balloon sonde with radio transmission by the early 1920s. In 1927 the Russian P.A.
Moltchanoff developed a small transmitter that could be incorporated into a sonde. He also
developed and later modified coding/modulating systems and arrange a synchronization
system so that data from the sonde were delivered to a facsimile machine. However the
sequential addressing of instruments was still achieved by a clock. Robert Bureau (1892 1965) and later Jacobsen used electric motors which give more reliable results, so that by
1940 the old balloon sonde had been completely superceded by the radio sonde.
The Boulogne discovery and its secrets
The payload that was discovered below the high-tide level near Boulogne was a treasuretrove of information for the curious engineer. It is pictured above, but sadly much of the
glass that constituted the humidity sensor was broken off many years ago, when it was
mishandled by an over-eager student during a lecture, where this and many other dismantled
items of electronics were used as teaching props. The main board says "COPYRIGHT ©
1997 VIZ Mfg". A Google search records that "Viz Manufacturing was located at 335 E
Price Street, Philadelphia PA 19144. VIZ Manufacturing made radiosonde and related
meteorological products -- devices that measure temperature, atmospheric pressure, humidity
and wind speed. It supplied instruments to the National Weather Service and U.S. Defense
Department."
http://www.wikipatents.com/ca/1191906.html Abstract of CA1191906 Microprocessor Based
Radiosonde: A radiosonde for measuring atmospheric parameters, such as pressure, temperature,
and humidity, includes a microprocessor interfaced with an analog-to-digital converter, which, in turn,
receives sequential input signals representing the sensed atmospheric parameters, and converts
those signals to corresponding digital data. This digital data is processed in the microprocessor, and
applied as a digital data stream to an RF transmitter from where the data is transmitted to a remote
ground processing station. A flap member on the radiosonde housing, which is movable between an
open and a closed position in response to air flow, cooperates with a switch to provide a signal to the
microprocessor indicating the launch and descent of the radiosonde. Means including a preset input
to the microprocessor are also provided to automatically terminate transmission of meteorological
*

And it remains so to this day. One particular TV weather presenter who is also a radio amateur was reputed to
have used the wearing of different pattern/colour ties, while on air as a means of informing fellow amateurs
what the DX conditions were likely to be, given the forecast weather conditions.
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data when the radiosonde has reached a predetermined altitude.

http://www.wikipatents.com/ca/1191907.html Abstract of CA1191907 Radiosonde Housing A
housing for electrical components and equipment sent aloft with a weather balloon to measure
atmospheric parameters comprises a light-weight polystyrene case that serves as a shipping
container and flight package. The housing also includes an air duct and a humidity sensor in the duct.
Means in the duct minimize the reflection of sunlight onto the sensor to maintain at ambient
temperature the air which flows over a humidity sensor.

In the left of the picture we have the thermometer wire, the remains of the humidity sensor and below
that, encased in foam polystyrene, an aneroid barometer. The unit is standing on the daughter board. At
the very top of the picture is the loop to which the antenna cord is tied. the power lead is soldered to the
right of the barometer and is taken through a hole in the board with the connectors tucked behind the main
board. The large I/C under the barcode label is a Harris/Intersil 130362N9010954. The other integrated
that can be seen on the main board are MC3407D (a quad operational amplifier), H7555IBA (presumably
a clock oscillator), HC4051 (analogue multiplexer/demultiplexer), 93C46 (5V serial EEProm, which
presumably could be programmed via the contactors at the top of the board). There are other chips
located under the barometer, but it would not be possible to identify these without removing the
barometer and its housing.

Authors Lindsey, Ray, Schoell, Dye and Arthur of Sonoma Technology Inc in a report at
http://gate1.baaqmd.gov/pdf/0154_Data_Collected_Radar_Profilers_Rawinsonde_Surface_Si
tes_IMS95_1996.pdf give details of this type of device that was used by them in 1995/6. The
pictures are not of particularly good quality and are not reproduced here. However it defines
the Viz W9000MII (which is what my sonde was) as a Loran based sounder which obtains
wind data from horizontal and vertical positions at regular intervals. The height is
determined from an integration of the hydrostatic equation using the observed pressure,
temperature and humidity. The 100gm balloon that is used is inflated to such a level as to
give an ascent rate of 150 - 180m/minute. Pressure is obtained from a capacitive aneroid
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barometer. This ties in with the fact that there is a thin wire (rather than any mechanical
amplification system) which connects to the circuit board and communicates the capacitance
to the circuitry. Temperature is obtained from a rod thermistor. This answers an earlier
curiosity. The resistance of wires connecting the sensor to the board will be influenced by
temperature, but if the wires are very thick then their resistance will be negligible compare to
that of the sensor. Relative humidity is determined by means of a carbon hygristor. This
appears to be a very thin film carbon resistor which is deposited on glass (silica?) and
contacted by two opposing silver-plated conductors. Now this could open a can of worms
because although one can imagine the measurement of humidity at constant temperature with
one of these, what will happen when the electrical properties of the carbon film are affected
by the ambient temperature? One wonders whether this aspect of the science still has some
way to go?
The above report specifies that data is transmitted back to the Viz 'Zeemet' data acquisition
centre using a low power radio at 403±3MHz and the following ranges are specified:
Parameter
max
min
accuracy
Pressure
1050mb
50mb
± 1mb
Temperature
50ºC
-90ºC
±0.5ºC
Humidity
100%
5%
±3%
sampled every 3 seconds
Minimum detectable wind-speed was 0.5m/s and the accuracy of direction was ±5º
There is a major curiosity here. At the bottom of the board, in the centre between the two
connectors to the Loran daughter-board one of the electronic components is a National
Semiconductor LM2940CS-5. This is a low drop-out power regulator capable of delivering
5V at up to 1A. The manufacturers specify an operational temperature range from -50º 125ºC for the LM2940 series, but the LM2940CS as used in this sonde is rated only from 0 125ºC, which may affect its performance at the extreme range of the ascent where the
temperature may well go below the cited lower limit. Indeed several other components on
the board did not appear to be designed for extreme low temperature operation - very curious!
Viz Mfg were taken over by Sippican Inc. of Marion Mass (a subsidiary of Lockheed Martin)
in 1997 and although the factory in Philadelphia, was closed Sippican still market what they
call the Zeemet MkII microsonde
http://www.sippican.com/contentmgr/showdetails.php/id/306
Their on-line brochures show what the Boulogne sonde must have been like before the
effects of sea-water, fishing nets, seaweed and the attentions of the curious engineer reduced
it to its present state. It also mentions that the latest designs incorporate a GPS rather than a
Loran location system. This would seem to be an obvious development
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The construction and interpretation of tephigrams
In spite of the fact that this is one of the most important diagrams for the interpretation of
upper air conditions and the effects that they are likely to have, it has proved extremely
difficult for the curious engineer to discover how the information from a radiosonde is
transcribed onto this chart. The complexity of the various axes is daunting and the fact that
different organisations seem to use different orientations does not make comprehension any
easier. The problem seems to be that those who use them understand how to use them, but
rarely take the time to consider that others might be interested or that they might need some
careful explanation. Just look at what we have below!

Web searches have in general been unrevealing, although it has helped to discover that it was
originally called the 'T-phi gram' on the basis that φ was once the symbol that was used as a
measure of entropy before 'S' was more generally adopted. The saviour was a Swiss website
www.iac.ethz.ch/education/bachelor/atmospheric_physics/box_feeder/The-Tephigram.pdf
It is possible to take their explanation and separate out some parts. So, the major axes in the
tephigram are the isotherms and the dry adiabats which are orthogonal, but are arranged at
45º to the conventional x-y axis
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The isotherm temperatures are given in Celsius. The potential temperatures or the dry adiabat lines
should be given in Kelvin, but for the purposes of presenting them on this plot each has been reduced by
273º.

The next diagram, which is shown below is somewhat more busy in that it contains three
different items. The lines which are approximately horizontal are the pressures (measured in
mbar or hPa). These are arranged this way precisely because there is a relationship between
pressure and altitude. So, as pressure reduces we can imagine that we are rising higher above
ground and the logarithmic dependence is reflected in the scaling of pressure across the chart.
We also have a set of lines which start from the x-axis at a steep angle but curve gently to the
left so that they eventually lie along the dry adiabats. These are the wet-adiabats and describe
how a packet of saturated air will behave as it rises. It is worth noting that in any chart these
do not go below -40ºC (233K) as the air can hold so little water at this temperature and can
be considered as virtually dry
This diagram has a set of dashed lines which rise at a near constant angle from the x-axis and
slope to the right. These represent the 'mixing ratio' which is the mass of water that is
supported within a mass of air. The conventional units are g/kg
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The data that is plotted onto a tephigram are the air temperature (T) as a function of elevation
(pressure) and the dew-point temperature (Td) for the same elevation. There are various ways
of determining the dew-point temperature. The approximation

⎡ 100 − RH ⎤
Td = T − ⎢
⎥⎦
5
⎣
is accurate to within 1% so long as the relative humidity (RH) > 50%. If the hygristor on the
sonde is calibrated as relative humidity, then the ground station is able to use the measured
temperature and the humidity reading to construct the thick dashed line which shown in the
Valentia tephigram for 0600 on 11 February 2009. The ETHZ website mentioned above
www.iac.ethz.ch/education/bachelor/atmospheric_physics/box_feeder/The-Tephigram.pdf
points out that where the two curves are coincident, then there is cloud. One could say that
that is 'blooming obvious' by looking up in the sky, but unless we go up in an aircraft
ourselves we do not know if there are cloud layers above the one that we see.
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The next important factor in using the tehpigram is the Normand theorem which states that
the dry adiabat line that passes through the dry-bulb temperature (the solid blue line in the
chart above), the wet adiabat through the wet-bulb temperature (broken blue line above) and
the mixing ratio line through the dew temperature, Td all meet at a single point, the Normand
Point which is also called the Lifting Conduction Level (LCL)
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The lifting conduction level gives us the height of the cloud base above the ground. In the
diagram above the dry-bulb data is shown in red and the wet bulb data is shown in blue.
Leading Airman Murphy gives an account of how this diagram can also be used to estimate
the extent of cloud covereage.
www.visitandlearn.co.uk/topicalfactfiles/powerpoints/weatherpresentation.ppt
It is not necessary to include the entire wet bulb data on the plot in order to determine
whether the air is stable or not. One simply has to extend the mixing ratio line from the point
of observation so that it meets the dry adiabat line that goes through the dry bulb temperature
at the point of observation as shown in the picture below that is taken from the ETHZ website
www.iac.ethz.ch/education/bachelor/atmospheric_physics/box_feeder/The-Tephigram.pdf

If a parcel of air is raised up as far as the LCL it will then travel along the wet adiabatic curve
which is on the left. It can be seen that this parcel of air will always be cooler than the
ambient air at any altitude and therefore, because it is denser it will tend to sink in the
atmosphere. If a parcel of air from further up in the atmosphere were forced towards the
ground it would be warmer than its surrounds and, because it was more buoyant, it would
tend to rise.
The situation is quite different in the plot that is shown below where the environmental lapse
rate is very marked. In this case the extension of the dew-point along the mixing ration line
meets the extension of the dry-bulb along the dry adiabat line in such a way that the
temperature of a parcel of air is always higher than its surrounds. It will tend to rise. This is
referred to as 'unstable' air. The tephigram shows that there is a region where the
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environmental curve crosses the wet adiabat, so that there is a transition back to stable air.
However, unstable air that is lifting will overshoot before falling back down and this accounts
for the characteristic shape on the upper part of cumulus clouds

A parcel of air that is forced downwards in unstable air continues to fall. This is called
'windshear' and can have serious consequences for aviation. The diagram below which is
taken from http://www.wmo.int/pages/prog/etr/documents/AVIATIONHAZARDS.pdf shows
what can happen if a pilot does not correct the flight path of an aircraft coming in to land.
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There is also a situation of conditional stability and this is shown schematically below. Here
we have the cloud level and immediately above that an unstable region. We can imagine that
if the prevailing wind blew air towards a mountain range, the upward motion might bring the
air into an unstable region and leave us with large cumulus clouds above the mountain and
possibly down-wide of the range.

In www.visitandlearn.co.uk/topicalfactfiles/powerpoints/weatherpresentation.ppt Leading
Airman Murphy gives an excellent account of how to use tephigrams to estimate the likely
arrival of a front. With a warm front the wind normally veers as the balloon ascends. It is
also likely to increase in strength. The presence of the front can be indicated by a sharp
change in the lapse rate and if we know the height at which this is observed then using the
rule that a warm front slopes at about 1 in 120 we can determine how far away the touchdown point is from the point of observation. With a cold front the wind normally backs with
height and decreases in strength. The frontal slope is much steeper (1 in 80), but if the height
of the frontal change is observed the distance to touch-down can be calculated
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Conclusion
This chapter has been largely a record of research. Ever since the discovery of the Viz Sonde
payload on Boulogne beach there has been desire to know how the information was used.
The logic of the tephigram appeared sound, but there were major problems, first in trying to
dissect all the interconnecting lines and then trying to understand how the pressure,
temperature and particularly the humidity data was transcribed onto the chart. Nobody, not
even Leading Airman Murphy thought to provide that vital piece of clarification that would
suddenly cause the light to shine. And shine it did and the curious engineer could continue to
marvel at the information that is available from these seemingly simple experiments.
Even as this research was winding down fresh information came to light in web-searches.
These were items that had not appeared on earlier searches based on "tephigram". The UK
Meteorological Office have produced a factsheet (No 13) that gives lots of interesting
information http://www.metoffice.gov.uk/corporate/library/factsheets/factsheet13.pdf. It
includes details of how sonde information is arranged, coded and delivered to the ground
station. As with everyone else it circumvents just the key problem that caused so much
difficulty with the enigmatic words " Once all the data has been collected the tephigram of the
ascent can be plotted". It then goes on to consider lots of interesting cases, so instead of
repeating them here it is left to the reader to consult the original source.
Another insightful source "Meteorology for slackers or is it worth skiving off tomorrow?" at
http://web.mac.com/stephenlaughton/Site/Paragliding_Info_files/Met_for_seaford.ppt
This is the interpretation of tephigrams as seen from the viewpoint of the glider pilot who
wants to have a good run while still playing safe. Can there be anything better than sharing
in someone else's enthusiasm?
So, finally, where does this get us at the second last chapter of a book?
We now have a pretty clear understanding of the air as a mobile fluid in a three-dimensional
space which is subject to the Newtonian laws of physics as well as the laws of
thermodynamics. Phase transitions are a complication which give us rain, sleet, snow, frost
and fog. Nevertheless, in its entirety, it is a physical problem which should be amenable to a
mathematical treatment. We understand the physics and we know how to obtain
measurements which can be inserted into the relevant equations. Are we now ready to
respond to the challenge of Vilhelm Bjerknes and attempt a forecast of weather based on
mathematical models? This is the subject of the next chapter and the curious engineer makes
no apology for dumping the reader with copious details, non-linear partial differential
equations and other beauties in addition to the historical background. It is a self-indulgence
and it will be understood if those who would prefer not to join him were to alight now.
Nevertheless, I hope that all have enjoyed the journey as much as I have enjoyed the writing.
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