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Abstract 

The cyclone model of the “Bergen School”, 
which was published in the years around 
1920, explains the origin of deep stratified 
cloud and the release of precipitation by 
the forced lifting of the warm air at and 
over the inclined frontal surfaces of the 
warm and the cold front of a cyclone. Ac-
cordingly, there should be no rain possible 
in the warm sector. With the aid of an 
example it is shown that this is thoroughly 
possible and can be easily explained by 
the quasi-geostrophic theory. The reason 
for the rain in the warm sector is that in 
this case, the baroclinicity was not fully 
concentrated within the frontal zone, as 
postulated by the “Bergen School”, but 
also covered the air in the warm sector. 
Therefore, forced ascent due to rotational 
effects could also become effective in this 
area. 

The cyclone model  

of the Bergen School

The Bergen School (BJERKNES, SOLBERG et 
al.) published in the years around 1920 was the 
first complete description of the cyclone develop-
ment over the North Atlantic and western Europe. 
In doing so, they used the concept of an imma-
terial frontal surface or front line between air of 
different temperatures introduced by MARGULES 
in 1905.

Cyclogenesis occurs when a wave disturbance 
forms and becomes unstable at the “polar front”, 
the originally zonally oriented front line between 
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 Fig.1: Life cycle of a cyclone (after BJERKNES and SOLBERG 1922).

polar air and tropical air. The warm sector of the 
cyclone between warm front and cold front shrinks 
more and more during the development until final-
ly a joint line originates which is called the occlu-
sion front. The process is shown in Fig.1.

During this process, higher reaching cloud should 
originate ahead of the surface warm front, at the 
cold side of the front, near the low centre and – 
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in a relatively narrow band – on and immediately 
behind of the cold front. There, precipitation may 
occur. According to Fig.2 the cloud formation is 
explained by an “upslope motion” of the warm air 
above the cold air along the forward sloped warm 
front, and by lifting of the warm air above the 
forward pushing wedge of the cold air. According 
to this arrangement there is no ascending mo-
tion possible in the warm sector and therefore no 
stronger cloud development giving possible cause 
for rainfall there. Only drizzle out of shallow strati-
form cloud might occur in the warm sector.

 Fig.2: Ideal cyclone (after BJERKNES and SOLBERG 1921). 
In the middle of the sketch the stroke-dotted line shows the 
direction of the movement of the cyclone; the arrows represent 
streamlines of the air motion near surface. The vertical cross- 
sections above and below show cloud system and air motion 
along the movement of the cyclone north of the centre (top)  
and across the warm sector (bottom). 

The described concept of fronts was taken up 
by synopticians and is still used today – without 
greater modification. The description of fronts and 
of cyclogenesis in many actual books – popu-
lar-scientific papers as well as textbooks for edu-
cation and training – still follows the concepts of 
the Bergen School. Additionally, the schemes with 
precipitation only at the cold side of the surface 
fronts and the cross-sections with the “upsliding” 
above the warm front surface and the lifting above 
the cold air wedge are used widely unchanged, 
and are presented as still valid interpretations. 
That is very regrettable as by using this model, 
the insight into the real physics of cyclone deve-

lopment and of the vertical motions at fronts is 
made impossible for interested people, including 
students of meteorology. It is particularly surpri-
sing when considering that it has been known 
for at least 50 years that the vertical motions in 
a cyclone are not released from the bottom, as 
suggested by the Bergen School, but by the effect 
of divergence aloft which is not restricted to the 
fronts. The latter is shown again and again by the 
output of numerical models over many years.

Many of the weaknesses of the original concept of 
the Bergen School can be traced back to the fact 
that nearly no aerological data was available at the 
time at which it was developed. As these data be-
came increasingly available in the following tens 
of years, it became clear that there are no frontal 
surfaces in the atmosphere and no fully uniform 
air masses at both sides of them. The observa-
tions show generally a baroclinic zone with a width 
of 500-1000 km within which a great part of the 
baroclinicity is often, but not always, concentrated 
in a frontal zone with a typical width of 50-100 km.

The fixed idea, however, that precipitation can oc-
cur at the cold side of the surface fronts only, is 
not connected with that. It results from the belief 
that a lifting of air leading to cloud formation and 
precipitation is possible – as described above – 
at the fronts only. That is astonishing so far, as 
there were surely already observations made do-
cumenting rain in the warm sector of a developing 
cyclone. Since these observations did not conform 
with the concept, they have been obviously ne-
glected or “corrected”. An elderly colleague told 
me that he was forced by his chief in the fifties to 
change observations of rain in the warm sector to 
drizzle, since rain in the warm sector – as we see 
above! – was not considered possible.

Example of a weather situation 

with rain in the warm sector

Surface maps and distribution  
of precipitation 
Fig.3 shows an example of a weather situation in 
which precipitation occurred during  development 
not only ahead of the surface warm front and at 
the surface cold front of a cyclone, but also in its 
warm sector. It is a rather elderly example which is 
well documented and was used by the author for 
education and training purposes.
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At the beginning, the low was lying over the sea 
area southwest of Ireland and had a wide, open 
warm sector. According to the surface observations, 
rain fell mainly at the cold side of the surface fronts 
– ahead of the warm front, north of the low centre 
and surely also behind the cold front, but also at the 
warm flank near the front itself. By noon the low had 
moved to the southwestern North Sea and deepe-
ned by 15 hPa, whereat the warm sector rapidly 
shrunk. Connected with that, a significant change 
of the distribution of precipitation occurred: while 
behind the cold front – and near and ahead of the 
low centre– the rain stopped, many stations in the 
warm sector now reported light to moderate rain. In 
addition, the area with precipitation extended from 
the low centre far to the rear. In the following 12 
hours the occlusion process set in while the low 
crossed northern Germany. The area with rain be-
came smaller in this period and showed at the end 
the typical spiral structure near the centre.

According to synoptic praxis, the frontal zone near 
the surface had been drawn in as front line, al-
though it was not a line-like development in some 
places, e.g. the area of the outer warm front.  No 
surface warm front could be identified in the ana-
lysis of 00 UTC of 21st June 1986. The wave-like 
deformation of the cold front at this time had to be 
traced back to the barrier effect of the Alps

Satellite images 

The corresponding satellite images in Fig.3(c) di-
rectly reflect the timely change of the precipitation 
area. Out of the originally zonally oriented cloud 
band, a large comma-like cloud area formed by 
noon which underwent a stretching in meridional 
direction during the following hours. It is espe-
cially striking that the deep cloud above the low 
centre, and the inner part of the warm sector, was 
replaced by dry air aloft by noon. This is shown by 
the intermediate images, highlighting the result of 

a forward marching tongue of dry air aloft forming 
behind the low and pushing quickly forward, rela-
tive to the low, up to the area above the low centre. 
Possibly connected with that, the rain in the nor-
thern part of the warm sector stopped ahead of 
the cold front, although the cloud still reached up 
to 600 hPa there. At 00 UTC of the following day 
the dry air can be found behind the occlusion front.

 Fig.3a: Surface weather maps of 20.10.1986, 00 UTC (1), 12 UTC (2) and 21.10.1986, 00 UTC (3), with surface fronts, isobars 
of the sea-level air pressure, observations of the hydrometeors and the rain area (hatched). 

 Fig.3b: Part of the surface map of 20.10.1986, 12 UTC with surface 
observations.

Conditions in upper levels

Rain in the warm sector requires the lifting of an 
air mass with enough moisture. In order to clarify 
the reasons for that we have to consider the condi-
tions in the upper levels.

The numerical analyses of the absolute topogra-
phies of 700 and 500 hPa at noon are given in 
Fig.4. They are the operational analyses of the 
Deutscher Wetterdienst (DWD) model used at the 
time, with a rather coarse resolution, namely a grid 
length of 254 km. These analyses, however, are in 
good agreement with the aerological observations 
in the area concerned.
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 Fig.5: Relative motions calculated for 20th October 1986, 12 UTC: (1)  
Geostrophic relative streamlines (thick solid lines) and isolines of equal 
dewpoint difference (broken lines, in K) at 500 hPa. Thin outlined the border 
of the higher cloud according to the satellite image. (2) Geostrophic relative 
streamlines (thick solid lines) and isolines of absolute geostrophic vorticity 
(broken lines, in 10-5 s-1) at 300 hPa. 

 Fig.3c: IR-satellite images of METEOSAT of 20.10.1986. 00 UTC (1), 12 UTC (2) and 21.10.1986, 00 UTC (3) with position of 
the surface low and the surface fronts.

The analyses show at 700 hPa a trough above the 
surface low and the inner part of the warm sector 
whereas a weakly developed wave pattern is vi-
sible at 500 hPa – with cyclonically bent isohypses 
upstream and anticyclonically bent isohypses 
downstream of the surface low. Regarding the 
temperature distribution, a warm bulge of the iso-
therms can be found above the lower warm sector 
on both pressure surfaces and we can also see 
zones with higher baroclinicity which could be 
identified as thermal frontal zones – between -4 
and -8 oC at 700 hPa, and between -20 and -28 
oC at 500 hPa. It is interesting to note that these 
frontal zones do not run parallel to the surface 
fronts, as expected from the Bergen School fron-
tal model, but show a varying distance to them – a 
small one near the low centre and a bigger one 
further up and downstream.

Especially important, however, is the fact that the 
baroclinicity is not fully concentrated within the 
above defined frontal zones. Smaller horizontal 
temperature differences can be found on its cold 
side as well as at its warm flank. Above the warm 
sector there is a temperature increase of 8 °C 
towards the outer part at 700 hPa as well as at 500 
hPa whereby the isotherms cut the surface fronts.

Due to the baroclinicity in the warm air, the winds 
above the warm sector must increase with height 
according to the thermal wind-relationship. Assu-
ming that the cyclone moved with the wind velocity 
in the lower warm sector until the mature stage, it 
follows that the low centre and the warm sector 
were crossed by the air in upper levels from the 
rear to the forward part.

That was indeed as shown by the relative 
streamlines for 500 and 300 hPa in Fig.5. Corres-
ponding to the movement of the low at 20 ms-1, a 
strong relative motion took place in the middle and 

upper troposphere across the low centre and the 
warm sector, which diffluently split downstream of 
this area. The relative streamlines run cyclonically 
bent upstream of the low through the upper trough 
with its vorticity maximum. A well-developed ridge 
with small values of vorticity follows at 300 hPa 
downstream. Here the relative streamlines show 
anticyclonic curvature. Altogether positive vorticity 
advection with the relative winds occurred across 
the low centre and warm sector, by which the 
upper vorticity maximum could increasingly ap-
proach the low.

 Fig.4: Numerical analyses of the DWD model for 500 hPa (1) and 700 hPa 
(2) with isohypses (solid lines, in gpdam) and isotherms (broken lines, in 0C).  
For comparison the position of the surface low and the surface fronts were  
also drawn in.
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With this relative motion aloft, the significant change 
of the cloud structure shown in the satellite images 
of Fig.3c can be at least partly explained, especially 
the forward motion of the cloud relative to the sur-
face low and its fronts, as well as the stretching in 
meridional direction. The formation of the tongue of 
dry air aloft, however, requires an additional, newly 
effective descent of the air. The same applies for the 
rainfall in the warm sector. It cannot be explained 
by the relative movement of the upper cloud across 
the warm sector only but requires simultaneous as-
cent of the air in this area.

Release of vertical motions 
The field of vertical motion at any pressure level is 
an ordinary output of the numerical models used 
for weather forecasting. This field, however, provi-
des no explanation for the physical reasons why 
an ascending motion is effective within one spe-
cific area or a descending motion within another 
one. In order to get an insight into these reasons, 
one should use one of the equations of the qua-
si-geostrophic system, namely the omega equa-
tion (see, e.g., HOLTON, 1972). It is valid for the 
macro-scale weather systems being considered 
and based on the two assumptions; that in the 
vertical plane hydrostatic equilibrium prevails, and 
that in the horizontal plane geostrophic balance 
exists between pressure and the vorticity fields. 

The most advanced form of the omega equation 
is that given by HOSKINS et al. (1972),  using the 
divergence of the Q vector as forcing function. The 
Q vector describes total temporal changes of the 
temperature gradient within the geostrophic flow at 
a pressure surface by vorticity and/or deformation. 
There where the Q vectors converge, a forcing of 
ascent results, there where they diverge, a forcing 
of descent. A prerequisite of the release of vertical 
motion is that horizontal temperature differences 
exist, i.e. a baroclinic state of the current.

 Fig.6: Divergence and convergence of the Q vector  
component FQ

s
 within a baroclincally unstable wave.

 Fig.7: Divergence and convergence of the Q vector  
component FQ

n
 within a frontogenetic pattern.

To understand this relationship, it is recommended 
to consider the two components of the Q vector. 
The temperature gradient can change its direc-
tion as well as its amount. This is indicated by the 
components of the Q vector along and transverse, 
respectively, to the isotherms (Qs and Qn). Also the 
total forcing (FQ) may be split off in the related 
parts FQs and FQn.

The change of the direction of the temperature 
gradient is mainly caused by the rotational part of 
the wind field, i.e. the vorticity. A cyclonic rotation 
of the isotherms is indicated by Qs pointing in the 
direction of the thermal wind, an anticyclonic one 
by Qs pointing in the opposite direction. Conver-
gence along the isotherms, and with that a contri-
bution to a forcing of ascent, can be found where 
a cyclonic rotation of the isotherms decreases and 
changes into an anticyclonic one. A convergence 
of Qs, and with that a forcing of descent, results 
there where the vorticity along the isotherms in-
creases.

According to the vorticity changes along the iso-
therms, the forcing can also be defined by the 
vorticity advection by the thermal wind. Positive 
advection indicates a forcing of ascent, negative 
advection a forcing of descent, as already formu-
lated by SUTCLIFFE (1947). 
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As an example, Fig.6 shows the conditions within 
a baroclinically unstable wave at a mid-troposphe-
ric level. This pattern is characterized by a phase 
shift between the waves of geopotential and tem-
perature whereby the temperature wave lies about 
a quarter of wavelength behind the geopotential 
wave. Then a convergence of Qs, and with that a 
forcing of ascent, results between the trough and 
the ridge downstream. It just covers the develo-
ping warm bulge of the isotherms. On the other 
hand, divergence of Qs and a forcing of descent 
is at work between the trough and ridge upstream 
covering the cold trough of the isotherms. The ef-
fect of the Qs- forcing is the formation of greater 
areas with cloud and precipitation in the region 
where the warm air is advected forward relative 
to the motion of the trough, and of areas with dry 
air in the region of cold air advection relative to 
the motion of the trough. Since, according to the 
phase shift between geopotential and tempera-
ture, the axis of trough and ridges run inclined 
backwards with height, the ascent works above 
the surface trough or low.

Changes in the amount of temperature gradient 
result in frontogenesis or frontolysis by deforma-
tion in the geostrophic wind field. They are indi-
cated by the Q vector component Qn. If it crosses 
the isotherms from the cold to the warm side, 
frontogenesis is effective; if it crosses in the oppo-
site direction, then frontolysis works. Since Qn  is 
maximised there where the temperature gradient 
is greatest, a convergence of Qn and with that a 
forcing of ascent by FQn results at the warm bor-
der of the baroclinic zone, a divergence of Qn and 
a forcing of descent by FQn at its cold border in 
the case of frontogenesis. These are the vertical 
motions of a solenoidally direct circulation across 
the frontal zone. The opposite distribution is found 
in the case of frontolysis so that an indirect circu-
lation is released. This part of the forcing of verti-
cal motions was already described by SAWYER 
(1956). As example Fig.7 shows the frontal zone 
of an old front undergoing a frontogenetical ef-
fect with a diffluent flow across thew frontal zone. 
As result of the circulation, a band of cloud and 
precipitation may develop at the cold side of the 
surface front. With aid of Qn, a frontogenesis pa-
rameter can be defined as (-Qn), being positive in 
the case of frontogenesis and negative in the case 
of frontolysis. 

Compared with the Bergen School model, it be-
comes obvious that the upsliding and downsliding 

along the frontal surface corresponds in a raw  
approximation to the circulations across the fron-
tal zone released due to frontogenetic or fronto-
lytic effects in the wind field. It ought to be noted, 
however, that the streamlines of these circulations 
do not run parallel to the isentropic surfaces, but 
across them at lower and upper levels. On the 
other hand, the Qs-forcing does not appear at all 
in the reasoning of the Bergen School.

Fig.8 contains the complete Q vector diagnosis for 
the 20th October 1986at 12 UTC. It was derived 
from a manual analysis of geopotential and tem-
perature at 500 hPa for a 127 km-grid.

The forcing for ascent is maximised northeast of 
the surface low but also covers the area above the 
low centre and the biggest part of the warm sec-
tor as well as the cold air northwest of the low. A 
strong forcing for descent is effective immediately 
behind the centre of the surface low and behind 
the cold front.

The diagnosis satisfactorily explains the observed 
distribution of cloud and precipitation, especial-
ly the fact that there was rain reported not only 
ahead of the warm front and along the cold front, 
but also in the warm sector of the cyclone conside-
red. Additionally, the reason for the appearance of 
the “dry tongue” aloft becomes clear when consi-
dering the forcing of descent west of the low. The 
difference between the zero-line of forcing and the 
forward border of the dry air can be explained by 
the fact that the descended dry air needs some 
time to start new condensation when it moves into 
the area of ascent during its relative motion.   

Comparing the two parts FQs and FQn, it results 
that the forcing for ascent is determined to a great 
extent by the first term - that means by Q vector 
convergence along the isotherms. This is espe-
cially true for the ascent above the warm sector. 
The basic prerequisite for the forcing of vertical 
motion there is the defined baroclinicity of the air 
in the mid troposphere. The Q vector convergence 
results from the fact that there is a change from cy-
clonic to anticyclonic vorticity along the isotherms 
– looking into the direction of the thermal wind 
– and positive vorticity advection by the thermal 
wind is effective – according to the SUTCLIFFE 
form of the omega equation. The zero-lines of the 
forcing field therefore show the position of the vor-
ticity extremes at the pressure surface conside-
red, i.e. 500 hPa. 
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The circulatory forcing FQn released by frontoge-
netic and frontolytic wind field is effective mainly 
within the 500 hPa frontal zone north of the sur-
face low. Since the warm front part of the frontal 
zone undergoes a frontogenetic effect, FQn pro-
vides a forcing for a solenoidal and direct circu-
lation with ascent of the warmer and descent of 
the colder air. By that, the lifting east of the low 
and the warm front near the centre is strengthe-
ned. The wind field also works frontogenetically 
at the warm border of the cold front part of the 
frontal zone, whereas a strong effect for frontoly-
sis is indicated within this part itself. That leads 
to a double circulation – solenoidally indirect with 
ascent of the colder and descent of the warmer 
air in the frontal zone and solenoidally direct at its 
warm border. Consequently, a strong forcing for 

 Fig.8: Q vector diagnosis of  20.10.1986, 12 UTC for 500 hPa with geostrophic winds and isotherms (top left), Q-vectors and 
isotherms (top middle), frontogenesis parameter (top right, in  10-10 K m-1s-1) and FQ

s
, FQ

n
 and FQ (bottom, in 10-16 K m-2s-1). 

From KURZ 1990.

descent results directly west of the surface low 
flanked by ascent in the cold air northwest of the 
low, as well as above the surface cold front. The 
descent significantly increases the forcing with the 
same sign by FQs west of the vorticity maximum. 
The wind field also works frontolytically above the 
inner warm sector, but this makes itself felt only 
by very small contributions to the omega forcing. 

The described distribution of frontogenetic and fron-
tolytic effects in the wind field and of the related trans-
verse circulations can be considered as typical for 
the mature stage of a cyclo-genesis. At the beginning 
of a cyclonic development, however, the frontal zone 
of the cold front mostly undergoes a frontogenetic ef-
fect, so that a direct circulation with ascent of the war-
mer and descent of the colder air takes place across 
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the whole frontal system of the developing low. It do-
minates the total forcing of vertical motions in many 
cases so that – as repeatedly shown by the satellite 
imagery - a cloud band with precipitation forms, star-
ting above the surface fronts and is extended towar-
ds the cold side. When a stronger intensification of 
the cyclone then begins by the approach of an up-
per vorticity maximum, the forcing by FQs becomes 
stronger and stronger. In addition, the frontogene-
tic wind field effect at the cold front diminishes and 
changes to frontolysis so that the sense of the cross 
circulation becomes opposite. FQs and FQn together 
then cause a strong descent behind the low and its 
cold front as shown by the diagnosis above. That is 
the reason for the rapid dissolution of the high and 
middle level cloud behind the low and the cold front 
near the centre, which is typical for this stage of de-
velopment. The descended dry air is advected by the 
upper relative flow further downstream and pushes 
forward as a “dry slot” above the centre of the surface 
low and the inner part of the warm sector. That was 
also the case in the weather situation discussed here 
as to be seen in the satellite images and described 
above.

The overflow of dry air in higher levels often leads 
to a potentially unstable lapse rate which can be 
quickly released by the ascending motion above 
the low and the warm sector. As a consequence, 
convective cloud develops out of the originally 
pure stratiform lower cloud mass, and the rain at 
and ahead of the cold front changes into showers 
and thunderstorms. Exactly that was observed 
shortly after noon on this occasion.

Conclusions and proposals  

for a modern cyclone model

It should have become clear from the presenta-
tion that the “Bergen School” conceptions on the 
vertical motions in the area of a cyclone are in no 
way suitable to reflect the real conditions during 
cyclonic development. They should be replaced 
by the diagnostic means of the quasi-geostrophic 
theory described and used above. Meanwhile the 
advanced numerical models simulate the cyclone 
developments and the distribution of cloud and 
precipitation rather well, including the cases with 
rain in the warm sector. Nevertheless, the qua-
si-geostrophic diagnosis should be used in every 
case in order to understand – at least qualitatively 
– the forecasted weather processes.
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