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FRONTAL SYSTELS 1.

1. INTRODUCTION

Frontal systems are an important part of the climatology of the
United Kingdom and contribute significantly to the total annuval rainfall.
A front delineates the boundary between two different air masses. The
position of the boundary is determined by the motion of the larger scale
cyclones and anticyclones bﬁt the structure of the boundary is determined
by the local mesoscale processes, ie on a scale'of 10~100 km. This is
illustrated by the fact that global forecast models predict only the gross
features of a front and it is left to the forecaster to predict the finer
details. The way to improve the forecasting of fronts is to understand
the mesoscale structure and to try and relate it to the larger synoptic
scale motion.

2. OBSERVATIONS

There are three principal means of making observations of frontal
systems.. The first is by rgléasing radiosondes at frequent intervals as
the front passes over the radiosonde station. This allows a.cross séction
to be obtained but suffers from the disadvantage that the observations span
some 6~12 hours‘during which time there may be substantial development on
either the synoptic or tﬁe mesoscale, frequently both. The value of the
observations is increased by using more than one radiosonde station but
there remains a fundamental difficulty, namely the measurements must be
made over land. Orographic effects are inextricably mixed with frontal
motions. That does not invalidate the experiment but it does make the
interpretation of the data much more difficulte.

The second method of making observations is by instrumented aircraft.
The speed of the aircraft enables horizontal passes to be made on a time
scale short compared with the develobment of the system but whereas the
restriction with radiosondes was the horizontal coherence of vertical

profiles, here the problem is the vertical coherence of horizontal pasées.



The third method, developed by the office, involves releasing drop—
sondes from an aircraft as it flies above a front. Five of these can be
tracked simultaneously and the aircraft can therefore fly across a front
dropping a sonde every 20 or 30 kme A complete cross—section can there-—
fore be built up in under an hour, which is in effect a snapshot of the

structure of the front.
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Figure 1. The Meteorological Office wind-
finding dropsonde.

Figufe 1 shows a cut away section of a dropsonde. Contained within
the body of the sonde, but exposed to the free flow of air, is a'pressure-
sensor, accurate to + 2 mb, a humidity element, accurate to + 5%, and a
temperature sensor accurate to + 0.2%, The sonde is suspended beneath
a parachute designed specifically for its wind following characteristics.
The winds are ascertained tg'i 0.5 ms-1 by recording the position of the.
sonde every second., This is achieved by using the LORAN C navigation

system which covers most of the North Atlantic. A master and two slave
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stations send out radio signals at a fixed interval of time apart.

measuring the change in this interval at the receiving station it is

possible to accurately measure the

accuracy in wind speed is shown in Figure 2 for various combinations

of master and slave stations.

sonde's position. The resultant
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Figure 2. Predicted RMS 1 minute wind errors
for daytime using the indicated Loran C
transmitters.

3. STRUCTURE OF A WARM FRONT
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Figure 3 Synoptic situation 12 Z, 16 October 1967.
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Figure 3 depicts a classic wave depression approaching the United
Kingdome The cloud canopy and precipitation areas are shown in relation
to the surface warm and cold fronts but for a deeper.understanding it is
necessary to look at the vertical structure.

Figure 4 shows the synoptic situation at midday on 29 March 1979,
the time at which several sondes were dropped on an East-West line at

~ 55°N through warm front 'S*.

Figure 4. Surface analysis for'1200 GMT
29 March 1979.

It i% convenient to present the data in a ('? e -st ) frame of
reference where p is the pressure and s (12.5 ms-1) the component of the
system velocity vector in the x direction, West to East in this case.
The origin of the x co-ordinate is arbitrarily set to the West of the

most upstream observation.
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Figure 5. East-West cross section of relative
humidity 'and radar echo.

Figure 5 shows the variation of relative humidity in this frame of
reference. The major feature is the layer of saturated air in the lower
half of the figure with a long sloping tongue of dry air overlaying it.
Above the dry zone the air is moist again. ‘The location of the radar
echo, ie'regions of precipiﬁation, is superimposed on the diagram. In

this example the precipitation is banded, a common feature of front but

by no means universal. The same is true of the dry tongue of air above

the frontal surface.
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The field of wet bulb potential temperature, Figure 6, exhibits the
expected strong gradient at the frontal zone extending from the surface,
at 150 km, to 850 mb at 300 km. Of special interest are the hatched
regions denoting air which is potentially unstables The two zones below
900 mb are saturated and represent regions where the.measured lapse rate
is at or greater than the moist adiabatic indicated that convezxtion could
take place. The band of potential unstable air above the frontai surface
corresponds to the dry tongue of air identified in Figure 5; being so dry

it is unlikely that this potential instability will be released.
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figure 7. East-West cross section of westerly
component of wind relative go the syg?em,
assumed to be moving at 270 /12,5 ms .

Figure 7 shows the uw-~component of veiocity relative to the system.
As expected air above the front is moving to the East and over-running
that beneath the front.
4. THORY

There are many features in the above observations that require
detailed analysis. However before embarking on this it is important to
review the theory of frontal motions.
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There are four basic regimes of modellingi-

8e Geostrophic

Geostrophic theory is simple and well understood. It is useful
for short range forecasting — for example ascertaining the wind speed
from the surface isobars = and estimating orders of magnitude.

be Quasi=-Geogtrophic

This is the name given to the analysis of small perturbations of
a steady geostrophic flow. The magnitude of the perturbation is given
by the Rossby number, defined “/fL where Lis a characteristic
velocity, 9 the coriolis parameter and L a length scale. Quasi-
geostrophic theory is widely used as over a wide range of problems
and scales the Rossby number is small. Additionally, even if R is
not small ie 0.1 £ R ¢ | , the results of the theory are
qualitatively useful.

Ce Quasi~Geostrophic +

This is an extension of the above theory and represents the
approach outlined in the Cumulonimbus lectures. It involves looking
carefully at the problem a.nd selecting just those extra terms that
both give insight into the problem and are consistent within the
frame work of the equations.

de Full Navier~Stokes equation

The final alternative is té use the full equations of motion.
This.ha,s the merit that once the model is formulated and developed
it can be applied to a wide range of. problems. However it suffers
from exactly the same facts It is difficult to isolate the cause
of any given behaviour. In addition it is more complex than required
for any specific problem.
To understand these va.rious. approximations consider the full equations

of motion



horizontal momentum

vertical momentum

continuity
conservation of potential
D e -
5 = . temperature
P o= RTp
' 0.2%6 equations of state.

oL D P

Although the (x,y,2z) co-ordinate system is the easiest to understand,
the atmosphere does not recognise height as a meaningful variable; pressure
is a more natural vertical ordinate. However, as was found in the discussion
of cumulonimbus convection, pressure a.lso.ha.s its disadvantages. A good

’
compromise is to use a pseudo height 2 defined as

Lt &o., (1= )" k= Re

and 90 a.nd 'P, are standard values.

In an adiabatic atmosphere Z.' and "\ are identical but in a normal
mid-latitude atmosphere ? = 300 mb is equivalent to z’ = 8000 and L
9200 me In consequence Z' may be though'f: of as height but in addition
has many of the attributes of pressure. .

To simplify the following argument assume the hydrosta.t:.c and

Boussinesq approximation, and define ¢ as the geopotential (57. o

.-8—



The equations then become, relative to the co-ordinates (¥,y,z '),

(dropping the prime notation)}
Du gy + ¥
B o>

-;Slii % glxa “+ ?éfé. - = 0O
Dt Y

= O . (1)

= @

T|
‘

> Y o 0 °

3¢ - [4

Write >z "é';)g

ge U/ Naly!, motar, BoTE
VABs

u:\*u_( ; \':\‘\]‘ ) w:\h’w'. ¢:LFV¢’I8=(396

and substitute into equation (1) which, expanded, is

Define

x Wy N 2
Qk,fT’ky—FL'Rs R'Z.

Then
3 d 2 5

and the equation can be written
N OF dx :

-0 -




‘,

The various Q., are called the Rossby numbers and their values depend
on the atmospheric phenomena under considerations.
For simplicity let all the 9\; = Q and WzV aﬁd consider a perturbation
about a mean state ie
W= LXS FU | LI
| w N i R e &
= Qw' .. .
SN

¢ ¢y +R$-- -

where 95 and ¢g are the mean state of the basic atmosphere.
©
Substitute into the equations and collect together all terms of O(R).

This leads to the geostrophic equations of motion namely

Making use of the observational fact that fronts appear two dimensional,

the variation in 3 is neglected giving -

u3 = D
ie there is no flow across the frontal surface

and B%i e 693

e s

d % ,
Now the slope of the isotherm is given by

- 10 =



0 :
— ) /sx (%=
and in consequence the slope of the frontal surface is

2N /v '
-] 3 -
/lam ('P = ¥z S5z s Bs

or ‘/raw LP : ug - \]3 c) | (scaled variables),
LQSN = 9‘ b)

where the subscript \,J and C- refer to the warm and cold air respectively.

This is called the Margules solution (1890) and implies
1) There is no cross frontal circulation.
2) The frontal surface is a straight line.
3) The front is stationary with respect to the mean flow.
Clearly the Geostrophic equation of motion are insufficient to
realistically rep%esent a front.
Return to the equationAof motion and collect together all terms

\ . .
oLRD _1_& ) « The resulting equations are called QUASI-CEOSTROPHIC.

N E W o
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v Bt N
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Note especially the form of:?Br, and that the full velocity occurs only
in 'rotation® terms and in the continuity equation.
In frontal regions

L & $O km L~ Sookn h v §lern

-y st N ado mg! We l

In consequence
(2.y. ~ ‘lsl — (luz_ — ‘Zf: = Gl
as already assumed

but

implying that

ie motion in the cross-frontal direction is in geostrophic balance

and

DN 2 ¢ 2
ge‘ﬁ-u*-xs = D

ie motion in the long-front direction is guasi-geostrophic.

Se CENERATION OF A FRONT

Consider now the characteristics of a quasi-geostrophic front.

Firsfly, what sort of atmospheric»motion can generate strong
gradients; Figure 8 shows four possible ways; horizontal deformation,
horizontal shear, vertical deformation and vertical shear. Figure 9
illustrates where some of these might occur within cyclones and anti=
cyclones.,

If. these deformation fields are put into a quasi-geostrophic model
as initial conditions and the equation integrated a front, Figure 10,

forms.

‘- 12 -
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The isotherms form a discontinuity at the surface and the front
becomes weaker with height, both features being in general accord with
observations. As friction has been neglected from the model, the
discontinuity eventually becomes infinite, but this does not detract
from the general conclusionse.

The unreality of the model only becomes apparent when the cross—
frontal circulations are considered. These show that the vorticity(%i) rwgg;
to = 29 « Such values are never observed and so, although the quasi-
geostrophic approximation is an improvement it is still not entirely

suitable for the study of frontal systems.

e =F ¢ PP < 35
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Fronts 2.

INTRODUCTION

1.
At the end of the last lecture it was demonstrated that the quasi-

' front but that

GEOSTROPHIC equations could produce a realistic 'thermodynamic
the associated ‘'dynamical' variables were less than satisfactory. It will be
recalled that the relevant equations were
I YT - T \
by >y )2 o~
}__.\'5 + %U‘ ~* \éi - ‘ :
>t 3y DO L W
| 46 _ ¢ Dt >z
— - —
e, d2 :
Bow
~+ -0 -
¥ =5 s
with o= ,
i - o =Naatg’
s Uws -+ A P Sl
and D . 2 4wl
Bt %

o

To understand why the quasi-geostrophic equations do not give realistic fronts

it is necessary to examine them in detail.

Consider the © - ean.
| 1_ 9 28
Define the Brunt-Vaisala frequency N7z -é; -,
I then )s?’ - -—\bN
Therefore %0 13\,5 \¢u3 q v
}-— — - N o vx Bo O
SR e, e
Define g° ’gﬁ and, neglecting small terms
‘c
~N R S2ovg

EY =,
Similarly from the horizontal momentum equation
TR S_ dug N 3

(g§%3> it >z =

3 b X< and hence

>
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b

Continuity implies we wa | W 2 -

91_ é%i ~ N \-G%'i\ Conshant. ®
-2_'\— X

i.e. all motion takes place in elipses and hence is symmetric. It will be

]

recalled that one of the problems of a quasi-geostrophic front was that the
vorticity was -2f on one side and +2f on the other.

In the second lecture on Cumulonimbus convection a technique was described
to isolate and identify small terms that. were important to the development of
convective motion. If the same technique is applied here a set of equations,

usually referred to as the SHMI-GEROSTROPHIC equation, results.

?:‘_3. \—‘Y"*‘*’éﬂé = o
B 53
e %‘o—%g =0

%-\-\Qg'_—:o

)93 = O
F
and .
- SR w?h..
St "{;T-*'\*%; > ¥2

The SEM I-GEDSTROPHIC equation differs from the QUASI-GEOSTROPHIC in one respect;
advection takes place with the full velocity rather than the geostrophic velocity.
It ‘is a small but important difference as it allows upgliding of first order
quintities.

Applying the szme analysis technique as before leads to the equation

b S % L
X caedt et ok

i.e. a cross-product term is intrbduced and f2 replaced by F2 = F( ?"‘ b—é}

By making the transformation X-‘- * "'\-’a the equation becomes

PRL () 2 conthak ©

q, Ertels potential vorticity (= N2F2-S%*) may be considered as a slight modifi-

cation to N° and then it can be seen that the form of equation (1) and (2) are
éimilgr.

In consequence, solutions obtained for the quasi-GEOSTROPHIC front remain
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valid for a SEMI-GfDSTROPHIC front except that the co-ordinate systaﬁ is
changed from (x,z) to (X,z). The effect of this is illustrated in Figure 1.
Figure la shows a solution to the quasi-geostrophic equations in the form of a
roll in the (x,z) plane. Such a circulation implies a motion in the y-direction
(v), out of the paper at the bottom, and into the paper at the top, V is £ 0 and
> 0 respectively. Using the semi-geostrophic equations and transforming back
to the (x,z) plane from the (X,z) plane, increases the horizontal separation at
the top and decreases it at the bottom (Figure 1b).

Gradients becane stronger where the?e is positive vorticity and weaker when-
ever the vorticity is less than f. The symmetry of the quasi-geostrophic front
is destroyed and regions of strong negative absolute vorticity eliminated. IA
consequence a much better representation of a front is obtained.

In summary, there are three stages in the fonnation of a front.

a) Due to large scale motions thére exists a basic defoﬁnation field.

This flow may be represented by the geostrophic equations.

b) The deformation field modifies the temperature field which leads to

the generation of small perturbations in the velocity field. While the

motions are characteriseci by %-‘ <& S; this stage of frontal develop-
ment may be<describgd by the quasi-geostrophic equations.

¢) However as the velocities increase in magnitude, ie the size of

becomes comparable with f, they act in such a way as to enhance the

frontogenetic process. There is a positive feed~back and the stronger the
front, the stronger are the forces maintaining it. This phase may be
described by the semi-geostrophic equation.

2 INSTABILITIES ON FRONTS

Studies of the mesoscale organization of cyclsnes and their frontal systems
have shown that almost everywhere the precipitation can, and frequently does,
exhibit an organization on several scales. Viewed on horizontal maps the
larger features, 50-100 km wide, are usﬁally banded and Qrientated parallel to

one of the fronts. These larger features typically contain smaller areas,






L

5-10 km wide, which may themselves form bands. The distribution of the

variously orientated mesoscale bands form a reasonably consistent picture which

.

is shown in Figure .

Figure.,, Schematic depiction of the types of mesoscale rainbands (darkly stippled areas) observed in
extratropical cyclones. The upper-level cloud shield of the cyclone is shown as white; lower cloud decks
are shaded light gray. Type 1: Warm frontal rainbands, of which type 1a occurs ahead of and parallel to the
surface warm front, while type 1b coincides with the surface warm front. Type 2: Warm sector rainbands,
which occur parallel to and ahead of the surface cold front. Type 3: Cold frontal rainbands, of which type
3a is very narrow and coincides with the cold frontal passage, while type 3b is wider and may straddle the
narrow cold frontal rainband or lag behind it. Type 4: The surge rainband, type 4a, coincides with the leading
edge of a surge of cold air aloft, ahead of the main cold front in the occluded portion of the cyclone. A field
of convection, frequently organized in small rainbands, type 4b, occurs behind the surge rainband. Type 5:
Postfrontal rainbands, which occur in the cold air mass to the rear of and parallel to the cold front and
usually to the rear of the large cirrus shield associated with the cyclone.

Type 1. Wam frontal rainbands, of which type la occur ahead of and parallel
to the surface warm front, while 1lb coincides with the surface wam
front.

Type 2. Warm sector rainbands which occur parallel to and ahead of the surface
cold front.

Type 3. Cold frontal rainbands, of which type 3a is very narrow and coincides
with the surface cold front, while type 3b is wider and may straddle

the narrow cold frontal rainband or lag behind it.




Type 4. The surge rainband, type ha, coincides with the leading edge of a
surge of cold air aloft, ahead of the main cold front in the
occluded portion of the cyclone. A field of convection, frequently
organized into small rainbands, type Lb occurs behind the surge rain-
band.

Type 5. Post frontal rainbands, which occur in the cold air mass to the rear
of and parallel to the cold front and usually to the rear of the
large cirrus shield associated with the cycl;ne.

Type 5 may sometimes be seen on satellite pictures but all the remaining types

are embedded in the frontal cloud canopy and are visible only'through precipitétiqn

radar. An example is illustrated in Figure 3.
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3. Type 3a or Narrow Cold Frontal Rainband

This type of band is coincident with the surface cold front and is due to
forced ascent as cold air undercuts the warm moist warm-sector air. Figures
ﬁ.and § illustrate the type of motion and resulting precipitation in a typical

cold front.
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HEIGHT am

HEIGHT am

Type U4b

As depicted in Figure 1 this type of band usually occurs behind a surge

of cold air and the bands are generally embedded within a larger, amorphous

region of rain.

and 3a and these have been investigated in detail.

Similar looking bands are often found embedded within Type 2

They were found to be due to

low level longitudinal rolls aligned parallel to the wind and situated in the

wamm sector.

the regions of ascent.
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The rolls are clearly induced by frictional effects within the boundary.
Althoughbnot yet proven, it is possible that bands type 4b have a similar
origin, the difference in manifestation being that in the warm sector the rolls
enhance a predominantly uniform stratocumulus layer whereas behind the surge
rainband (Figure 1) they organize a field of convection.

5. Types la, 1lb, 2, 3 band ka

Although occurring at very different positions within the cyclone these types
have sufficient similar characteristics to be commonly described. Their width is
~/ 50 to 100 km and they are embedded within the frontal flow having little motion
relative to the frontal zones with which they are associated. It is usual to
envisage them as perturbations within the larger scale frontal dynamics, the
perturbations modifying the existing distribution of cloud water rather than
geqefating it.

As already mentioned, their manifestation is by radar observations of rain-
fall. B& flying instrumented aircraft through the bands the increased rainfall
can be undefstood in terms of the microphysical structure of the clouds.
Associated with the bands are

1) regions of potential instability at the mid-level of the atmosphere.

2) increased numbers of ice crystals at high levels.

The implication is that within the regions of potential instability convective
clouds grow. These "seed" the underlying frontal cloud and create regions of
enhanced rainfall. Since the regions of instability tend to be two-dimensional
the enchanced'rainfall occurs in bands. What is not answered is

1) why do the region of potential instability exist?

{
and 2) do they cause the mid-level release of convection or are they

generated by it?

In either event their significance is now apparent and Figure "} shows a cross
section of wet bulb potential tenperéture through a frontal zone described in a

previous lecture and Figure 9§ shows the relative humidity.
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There are four regions of interest. Two of them (250 km, 600 mb) and

(250 km, 950 mb) occur in dry air and the instability is unlikely to be

released. The remaining two centred at (260 km, 720 mb) ‘and (50 km, 1000 mb)
occur in séturated air and are coincident with bands in the rain. The third and
largest region of rain probably results from the larger scale frontal ascent.

6. Type 5

Less is known about this type of convective rainband but the few case
studies that have been made indicate that it can take a variety of forms. At one
extreme it can have the characteristics of a secondary cold front or trough a few
hundred kilometres behind the main front and at the other extreme appears as a
loosely linked line of convective clouds.

There is same evidence to suggest that those having frontal characteristics
are created by the synoptic scale motion while those of a convective nature are
of mesoscale origin and have same similarity to Types la, 15, 2, 3b and bLa.

To illustrate this elénent a case study of scme Type 5 bands will be presented.

The synoptic situation is shown in Figure(% for 1200 4T on 19 December 1980.
The vigorous cyclone situated 300 miles west of Scotland was moving slowly East
and had begun to decay. Vigorous convection developed in the cold air behind
the cold front espeéially in the pool of cold air markedlC. Individual cumulo-
nimbus clouds reached A/7 km, their grbwth being assisted by the large scale
ascent generated beneath the left exit of the upper tropospheric 5et. The
crosses mark the ends of the line on which sondes were dropped.

Figurelo.is a diagrematic sketch of the cloud.structure seen on the satellite
picture taken.Z% hours previously, with the path of the aircraft superimposed.
Crosses mark the positions in which the sondes were ejected at a height of
24,000 ft. The additional traverses were made at lower levels to obtain micro-
physical measurements.

Figure || is a schematic répreaentation of the flight plan and cloud strycture

in a vertical section.
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Figure 2 shows the relative humidity measured by the sondes with the
tegions saturated with respect to water heavily stippled. Three bands were

evident at 100, 200 and 275 km corresponding to cloud bands A, B and C
respectively. The bands B and C retained their identity reasonably well during
the 2% hours from the satellite picture. The evolution of band A was more
difficult to follow partly because the sonde pattern was dropped through a
particularly complex region and partly because the lower cloud structure was
obscurred by cirrus.

The bands were separated by dry zones which are delineated by the 60%
relative hunidity contour. The lighter stippled regions delineate air with a’
relative humidity between water and ice saturation, but whether or not cloud
particles were present depends critically upon its recent history.

During their descent the sondes also measured the wind field, from which can

- be calculated instantaneous streamlines. Figﬁre 13, shows these superimposed onto
the hunidity field, dashed lines indicat some uncertainty in the data. It is
evident that there is descent in dry regions and ascent in cloudy regions.

Fron the data, of which only a small fraction has been presented, it is
possible to construct a typical ﬁost cold frontal convective band and this is

shown in Figure ’%w
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1. INTRODUCTION

In the previous lecture the various types of rainbands shown in

Figure 1 were discussed.

Figure 1. Schematic depiction of the types of mesoscale rainbands (darkly stippled areas) observed in
extratropical cyclones. The upper-level cloud shield of the cyclone is shown as white; lower cloud decks
are shaded light gray. Type 1: Warm frontal rainbands, of which type 1a occurs ahead of and parallel to the
surface warm front, while type 1b coincides with the surface warm front. Type 2: Warm sector rainbands,
which occur parallel to and ahead of the surface cold front. Type 3: Cold frontal rainbands, of which type
3a is very narrow and coincides with the cold frontal passage, while type 3b is wider and may straddle the
narrow cold frontal rainband or lag behind it. Type 4: The surge rainband, type 4a, coincides with the leading
edge of a surge of cold air aloft, ahead of the main cold front in the occluded portion of the cyclone. A field
of convection, frequently organized in small rainbands, type 4b, occurs behind the surge rainband. Type 5:
Postfrontal rainbands, which occur in the cold air mass to the rear of and parallel to the cold front and
usually to the rear of the large cirrus shield associated with the cyclone.

Types 3a (narrow cold frontal) and 4b may be considered as psecial cases
and possible explanations for their existance have already been described.
Some evidence was presented that types la, 1lb, 2, 3b and 4a together with
some examples of type 5 had certain features in common, Their width was 50-
100 km, their lifetime 12=-24 hours and the motion fields associatéd with them
extended over a considerable depth, in excess of half the height of the
tropopause.

The bands embedded within the frontal canopy have been observed by many
research workers (see bibliography). Although there is some disagreement in
detail, the common concensus is that the banded rainfall results from regions
of potential instability embedded within the frontal zone aé shown in Figure 2.
Release of the instability occurs through shallow Aid—level convection and the

additional precipitation embryos thus generated preferentially seed the fairly



uniform frontal cloude The associated motion fields are frequently in the
form of a roll, relative to a set of axes moving with the system, as

illustrated in Figure 2.
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A similar organization is found in some type 5 bands, in particular
those that are of mesoscale origin. A scheﬁatic represent of one of these
bands is shown in Figure 3. It can be-seen that the motion fields are

. similar but instead of the potential instability being cohfined to a shallow

region, it now extends over the whole depth of the tropopause. The ascending
and descending motion selectively enhances the growth of convection and the
bands appear as an organized region of cumulonimbus clouds. An additional
feature of all of these types of bands ;s that they appear to be embedded
within the mean flow, ige,they have little motion relative to the frontal system

with which they are associated.



There are several theories that have been advanced in explanation of
frontal rainbands. Since two of the more complete ones are adaptations
of symmetric instability this will be described firste.

2e Symmetric Instability

Symmetric instability derives its name from the symmetric baroclinic
vortex ie the global circular flow round either of the poles of the earth.
The word symmetric implied that the motion was independent of (in cylindrical
polar co~ordinates). In the present context it is easier to visualise a
uniform, 2-dimensional, baroclinic zone. Symmetric instabilities then form
as roll perturbation with their axis along the baroclinic zone and the
circulation in the plane of baroclinicitye.

Symmetric instabilities can occur in a dry atmosphere and in many ways can
be considered as part of a hierarchy of instabilities comprising of

a. Convective instability

Particles move almost vertically crossing isotherms. The growth rate

je the Brunt-Vaisala frequency is typically 10-20 minutes and the motion

LY

2
depends primarily on N = 5. S= .
o,

The instability can be considered
to be 1=D,

be Symmetric instability

Particles move close to the isotherms but can cross them. The growth

rate in form ar 6=18 hours (strictly < 24 hours) and depends on both %41 <

n
9 and S* whereg is the coriolis parameter and S __3_. LG 5
©, tx

The instability is 2-D.

ce Baroclinic instability
Pafticles move along isotherms. The growth rate is o 1-2 days (strictly
>1 day) and depends primarily on St'and the horizontal temperature
gradient S¥ . The instability is 3~D.
An example of éymmetric instability is shown in Figure 4. The lower part
" shows the isotherms within a uniform baroclinic ZONECe Although they appear
almost Qérticaiidue to the axes chosen, in the atmosphere they lie almost

horizontal with a slope of . 1/75. The scale indicétes the interval Setween
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successive contours. The top part of Figure 4 shows the streamlines of

symmetric instability, solid contours indicate clockwise and dashed anti-
clockwise motion. Again, due to the axes the rolls appear vertical but in
practice have a slope close to that of the isotherms. Typical vertical
velocities are 0(10 cm s_l).

An atmosphere is said to be symmetrically unstable if the Richardson

number
Ri > 1
NoF?
where R, = —jz-
. S
v 20
v& = O-SEi - Brunt-Vaisala

prs GG 2L)

R
| ,

j.e. the Richardson number is the ratio of the static stability to'the vertical
wind sheare.

In a frontal zone

Y] ~ L° -t : AT By
Ty 6 L"‘\ - = = 4 P 10 ki

A X
pdcae et B s doaie st LSS 1 o

and hence Ri ~ |y,

o 2 oot Oo ~ 2%7

In other words, most frontal zones are generally stable to symmetric
instabilities.

3. Conditional Symmetric Instability (cs1)

However in a saturated frontal zone there is latent heat release on
ascent; parcels of air ascend on GQ surfaces but descend on P surfaces.

The effect of this is to assist the symmetric instability. The Brunt-Vaisala
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frequency is modified and the change can be crudely represented by replacing

N b N = 3 (NN

where N\A > o%
9 \oe)
woNw ﬁ% @—- T3

"~ [0~ s'
Rew ~ O°7

The release of latent heat is sufficient to permit CSI to develop in

giving

frontal zones,

A typical example of the growth of CSI is shown in Figure 5.

2(km) > plmb

Scole = 428 kg m-1 5!

! pimb

400

Figure g Day { of experiment B. Shown are (a) cross-band streamfunction with initial @, O, and M
surfaces indicated; and (b) wet bulb potential temperature and wind perturbation along the band. Contour

|
| : Scole, for 8, = 2K, for v'= 0:853 ms-!
\
|
|
‘ convention as in Fig §
|
|
|
|

The upper part of Figure 5 shows the st_reamlines of two CSI rolls, solid
lines a,nticlockwise and dotted lines clockwise.. In SI (Flgure 4) the up
and downdraughts were parallel and had equal ma.gnitude but in CSI the d.rlve
for the insta.bi).ity occurs only on ascent creating a strong and narrow

updrauvght paré,llel to the 9‘0 isotherms. The descent is dry and hence" stable,

Ry

e .



and in consequence has to be forced and is therefore parallel to 2] lines and

occurs over a more diffuse region.

The lower part of Figure 5 shows the wet bulb potential temperature
isothermse Since there is little water vapour at the top the slope of the
surfaces may also be inferred. At the bottom of the atmosphere there is
neutral stability to convectioﬁ and the situation typifies the conditions that
may be expected in type 5 bands. Notice how the streamlines (Figufe 5a)
increase the static stability on descent and decrease if an ascente. (The
dashed lines in Figure 5b are of the velocity component along the band).

For comparison the schematic diagram of a type 5 band is showvn in Figure 3.

alkm) plmb)
6+ s Y
e S N J 200

() 4 R
2 o e - 700
Scole = 890 kg m~! 5! pgae & 2 09

Figure 6 Pay 1 of experiment A descnbed in the text. Shown are (a) cross-band slreamfuncuon
, (d) wet bulb poxenual temperature ¢
. The contour spacing is shown below each ﬁgure The zero contour is not drawn. Nega-
tive contours are dashed ln (b), (c) and (d) the =3 streamfunction contours are indicated by long dashes.

. Only 700 km of the total 1000 km horizontal domain is
shown



Migure é,shows the growth of a CSI band in more stable conditionse The

same advective properties are apparent but only in a thin mid-level region
are the E;L)isotherms overturned producing the small regions of potential
instability noted in the study of warm frontal rainbands.

To conclude the section on CSI the possibility of forecasting rainbands is
considerede Whether or not CSI is present depends only on the magnitude of
N% F2 and 34 within the frontal zone, ie on scales 6f 200 or 300 km; It is
therefore possible to evaluate the growth rate of CSI from the rectangle fore—
case model, Figure17shows an @xample, The region of high growth rate to
the SW of England, positioned at the tip of the cold frontal wave, coincides
well with the bands observed on the Camborne radar;j those parallel with the
cold front (2 x type 2 and 1 x type 3b). The region of rain over central
southern England is on the edge of the region of expected 5rowth but is too
small for any assessment of bandednesss

de Symmetfic CISK in a baroclinic flow

An alternative mechanism (Enanuel 1981) considers a different way in which
symmetric instabilities may be modified so that they become unstable in frontal
zones. The mechanism is called symmetric baroclinic wave=CISK, It differs

from CSI in that wave CISK extracts potential energy from convective processes

whereas CSI is emhanced by the latent heat release,  Symmetric baroclinic
wave CISK can therefore only grow in a region already convectively unstable and
is therefore applicable only to band occurring on or behind the cold front,
types 3b, 5 and possibl& 3ae

Symmetric baroclinic wave CISK appears as a propagating band of cumulo—
nimbus clouds. The clouds derive their emergy from the potential energy of
the atmosphere and their organization from the symmetric instability,
essentially the characteristic of a squall line.

There is one drawback in this model of a frontal rainband; the bands
propagate relative to the mean flow, whereas observations of rainbands suggest

t hat the bands are embeaded within the flow, However sufficient measurements
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have not yet been made for a complete evaluation of the theory and it provides

a good description of many of the features of those rainbands that result
predominantly from convective processes.

5 Rainbands as a line of multicellular storms

If the band, for example type 5, appear to be an organization of cumulo-
nimbus clouds then it may be generated by multicellular clouds. In each cloud
a downdraught is created and maintained by precipitation forcing (evaporation
and drag) which, on encountering the ground, spreads out as a cold density
currente. A gust front forms on the boundary of the cold air, being strongest
along the direction of the cloud relative inflow, where new convection is
generatede Some recent work (Thorpe et al 1980) suggests that this process
may be enchanced if the individual clouds are aligned perpendiculér to the low.
level inflow, thus providing the necessary organization.

be Rainbands as a manifestation of ducted internal zraviiz}waveé

Lindzen and Tung (1976) considered rainbands to be the physical manifestation
of ducted ﬁesoscale gravity wavese Conditions suitable for the propagation of
such waves can occur within frontal_zones as shown in Figurei?, which, on the
left hand side, depicts the typical environmental conditions found associated
with mesoscale rainbands, Region I refers to the region below the fronial
surface, II to the thermodynamically uniform warm air above the. front, and III to
the regions of mid=tropospheric convective instability (already discussed).

The factors that allow the stable moist air to act as a duct for gravity waves
(right hand side of Figure §) are:

as. a stable boundary layer to prevent interaction with the ground.

be a convectively unstable layer above, to act as a reflector. (A

stable or neutral layer is insufficient).

ce a flow speed, which, at some level, equals or comes close to that

of the ducted mode (steering level).
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The implication of c. is that the gravity waves move slowly relative
to the frontal systeme This is in accord with observations that warm frontal,
mesoscale rainbands often travel slightly faster than the associated frontal
system (Browning and Harrold 1969).

However the theory does not indicate the wavelength.of the bands although
calculations relating the speed of propagation to the depth of the layer
suggests scales between 10 and 100 km which covers the range observed. Its

other major weakness is that it gives no explanation for the (unexpected)

existance of a»mid—tropospheric unstable layer.
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