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SUMMARY

Trajectory tracing techniques are used to investigate the structure
and air flow of developing baroclinic waves simulated by a numerical
atmospheric forecast model. Three stages are described. The structure
of the linear stage is explained with reference to the normal mode
theory of baroclinic insfability. In the mature stage, flow separation
zones form which are identified as warm and cold fronts. At the
occluded stage, circulaiion of cold air round the centre of the
depression leads t6 changes in the structure of the cold front. When
the initial state is nearly saturated, the overall development is
speeded up, and at the mature stage the rate of deepeniﬁg of the
depression is doubled at the surface. In the occluded stage formation.
of a warm air 6ohveyor belt is observed. Cohparisons are nade with

previously published integrations by speciaILy constructed models in

-

order to establish a basis for comparison of forecasts from real data

which will appear in a future paper.



1. TNTRODUCTION

The work described in this paper forms part of an attempt to relate
the observed features of mid-latitude depressions to the theory of baro-

clinic wave development. A future paper will describe the application

w

of techniques described here to integrations from real initial states.
The theory of baroclinic waves was established in the papers of
Eady (1949) and Charney (1947) using a perturbation analysis of the
quasi~geostrophic equations. The insiability in the solution was
interpreted as a wave which drew energy from the thermal gradient of
the initial state. The resultant eddies were tentatively identified
with the familiar depressions of the mid-latitude westerlies despite
exhibiting none of the synoptic scale weather features associated with
such systems, The theory has advanced in many directions since then.
Basic states other than a uniform jet on én j:plane havebeen investi-
gated (Green 1960, McIntyre 1970, Simmons & Hoskins 1976). Work has _;_
also been published on the non-linear development of the waves using *:b
both analytical (Pedlosky 1970) and numerical techniques (Mudrick
1974). It can be shown that the quasi-geostrophic approximation
bececmes locally invalid as the noﬂ-linear development ﬁroceeds. The
wnderstanding of tﬁese procesges has been increased by use of the semi-
geostrophic equations (Hoskins & Bretherton 1972, Hoskins 1979,
Hoskins & West 1979). :
Observational studies of mid-latitude depressions have a longer
‘history and staffed as soon as the exchange of simultaneous weather
observations was made possible by the invention of the telegraph. The

Bergen school (Bjerknes 1918, Bjerknes &.Solberg 1922) established a C

synoptic scale description of the structure of depressions and this =




was altered in detail only by the advent of regular upper air soundings.

More recent studies have concentrated on the mesc~scale stiructure of
parts of depressions rather than the overall structure of the whole
systen,

The object of the present study is to try to fill some of the gaps
separating these two branches of study. The work is ba;ed on a numerical
model designed for routine weather forecasting. There are inherent
weaknesses in this approach. The model grid-—length is too large to
represent many features observed in detailed studies of real depressions.
However, it is well established that such models can reproduce observed
synoptic scale features. A forecast model includes smoothing
processes "which keep it stable in real forecasts but, which mey
obscure the details of barcclinic wave @evelopmént in idealised
studies. Also, as a result of using the primitive equations, a
number of different processes will be represented by the modsl which
may not be much easier to separate in the model solutions than thsy
are in observational data. Thus there is a need $0 relate the
forecast model -results to theoretical studies based on specially
constructed models. By cdoing this, the ability of the forecast model
to reproduce the theoretical results can be established. At the same
time, & link can be made between the forecast model behaviour and a
hierarchy of research results relating recent theofetical models te
simpler models and ultimately to the linear instability problem. Once
this link has beeh made, the férecasf model results for real situations
may be related to those for ithe idealised situation.

An important element in the behaviour of real depressions is the

influehcg of moisture. In order to relate studies of real depressions




to the ideal baroclinic wave development, it is useful to understand
the influence of latent heat release. This can be assessed by comparing
the evolution of the ideal baroclinic wave in dry and moist atmospheres.
The moisture integration presented here used an initial huﬁidity of

90%.

w0

The main teol for analysing the structure of depréssions in the
present work is the calculation of air parcel trajectories. Trajectory
computation has been used as an analytical technique for some time.
Djuric (1961) demonstrated the application of computers to the problem
and concluded that gaps in the observational network were the main
hindrance to accurate computation. Danielson (1961) also investigated
the accuracy of trajectory calculations and. demonstrated the benefits
of isentropic analysis as a way of computing vertical motions. These
techniques were extended by Green, Ludlém & McIlveen (1966) who
described the circulation in mid-latitude depressions by a simple

consideration of isentropic trajectories. Difficulties remained with

o .

the technique, however, due to the poor space and time resolution of

the observing network. In field experimeﬁts such as that reported in
Browning & Harrold (1969), considerable use is made of the assumption

of stationarity in the depression's structure in order to use frequent

~ observations at a single location tvobtain'én isentropic analysis from

which to compute trajectories. This assumption is'rareLy Justified

except as a first approximation. HNumerical models have considerable

advantages over observations iﬁ thié respect. Not only are the data

available on a regular grid at ffequent intervals, but they are self

congistent and do not suffer from aliassing problems since small‘soale e

features cannot be represented in the model. An example of trajectory

w

computations for a depression in a general circulation model was given




by Gilchrist (1971). The consistent specification of vertical velocity
in numerical models removes the need to use isentropic coordinates ‘o
obtain three dimensional trajectories and has the advantage of dealing
adequately with large scale diabatic sources. The remaining source of
error, apart from that in the forecast itself, lies in the sub grid~
scale mixing processes, primarily comvection. In this paper it will
be demonstrated that trajectories provide a useful means for analysing
the non~linear development of a baroclinic wave, particularly in the

frontal regions.

2. TECHNIQUES

The mumerical forecast model used fo?‘ihe studies was the
Meteorological Office Operational Model (Burfidég(& Gadd 1977, Gadd
1978a, 1978b, 1980). It is a pressure coordinate model with 10 equally
spaced levels at 100 mb intervals. The horizontal grid is defined on
a polar stereographic projection of the earth's surface. For the idezl
baroclinic wave integration, the coarse mesh *Octagon? version was used
which has a grid length of 300 Km at 60°N and covers most of the
Northern Hemisphere north of 20°N. The grid is staggered with
horizontal velocity components at the centre 6f each grid square and
vertical velocity at mid-level. The split explicit time integration
scheme (Gadd 1978a) was used with a time step of 30 mins. Orography
was set to zero everywhere and ali physical processes were removed
except horizontal diffusion and a convective adjustment procedure
which are needed to preserve sta£ility. In the moist run, a large
scale condensation routine was included %o provide the necassan& latent

heat release. This included re-evaporation of falling rain and, where




appropriate, modelling of the ice phase. No surface moisture flux was

included so the total moisture in the model will have decreased once
rainfall started.

The model was integrated for 7 days and valuves of height and
velocity were output at every grid point and level each hour. The
velocity components were interpolated to trajectory locations directly
from their staggered grid positions to avoid unnecessary smoothing.
The interpclation was linear in the three coordinate directions.
Integration of the trajectory equation was performed using the

following algorithm

nt—
-

K = Z‘,A + ,‘én (23&> ,4_t
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where 2 is position, W (E) is the interpolated model velocity at
position ¢ and A is the time level. Since 4 was available from
the ‘model every hour, & new position 7¢ .was obtained every two hours.

Diagnostic quantities such as vorticity and temperature were produced

in map form for a part of the forecast domain and were also interpolated

to trajectory positions. Details of the calculation of these quantities

may be found in Golding (1981).

Checks were performed to verify that the trajectories gave a true

representation of the air flow simulated by the model. No significant
difference was found when the timestep was hélved By obtaining data
from the forecast model every 30 mins. Results obtained using the

model velocities in Eqg 1 were compared with others obtained from the
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model height field using the Lagrangian form of the momentum equation

to predict “w
du ._5:14\ Au - 9 YA + map prdjection terms (2)

Again the results were similar, but rather rougher especially in frontal
regions. No significant difference in mean path could be seen and

since the roughness made the results more difficult to interpret, the
use of model velocities in Eg 1 was preferred. Conservation of
potential temperature by individual parcels was satisfied within the
error of interpolation from mean layer temperatures, except by a few
parcels in frontal icgions at the occluding stage. By contrast, the

vorticity equation

ol(f+§) o@(z&;} (av S dwdry (3
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where ﬁf is relative vorticity and §E> is divergence, was poorly
satisfied, The error could not be explained by diffusion or minor map
projection corrections. Eventually, it was foﬁnd that the model
integration scheme performs a considerable smoothing on the divergence
term. Details.of the analysis are given in the Appendix-but rough
calculation shows that the size of this term could be reduced by half
in frontal regions. This explains the discrepancy in the trajectory
results and is also the most likely reason for the low maximum vortic—
ities found at the mature and occluding stages compared with those
obtained by Hoskins & West (1979).

In order to look at the stages of development of the wave, traj-

ectories were qomputed for 48 hour periods starting at several times



in the forecast. In each case an initially square grid of air parcels
was started at two levels (750 mb and 950 mb) and the subsequent motion
displayed relative to the movement of the surface low pressure centre.
The trajectories are displayed by plotting thé positions as a series of
crosses where size varies linearly with pressure and is zero 100 mb
below the starting level. (No parcels descended more than 100 mb in
48 hours). A selection of the tracks is plotted with a circle over the
first point, and a triangle with the parcel's altitude at the last. Thes
diagrams are interpreted schematically in terms of regions of flow
with some of the boundaries identified as fronts. Figufe 1 shows a
pair of such diagrams at the mature stage to illustraté the labelling.
An arrow which thiékcns towards its head indicates ascent in these
diagrams. Region A denotes the flow of cold air round the north side
of the system. Regions B and C contain warm air whicp rises at the
warm front. Region B denotes such air when it turns left relative to
the system and region C is that which turns to the right. Region D is

the flow under the warm front towards the centre which ascends slowly.

3« DEVELOPMENT OF A BAROCLINIC WAVE

ae Initial Conditions and Summary

A broad jet was specified as the unperturbed étate'and a small
wavenumber 6 perturbation: superimpesed on=it. Figure 2 shows the
vertical and meridional étructuré-ofqthm Jet. It has a maximum speed
of nearly 39 ms"'Ti at'45°N and éOO mb. The geopotential field was
obtained from the perturbed motion field by solution of a reverse
balance equation. At 1000 mb the perturbation amplitude in the-geo—
potential field was 17 m. For the moist run, the moisture variable was

set to 90% relative humidity at all grid points and levels up to 350 mb.
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The structure of the developing depression is analysed at three

stages which are summarised  in Fig. 3. The first, at three days, is
termed the linear stage since the features analysed can be described
in terms of the linear theory of baroclinic instability. The low level
velocities are slower than the motion of the wave and so the relative
flow is from right to left. There is little vertical motion. The
mature stage is analysed at 5 days and shows separate regions of flow
separated by fronts. At both levels there is now a flow of air faster
than the system on its south side. Finally, at 6 days an analysis is
made of the occluding stage. Here, the regions of flow are becoming
more complex as air circulates round the centre of the depression.

The effects of moisture are summarised in Fig. 4 which shows the
extrema of the 1000 mb height field plotted at daily intervalse.
Differences are small in the first three éays since a small amount of
ascent is required to saturate the air. The height of the high pressure
centre is little affected throughout the integration. However, the
low pressure centre deeﬁens much more rapidly in the moist case after
day 3. Between days 4 and 5 it deepens at nearly twice the rate of
the moist run and is about 10 mb deeper at day 5. However the rate of
deepening decreaseé after this so that the two runs have similar values
by day T.
be Linear Stage

The early stages of development will be summarised by looking at .
the 72 hour diégnostic fields and trajectoriés for the period 48-96
hours. Figure 5a shows the 1000 mb height field. The range of values
is 74 m corresponding to about 10 mﬂ pressure difference at the surface.
At 500 mb (Fig. 5b) a pronounced trough had formed with its axis near

25°W, some 15° west of the surface centre. The amplitude of the




disturbance is 60 m at 50°N near the centre of the jet. The 1000 mb

vorticity pattern is showm in Fig. 5. An arrowhead shaped pattern is

evident with a maximum of 1.4 x 10 5 = near the surface pressure ¢entre

and arms of positive vorticity extending northwest and southwest from it.

The 550 mb vertical velocity pattern (Fig. 5d) shows very small values P
(maximum ascent 0.4 pb 5-1) everywhere. Asceant is greatest near 500N
5°W, about 5°.east of the surface centre, with regions of
ascent extending to the northwest and south-southwest.

The diagnostic fields for the moist and dry runs are almost
identical at this stage. However, the 550 mb vertical velocity reaches
0.7 ub 2 Aok Ui podEk. i,

A set of trajectories was initiated at 48 hours on a grid covering
the region around the low pressure centre. Figure 6 shows the tracks
of parcels initially -at 950 mb. In the dfy run, Fig. 6a the almost
constant size of the crosses indicates thai little vertical motion is
occurring. The parcels near the top left of the diagram show little
evidence of the disturbance. Nearer the bottom of the diagrem, parcels
entering from the right deviate northwards with slight ascent while
parcels being left behind by the system turn southwards and descend a
~little. These feaﬁures are summarised in the schematic Fig. 6b.

Figure 6¢ shows the same set of parcels for the moist run. Thq,
meridional and vertical displacements are generally muoﬁ larger but

the pattern of motion is the same.

f At 750 b (Figb ) an almost circular paxtern ia fbund s:nce the




the dry run and 100 mb in the moist run. There is no evidence in
either run for the formation of the flow discontinuities found at later
stages of development.

Ce Jjature Stage

The mature stage of development is the time when the central
pressure deepens most rapidly and the main non~linear features of the
flow appear. It is also the time when the moist run shows the largest
differences from the dry run. The period around 120 hours is analyse
to represent this stage.

Figure 8a shows the 1000 mb height field. The low centre has
moved northeastwards giving a pronounced asymmetry between the low and
high pressure centres. The height range is now 238 m (about 32 mb in
surface pressure) and the low has deepened 66 m in the preceding 24
hours. A pronounced‘trough can be traced south from the low centre
to cross 0° longitude at about 430~ Fhedle 1a'alsd & slight indication
- at 49°N 18°E of a trough extending southeast from the centre. The

500 mb height field is shown in Fig. 8b. The trough axis is at about

5°w, 10° west of the surface centre, and shows some asymmetry due to

the effects of the_nonnlinear advection terms in the equations of
motion. The 1000 mb relative vorticity field (Fig. 8c¢c) has its maximum
of cyclonic vorticity at 53°N 9°E on the eastern side of the surface
pressure centre, and has an east-west orientation. From its eastern
end, a secondary maximum extends southwestwards,'parallel to the
pressure trough and slightly ahead Of ite The eastern end of the
vorticity maximum i also the location of maximum'ascent at 550 mb
(Fig. 8d). The orientation of these features can be Silara to the

- low level temperature structure shown in Fig. 8e. Both pressure

troughs lie on the 275 K isotherm. Note, however, that the tightest




part of the thermal gradient in the region east of the centre, is ahead

of this between the 265 K and 270 X isotherms. Figure 8f shows the

500 mb vorticity field which has the arrowhead shape noted earlier-at

1000 mb but with a larger region of cyclonic vorticity. The relation-

ship of the main features presented above is displayed in Fig. 10. The P
region of maximum vorticity (solid line) is entirely within the region
of ascent (dashed line). The region of tight thermal gredient to the
southwest of the centre runs across from ascending to descending air
and is behind the line of the secondary vorticity maximum. By contrast,
the region of tight thermal gradient to the east of the centre lies
within the regions of high vorticity and ascent with the maximum of each
quantity close to the 275 K isotherm. The maximum ascent (Lw) is at the
eastern end of the region of high vorticity and also the end of the
tightest thermal gradient. :

. These results may be compared with day 5 of the integration
described in & 4e of Hoskins and West (1979). Although their inte-
gration was performed usiﬁg achannel medel with cyclic boundary con-—
ditions, the structure of the basic jet and the scale of the ﬁertur—
bation are similar to those used here. In particular, the doubling
period of their pefturba&ion (1.3 days) is very close to that observed
in fhe‘present results. Their Fig. 8 showed height and temperature
fields at the lower boundary of the model at 5 days; Tt can be compared
- with the 1000 wb height field and 950 mb temperature field presented

above bnx sznce these are not at the lower boundanyrof tha model,_emact



gshown in Fig. 8c (personal communication). This is almost certainly
due to the implicit smoothing of the stretching term in the vorticity
equation which is analysed in the Appendix. The high resolution
pernitted by the geostrophic coordinate transformation would make the
effect of this negligible in Hoskins & West's results.

It has been remarked before that the mature stage shows the
greatest differences between the dry and moist rums. Detailed differ-
ences may be analysed by comparing diagrams from Fig. 9 with their
counterparts in Fig. 8. Figure 9a shows the 1000 mb height field with
the low centre about 10 mb deeper than in Fig. 8a. The centre has a
more elongated shape with the lowest pressure about 5°'further easte
Since the high preésure cell has not moved a considerable tightening
of the gradient ahead of the depression has occurred. - At 500 mb
(Fig. 9b) the main trough has a similar amplitude and position. How-
ever, in the moist run, latent heat release has causéd considerable
distortion along the line of the surface warm front giving a-deep
trough in this region. The main difference in the iOOO mb vorticity
field (Pig. 9¢) is in the magnitude of the cyclonic maximum. For the
moist run this is 13.6 x 10-"5é""1 in the eastern syétem compared to

5.9°x 1005~

in the dry run (Fig.'8c).' A small cell of anticyclomic .
vorticity has also developed immediately south of fhe centre in a
region of descending cold air. Figure 94 shows that this descent is
balanced by locally enhanced ascent ahead 6f the cold Tfront. The main
region of ascent on the warm front has a vertical velocity over three
times as great as in the dry run (Fig. 84) while descent at its eastern
énd is twice as great. The distance between these two arms of the warm

front circulation is 15° of longitude in Fig. 9d compared with 25° in

Fig. 8d. This,reduction in length scale has been achieved without




changing the scale of the whole gystem by splitting the vertical
circulation into two. The second one is that noted above on the cold
fronte The 950 mb temperature fields (Figs Oe, 8e) are similar except
that in the moist run, the cold air has advanced further south and east
on the west side of the depression. This is indicated, for example, ?
by the 270 K isotherm which has advanced 50 longitude eastwards at 5OON.
The cold air has also advanced further southwards in the anticyclone
(e.g. at 45°8 15°W). Finally, Fig. 9f shows the 500 mb relative
vorticity field which shows the warm front trough clearly. Both
cyclonic and anticyclonic vorticities have been enhanced in this region,
the latter being three times as great at 50°N 30°W.

A grid of air barcel trajectories was initiated at 96 hours over a
region covering the low pressure cgntre and was followed for 48 hours.
Figure 11 shows a selection of tracks of parcels initially at 950 mb.
At this stage the flow can be divided into distinct régions. Between
them are two separation zones which parcels do not usually cross and ¥
which divide air coming from different origins. On'this basis they are
identified as fronts and marked with the usual'symbols on the schematice.
The separation zone marked by the cold front symboi divides regions A
and B. That is, it separates cold‘air which has passed the northern .
side of the system and is now travelling southwest&ards, from warm air
which has been drawn into its southern side and is being accelerated
towards the northeast. On the trajectory diagram Fig. 11a it shows up
as a narrow region with air trévelling in opposite directions on either
gide of it. The other separation zone is marked by the warm front
symbol and is more difficult to see since the separation occurs-in the

vertical. However, the trajectories show that air approéching the

»

southern side of fhis zone has taken a quite different course from the




relatively undisturbed westward flow on its northern gide, When it
reaches the front, the warm air approaching from the south ascends cver
the colder air and then turns sharply to the left to flow pearallel to
it but at a higher level. The deformation of 'fluid parcels during the
motions depicted in Fig. 11 is well illusirated Ey Fig. 13. Here the
parcel positions at 144 hours have been joined together in the rows and
columns of the initial square grid at 96 hours, using the cross size to
indicate altitude as before. The stretching out of parcels along the
cold front is easily seen but the deformation occurring as parcels rise
in the warm front region can also be discerned. It is interesting 1o
note from this diagram the repidity with which subsiding parcels hehind
the cold front havé travelled round the south side of the anticyclone
and are close to being absorbed in the next depression.

Two trajectoriez were marked in Fig. 11a for further study.
Profiles of diagnostic quantities following each paréel are given in
Fig. 14a, b. Xo 1 (Fig. 14a) is in region A and is a cold a.ir; parcel
which starts northwest of the centre and travels southwards behind the
cold front. Initially its track is horizontal but towards the end of
the period it descends to 975 mb. Its rélative vorticity starts
at about 3 x 16—5s~1 in the region.of the cyclonic vorticity near the
centre. This drops steadily due to compression of'vorte# lines in the
divergent velocity field to end with about the same magnitude of anti-
cyclonic vorticity. The increase in deformation towards the end of the
period is due to the parcel approaching the cold front. Temperatures
are ﬁot available below 950 mb since they are defined at nid-levels by

the layer thickness and so cannot be plotted for this parcel. However,

n

the initial temperature was ~8°C. By contrast, the warm air parcel No

(Fig. 14b) starts with a temperature of +5°C. It shows substantial
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ascent reaching 829 mb by the end of the period. ‘This parcel is in a

convergent velocity field at all times and acquires substantial cyclonic

vorticity by stretching. The abrupt change near 1%2 hours marks the

parcel®s sharp turn to the left and is indicated by an asterisk in

Fig. 11a. ?
The general pattern of flow in the moist run (Fig. 12) is very

similar to that shown in Fig. 11 for the dry run. The greater size of

the crosses in regions of ascent indicates enhanced vertical motion

while the greater length of the tracks shows that horizontal velocities

are also greater. A feature of the pattern in Fig. 12 is the clongated

shape of the centre which was also noted in the 1000 mb height field

Fig. 9a. Ascendiné waim air parcels turn left at the warm front as in

tﬁe dry run. However towards the gnd of the period the northern part

éf the cold front begins 1o change its structure as cold air parcels

circulate round the south side of the centre. Details of individual

: tfajectories in regions A and D are very similar to those in the dry &

run 50 a single example is given from region B in Fig. 14c (of Fig. 14b).

The grester horizontal speed of the moiét parcel is indicated by its

' reaching the abrupt change marking the front at 122 hours instead of 132

hours. Soon after this it attains.its maximum vertical velocity of

3.5 pb bl compared vith 1 pb s1 in Fig 14b. The overall ascent in the

48 hour period is 270 wb compared with 127 mb in the dry run.

- At 750 mb, four regions of flow can be 1ndent1fied although in the




parcels from the west are juxtaposed with warmer air parcels from the

east. However, the distinction is poorly marked. In contrast to this,
the vertical separation at the warm front is much clearer here than at
the lower level. There are two distinct stredmg of warm a2ir iravelling
northwards and ascending over the lower air travélling west. The
stream nearer to the centre turns left while the other turns right.
The relationship of the final parcel positions to the 1000 mb height
field is shown in Fig. 17.' The distortion of the cells is much less
than at 950 mb. However the deformation in the warm front region is
shown very clearly. This diagram also confirms the lack of a front at
this level to correspond to the surface cold front. Only weak deform—
ation is indicated in this region. |
Two parcels are marked in Fig. 15a for further study and profiles
613 diagnostic quantities following.their motion are shown in Fig. 18a, .
b. No 1 is in region B (Fig. 18a) and shows marked ascent with a peak
rte af BODBRL. SF JeT pbins ot 435 Taare, -The wkibétin SO0 16
slightly convergent at first, during which time the verticiiy reaches
4 .x102s"1, The temperature drops steeply as the parcel ascends,
keeping close to the dry adiabat. Calculated \'ralués of the temperature
fall due to adiabatic ascent are marked on the diagram.and verify the
cqnservation- of potential temperature by this parcel. -Tilﬂ bthar pareel :
(Pig. 18b) also shows marked ascent reach:mg 56‘7 mb. Its paak mtc ;of * 3
’ascent is reached in the middle of the period m& is :mdnm nearly to | A

zero by the end. At the same time tho velocity»figld. beooms? re




The differences between the moist and dry runs at this level are
gimilar to those at 950 mb. Figure 16 shows greater horizontal and
vertical motion and a more elongated shape to the circulation than

Fig. 15. However there is also a clear difference in Fig. 16 between

Y

the cold descending air and the warm ascending air in the cold front
region south of the centre. This zone is therefore marked as a cold
front in the schematic despite the horizontal velocities being the same
on either side along much of its length. At the warm front most of the
ascending parcels turn to the right with those nearest the centre showing
the greatest altitude. On the south side of the centre; descending
parcels travel roung the centre and are marked in the schematic by
region E. Iigures 180,d.sh0ws details of the two parcels corresponding
to those in Fig. 18a, b in the dry_run. Both show considerably
enhanced vertical motion. Parcel No 1 (Fig. 18c cf Fig. 18a ) rises
250 mb at a peak rate of 4 pb 8-1 in the moist run, c;mpared with

183 mb at a peak of about 1.7 ub 5-1 in the dry run. Parcel No 2

£ V]

(Fig. 184 cf Fig. 18b) rises 320 mb at a peak rate of 4 pb 5—1 compared
with 18% mb at a peak rate of 1,5-pb S~1. In both runs, the vertical
veélocity of the second parcel decreases towards the end as it turns
right over the warm front. Howevef, it reaches zero by 132 hours in
the moist run and then starts to descend. The vorficity also becomes
anticyclonic much earlier in the moist run. The calculated temperatures
for dry and saturated sdiabetic ascent havé been added to Fig. 18d.

The parcel closely follows the saturated values.

ds Occluding Stage

The final period of analysis is centred on 144 hours with fraject-

ories compubted for 48 hours from 120 hours. After 144 hours the low
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pressure centre becomes stationary and the final stages of the non-

linear development occur. Figure 19 is a composite diagram of the main
diagnostic fields at this time. The overall height difference has
increased to 303 m (about 52 mb surface pressure) with the low centre
having a pressure of about 980 mb, The isotherms marked in Fig. 19
show that the region of warm air on the east side of the centre has
formed a narrow tongue around the north side while cold air from the
west has begun to form a tongue round the south side. The cold air
incursion is marked by a region of anticyclonic vorticity and descent.
The maximuw cyclonic vorticity occurs at the surface pressure centre
4,1

and has a value of about 10 « There is a secondary maximum along

the cold ‘front with values of about 3 x 1Ojss”1. The eastern end of
the main vorticity maximum marks the regién of greatest ascent at
550 mb. The largest value is 1.7 pb 5"1.

These fields may be compared with Fig. 10 of Hoskins and West (1979).
As in the mature stage, the height range agrees closely with their
results. Their temperature pattern shows a rather less developed tongue

of warm air round the north side of the centre and a sharper gradient

at the cold front. The main differences are in the magnitudes of the

relative vorticity maxima. Their diagram shows 3 x 10-4s~1 at the .
pressure centre (cf 10™41 here) and 1.2 x 10—45".'1 on the cold front

= here). The width of these regions of higher vorticity

(ef 0.3 x 10745
is, however, smaller than the grid length of the present model so it is
inevitable that the integrati&n schéme will smooth them out. The extent
of the smoothing has been discuéaed earlier and in the Appendix.

The structure revealed by the low level diagnostic fields for the

moist run at this stage is very similar to that shown above for the dry

run except for the magnitudes. However, some interesting differences




have appeared at the top of the atmosphere by this time and these will
be described here. Figures 20a, b compare the 350 mb vertical velocity
fields for this time. The change in pattern between dry and moist runs
is similar to that observed for the mature.stage at 550 mb (Figs &4,
9d). However, the biggest difference here is in the descent near 10°W 7
which is. twice as great in the moist run. The sbacing between

this and the warm front maximum of ascent is only 10° of longitude

compared with 20° in the dry run. There is also a secondary circulation

near the surface cold front at 48°w as was found in Fig. 9d. These

differences are reflected in the 300 mb relative vorticily fields

(Figs. 20c, d). As in Fig. 9c, there is considerable enhancement of

cyclonic worticity along the line of the surface warm front. However

there is a much greater increase in the aﬁtieycionic vorticity ahead

of it. The pattern of enhanced vertic;l motion can also be seen in the

thermal siructure (Figs 20e, f). 4s would be expected at this level, 1

the wave in Fig. 20e shows the warm air occupying more space than the

()]

cold air. In the moist run the warm air has generally advanced further
north. However, the isotherms have aléo been distorted in the regions

of large ascent and descent. At 35°H ascending air has created a warm

~area while at 15°W a ccoler area has appeared in the region of descent.

Tra jectory computations were performed in the same way as for the

‘earlier stages. Figure 21 shows the dry run resuits for parcels

initially at 950 mb, The schematic diagran shows a new ragion.E where

: cold a1r from the north side of the system is oircling round the southl :




between those parcels which originated to the right and are ascending,
and those which came from the left and are descending slightly. The
flow of warm air ahead of the cold front shows marked ascent (up to
160 mb in 48 hours) and fhe later parcels to reach the warm front show
some reluctance to turn left, further emphasicing the separation of
flow there. At 750 mb (Fig. 22), the flow is similar to the mature
stage (Fig. 15) except where the cold subsiding air has travelled round
the south side of the centre. There is now a recognisable boundary
between this air and the warm ascending air to the east and this has
been marked as a cold front. Vertical motion isisubstantially greater
than in Fig. 15 and a greater proportion of the warm air parcels turn
right as they ascend over the warm front.

The moist run trajectories for this period are very similar to
those presented in Figs 12, 16 for the mature stage. However a new
feature does occur in the 950 mb pattern at this stage which is
illustrated in Fig. 23. The southwesterly stream of air ahead of the
surface cold front has bhecome concentrated into a strong flow only two
grid lengths across. Warm air feeds into it from the right, strengih-
ening ite When this air flow reaches the warm front, it rises and turns
right away from the centre. These features suggest that the model may
~ be attempting to rqproduce the low level jet descraqu bw*ﬂhrrold (1973).
x\The correct scale of jet is too narrow fbr the grid 1ength~of theA’fffi,




4. DISCUSSION

Qe Dry run
The first stage of development was labelled the linear stage

since the structure of the wave is largely that obtained by linear
perturbation analysis. Eady (1949) performed the classical analysis
by taking the quasi~geostrophic vorticity equation on an { plane and
performing a normal mode perturbation analysis about a baroclinic
mean state. The resulting eigenvalue problem yielded imaginary phase
velocities (and hence instability) for waves longer than a defined
minimum. The structﬁre of an unstable wave can be found from the
‘associated eigenfunction and a simplified composite diagram is shown
in Fig. 24. The dominant characteristic is the westward tilt of the
geopotential disturbance with height. The indications of temperature
and vertical velocity apply only to the mi&-level. The temperature
phase lines slope eastward while those of the vertical velocity are
almost vertical with a slight westward tilt. Subsequently, authors
have investigated the effects of the earth's sphericity and of
varying the mean wind profile (e.g. Green 1960, McIntyre 1970,
Simmons & Hoskins 1976). The variation of Coriolis acceleration
produced by the ear&h's sphericity was found to stabilise very long
waves and to destabilise waves shorter than the limit- found in

Eady's analysis. waever;-tha fastest growing*wavelehgtha5were

little affected except by a small'decreas_é: ‘.in phase speed. ‘I'he

merndlonal structure of a basic atame det, suoh aa tha& used in theﬁ




energy budget for a growing baroclinic wave can be obtained by suitable

averaging of the momentum and thermodynamic equations (eg Holton 1979).
For the eddy kinetic energy K this yields
d‘_‘l 2 b)<m"7"> .
dt ?
where ¥ is a constant, the brackets indicate a zonal average and
primed quantities are deviations from the zonal average. The equivalent
equation for the eddy potential energy P'is
JP e e s - ¥ <o’ T>
ot
where g is another constant. Thus eddy energy is gained by warm air
(‘r,><>) moving north (v'>C) and cold air moving south (7‘;0 " v<o),
a.ﬁd becomes kinetic energy when warm air ascends ( “f’)O 3 L\T/?C) and
éold air descends (-r ,<O) w'<o ) N .In a baroclinic fluid these
processes are accomplished by air parcel trajectorieé which lie
between the isentropes and the geopotentialse This behaviour .is well
illustrated by Fig. 6 where parcels travelling through the system first
perform a northward, upward excursion and then a southward, downward
one. The constraints on this motion can be se.en by analysing the

ageostrophic flow (including the vertical motion) forced by the

~ geostrophic motion. Hoskins et al (1978) have devéloped such a

'theory in a most elegant way enabllng qualita:twe estma:l;es of the

fo ced. c:.reula.tzons to be made in a rigomusly ba.sed marmer and



where Q (-3 QgS.VQ , -9 J‘g}s .V9>
&, ox e, E;;

is a measure of the rate of change of horizontal potential temperature
gradient on a fluid particle implied by the geostrophic motion. In
order to retain thermal wind balance, the wind shear must change
implying the creation of an ageostrophic velocity field. Under
simplifying assumptions about vertical structure, they showed that
cyclonically curved flow forces ascent ahead and descent behind the
trough, and that confluent flow forces ascent on the warm side and
descent on the cold side of the jet. Thus, as the thermal pattern
around the wave is buckled, the pattern of development in Fige. 25 is
generated with cyolénic development in the forward part of both
?cgions of strong temperature gradient.

The formation of the fronts is a more complex preoblem although
being related to the general development of the wave.. Clearly, the
ascent at the warm front and descent behind the cold front are
related to the general forcing of vertical motion in‘thesé areas,
Also, it has been seen that the cold fromt develops on the south-
westward arm of cyclonic vorticity in the linear stfucture, while
the warm front is an extension of the head of the arrowhgad shape.
Nevertheless, the flow shown in Fig. 6 does not coﬁtain~fronts
whereas that in Fig. 11 clearly does show them. Principal among the
changes that have occurred between these diagrams is the reversal of
relative flow on the south side of the centre. Two features of the
systeh's development are associated with this. The first is that the
pressure gradient near the centre has become strong enough to pfovide
the acceleration needed to draw parcels inwards in this ménner. The

second is that the‘low level parcels spend ah increasing amount of"
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time near the centre during which time they acquife large cyclonic

vorticity due to the convergence in that region. After leaving it
they travel comparatively rapidly along the cold front and so retain
the vorticity until a considerable distance from the centre. The
front therefore appears as a concentrated region of cyclonic vorticity.
Clearly, this feature, and the warm air flow reversal with which it is
associated can only appear below the steering level where the un-
disturbed flow is to the left. By contirast, parcels entering the warm
front region have very little vorticity and acquire it directly as a
result of the convergence there. Thus, the warm front éppears as a
relatively weak feature on the 1000 mb vorticity field'until a late
stage in the develofment. However, the trajectories indicate that a
séparation zone exists by the mature stage between the rising parcels
coming from the south and “the cold air stream from'the east. This
develops in the region of confluence seen at the liné;r stage on the
nérthern side of the temperature gradient. The separation appears as B
a vertical one in which warm air parcels override cdld air and then

tﬁrn to travel parallel to them (Fig. 1*). Near the stéering levei

some of the rising air moves into increasing pressﬁre'gradients at

higher levels and accelerates aheaa of the system. This can be seen .

in region Q'of'Fig. 15« The parcels in region B aéoend'inxo the upper

trough which has weak gradients and so the parcels travel, as at

lower levels, round the ¢entre. v.”_' ‘*.j o o ', i i:j‘-

In the last staga of. development, tha warm and eold air streams o




the centre in this period and become more alike at the two levels., The
circulation of cold air round the south side of the centrs removes the
maximum ascent further from the centre and changes the character of the
cold front. The trajectories indicate that relative flow is now
parallel on the two sides of the front but with ascent on the east side
and descent on the west side. The two streans of air are fed from
opposite directions at their southern ends and the warm flow, in parii-
cular, is strengthened as it moves north-eastwards (Fig. 21).
b. Moist run

During the linear stage, the input of the latent heat energy causes
an increase in growth rate without altering the baroclinic wave's
structure. Increassed vertical and horizontal motion was shown in
Fige 6, T. Growth continues at a greater rate in the later stages
and the surface pressure reaches its lowest value about a day earlier
than in the dry run. However, the presence of moisture also results in
local changes to the structure, particularly near the warm front where
latent heat release is concentrated. In Fig. 9 it was shown that this
results in increased ascent associated with cyclonic vorticity generation
and troughing of the height contours. This then leads to enhanced
descent and anticycionic vorticity generation downstream. The steep
parcel trajectories in the wérm front region imply a smaller scale of
disturbance than the initial perturbation and this is confirmed by the
spacing of tpe maxima of ascent and descent in Figs 9d, 20b. The
scale of the primary vertical circulation in the barvolinic wave is
determined in its early stages before saturation ocours. The extra
heating due to condensation occurs iﬁ the. region of ascent of the dry
wave. This heating leads to a local enhancement of the thermal gradient

and hence to an increased vertical wind shear through the thermal wind

w“ 26




equation. At the eastern end of the region of condensation, there is

a diffluent region and -enhanced forcing of descent. Thus a secondary
circulation is forced on a smaller scale than the main wave. It
consists of warm air rising at the warm front and acquiring cyclonic
vorticity at low levels, then losing its vertical velocity as it
approaches the tropopause and consequently acquiring anticyclonic
vorticity. It then flows rapidly east parallel to the front, in an
upper jet that has been strengthened in response to the increased
thermal gradients below. Finally, it descends again in the high
pressure region at the eastern end of the warm front.

Another secondary circulation appears on the cold front south of
the centre. This can also be related to latent heat release in the
ascending air on the warm side of the front. However, the descending
arm of this circulation is immediately 10 the west giving an enhanced
cross front circulation. The lower horizontal arm of this circulation
helps to push the surface cold front forwards resulting in the cold air
circulating round the centre at an early stage. Convergence associated
with the ascending arm of this circulation contributes to the develop—
ment of the narrow flow of air ahead of the cold front noted in Fig. 23.
Thus the presence 6f moisture may assist the development of a cold
froent jet.

A few comments should be made on the realism of the'experiment.
Firstly, the effect of moisture is determined by the quantity present .
rgther than'the.relative humidity. Since thé 950 mb temperature in
the warm air was only 2°C, the maximum moisture content was 4~5 gm kg .
Typical swmmer temperatures in westefn Europe would give values up to

three times these. Secondly, there was no replenishment of moisture

A

-




through surface fluxes. Thus moisture was gradually lost from the

model during the forecast. .This will have particularly affected air

which ascended again after descent to the surface.

5. CORCLUSIONS
The developing structure of an ideal baroclinic wave in a forecast

model has been described using trajectory techniques. Three stages
were analysed and a summary of the air flow at each stage was given .
in Fig. 3. At the linear stage there were no separation zones between
different regions of flow. The trajectories were almost bhorizontal,
and at low levels the air was left behind by the motion of the
depression. At the mature stage, the warm air flow on the south side
of the centre had accelerated to the system speed resulting in the
formation of two flow discontinuities, a ﬁorizontal one at the cold
front and a vertical one at the warm front. The final occluding stage
showed cold air parcels.circulating the pressure centre leading to a
changed structure at the'cold front. The flow patterns at the two "~
levels became similar at this stage.

~ The mature and occluding stages were compared with equivalent

0

times in an integration reported by Hoskins and West (1979) amd

 qﬁalitativé”agfeament was found. The difference in~magnitude of the

eyclonzo vort:clty in frontal regnons was explained in terms of

numerical amaethzng and the finer resqluiioﬁ a,' shle in tﬁemr mcdsl.



vertical velocities. This wasmostnoticea%le at the mature stage when
the rate of deepening of the. low pressure centre was almost doubled.
The local release of latent heat in ascending air resulted in the
formation of secondary vertical circulations. In the warm front region
a circulation was described with increased ascent in its western parts
and descent at the castern end. At the cold front, latent heat release
was seen to enhance the cross front circulation and may assist the
development of the cold front jet.

The analyses presented in section 3 describe the structural
development of an ideal baroclinic wave and will serve as a basis for

comparison with experiments using real initial conditions.
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Appendix: Derivation of a vorticity equation in finite differences

for the Lax-Wendroff integration scheme.

The analysis is performed on the equation

au N uz} < v:)u = )
ot at 9y (4)

The two step Lax-Wendroff integration scheme for Eq 4 may be written

ey = W A (TISES TGN (5)
=
= s —
Qpps = Uy - Af( ,.:;‘g q"“.a-v,‘“_ S vl,”: (6)

where a is the time level and

——

w2 (uleoy) + M(K-'deaj‘))/'z.:
Sew = (ulrdn,g) = w (o9)) /b

R

5

and SO On.

Note that u“, is sta.ggered by ha.lf a grid



,:""I'his is equiva.lent to the applioat:.on of a m.ne-po;.nt smoothing

Similarly the V component of the momentum equation satisfies the

relation
g_tV &' ""“3',’]{' Y “\;"""‘A‘& g;v.m(“ 5 O (Af) (8)

In order to form the vorticity equation, Eqs 7, 8 are differentiated
and subtracted with a.vemging_ applied where necessary. From the

resulting expression the terms corresponding to the total derivative
of vorticity may be extracted. The form of these terms is determined

to maintain consistency with the advection terms in Zgs 7, 8. Thus

ey WYY g’ S "“‘3‘& 9)

(1Y)

Au)

The remaining terms are those associated with the stretching term of

the vorticity equation and have the form

(10)

‘@ &-—-xu:u“(g- --u'&g‘.‘_ S .\_l..mus) s. - ayy (S‘* 53.3* s, —ixuy )x
fa oy
which is close to uﬁ @ where f, @, are the simplest

finite d1fference forms of the vorticity and d:.vergence on this gnd.. i

 _ ara.tor to eaoh fa.eld sepa.rately- Tngl calcula.tmns have
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