N

N

Analysis and diagnosis of the composition of
ageostrophic circulations in jet-front systems

Jean-Pierre Cammas, Daniel Ramond

» To cite this version:

Jean-Pierre Cammas, Daniel Ramond. Analysis and diagnosis of the composition of ageostrophic
circulations in jet-front systems. Monthly Weather Review, 1989. hal-01985067

HAL Id: hal-01985067
https://uca.hal.science/hal-01985067
Submitted on 17 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://uca.hal.science/hal-01985067
https://hal.archives-ouvertes.fr

NOVEMBER 1989

JEAN-PIERRE CAMMAS AND DANIEL RAMOND

2447

Analysis and Diagnosis of the Composition of Ageostrophic Circulations
in Jet-Front Systems

JEAN-PIERRE CAMMAS AND DANIEL RAMOND

Observatoire de Physique du Globe de Clermont-Ferrand, Laboratoire de Météorologie Physique,
Université Blaise Pascal, Clermont-Ferrand, France

(Manuscript received 23 November 1988, in final form 10 May 1989)

ABSTRACT

Diagnostic case studies of ageostrophic circulations in upper-tropospheric jet-front systems are presented,
using the numerical analyses of the ECMWF model as data sources. The impact of the ECMWF analysis
procedure on the retrieved ageostrophic fields is first discussed. Upper-level fields of the ageostrophic wind and
its divergence are computed in the natural coordinates system in order to analyze the composition of the
transverse (cross-stream ) and the alongstream ageostrophic components that are induced by alongstream wind
variations and curvature effects respectively. The analysis shows that the curvature effects can contribute in a
predominant way to the upper-tropospheric divergence field in entrance or exit regions of jet streaks, so as to
sometimes inhibit the expected transverse circulations. Several transverse indirect circulations are displayed in
the exit regions of jet streaks. A case of lateral shift towards the anticyclonic side of the jet axis of an indirect
circulation is discussed with respect to the conceptual approach based on the frontogenetic forcing in highly

idealized two-dimensional flow configurations.

1. Introduction

The transverse vertical circulations associated with
upper-tropospheric straight jet streaks were first inves-
tigated by Namias and Clapp (1949), and subsequently
by Bjerknes (1951), Riehl et al. (1952), Murray and
Daniels (1953), Reiter (1961) and Cahir (1971).
Bjerknes (1951) and Uccellini and Johnson (1979)
define the jet-streak circulation patterns as adjustments
of the mass field to the momentum field at synoptic
to mesoscales. Alongstream wind variations in the en-
trance and the exit region of a straight jet streak induce
transverse (cross-stream ) ageostrophic motions, which
involve mass adjustments in the depth of the tropo-
sphere and then an isallobaric response to these adjust-
ments in the lower troposphere. Figure 1a shows the
deduced patterns of two-dimensional direct and indi-
rect vertical circulations respectively in entrance and
exit regions of straight jet streaks. Reiter (1969), Dan-
ielsen (1974), Uccellini and Johnson (1979), Blustein
and Thomas (1984), Brill et al. (1985), Uccellini et
al. (1984, 1987), and Achtor and Horn (1986) have
related the effects of these vertical circulations to the
cyclogenesis and to the development of severe convec-
tion for several case studies. Uccellini and Johnson
(1979) investigated the role of transverse circulations
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in the coupling of upper-level jet streaks and low-level
jets and surface fronts.

In view of an analysis of the frontogenetical processes
leading to the formation and to the maintenance of
upper-level frontal zones associated with straight jet
streaks, Shapiro (1981, 1982, 1983), Keyser and Pec-
nick (1985a,b), and Keyser and Shapiro (1986) in-
vestigated the interplay between geostrophic and
transverse ageostrophic circulations within jet-front
systems. In order to explain the observed vertical cir-
culation in jet-front systems Shapiro (1981) argues
that, in case of highly idealized two-dimensional flow
configuration involving a straight jet—front system, a
suitable approximation is the geostrophic momentum
approximation introduced first by Eliassen (1948). By
qualitative deductions from the Sawyer-Eliassen di-
agnostic equation (Sawyer 1956; Eliassen 1962),
Shapiro (1981, 1983) and Keyser and Shapiro (1986)
consider the combined effects of confluence (difflu-
ence) and horizontal shear in forcing direct (indirect)
vertical transverse circulations in the entrance (exit)
region of a jet streak. Shapiro (1981, 1983) argues that
the thermal advection observed in an evolving baro-
clinic wave, a consequence of the phase difference be-
tween the geopotential height and thermal waves, pro- .
vides the ageostrophic circulations the possibility to be
forced by both confluence (diffluence) and horizontal
shear. Keyser and Shapiro (1986) derived from the
Sawyer—Eliassen equation that, in absence of horizontal
shear, direct and indirect vertical circulations in the
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FIG. 1. Schematic representation of the ageostrophic motions
(heavy arrows) and associated patterns of convergence (CON) and
divergence (DIV) in the vicinity of (a) a straight jet streak in the
absence of along-contour thermal advection (after Bjerknes 1951)
(b) a uniform jet stream within a stationary synoptic scale wave
(after Bjerknes and Holmboe 1944). Both representations are as-
sumed to apply at or near the level of maximum wind, where the
horizontal wind distribution is most distinct and the flow is approx-
imatively horizontal. Solid lines indicate geopotential height on a
constant pressure surface; dashed lines are isotachs (maximum wind
speed dashed). Adapted from Shapiro and Kennedy (1981).

confluent entrance and diffluent exit regions, respec-
tively, are centered about the jet axis, as shown by Fig.
la. In cases of upper-tropospheric thermal advection
resulting from horizontal shear, the predicted effect of
the superimposed horizontal shear is to shift the direct
and indirect circulations laterally towards the cyclonic
or anticyclonic side of the jet axis, depending on the
sign of the thermal advection.

However attractive the concepts of ageostrophic cir-
culations developed from the Sawyer—Eliassen equation
may be, we must bear in mind the limitations of this
equation. Based on the geostrophic momentum ap-
proximation and the thermal wind relation, the diag-
nostic equation describes only the ageostrophic cir-
culations that are required to tend back towards a geo-
strophic balance. By neglecting the effects of the
advection and of the temporal variations of the ageo-
strophic component of the wind, the Sawyer-Eliassen
ageostrophic circulations do not take into account the
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contributions of the nongeostrophic processes which
make that the atmosphere do not always tend towards
a geostrophic balance (Uccellini et al. 1984). Further-
more, the application of the geostrophic momentum
approximation on a straight frontal zone, i.e., the cross-
front geostrophy approximation, implicitly states that
it is the wind field that adjusts to the thermal field
which is not initially the case for synoptic to mesoscales.
The deductions from the Sawyer—Eliassen equation
should be used to make easier the understanding of
the role of ageostrophic circulations on upper-level
frontogenesis for idealized flows situations.

The numerical results obtained by Keyser and Pec-
nick (1985a,b), with a two-dimensional primitive
equation model of frontogenesis applying to idealized
two-dimensional flow pattern, are in agreement with
the qualitative deductions described above. In a cold
advection case, they illustrate the shift of the direct
circulation on the anticyclonic side of the jet axis and
the frontogenetical effect of such a circulation coming
from a strong midtropospheric subsidence beneath the
jet core on the warm side of the developing baroclinic
frontal zone. As observed in experimental case studies
(Staley 1960; Danielsen 1968; Reiter 1975; Shapiro
1980; Uccellini et al. 1985; Uccellini 1986), strong
midtropospheric subsident velocities on the warm side
of the frontal zone are associated with a tropopause
fold event, a process by which air originating from the
lower stratosphere penetrates deeply into the midtro-
posphere, sometimes reaching the 700 mb level (Dan-
ielsen 1959).

Beebe and Bates (1955) have first studied the issue
of centripetal acceleration induced by significant cur-
vature in the flow with respect to the straight jet streak
circulation pattern. Buzzi et al. (1977), Shapiro (1981),
Newton and Trevisan (1984a,b), Uccellini et al. (1984)
and Keyser and Shapiro (1986) examine the three-
dimensional modifications, introduced by curvature in
the flow, to the two-dimensional vertical circulation
patterns considered above. Results of simulation of a
baroclinic wave growth with the three-dimensional (-
plane channel model of Newton and Trevisan
(1984a,b), in the absence of transverse ageostrophic
circulations, show the frontogenetical influence of an
along-contour (geopotential contour) ageostrophic
component induced by curvature of the flow. Accord-
ingly to Bjerknes and Holmboe (1944), Keyser and
Shapiro (1986) proposed, in a case of a uniform jet
stream within a stationary synoptic scale wave, a sche-
matical representation of the divergence field (Fig. 1b)
based on the gradient flow concept. Upstream of the
trough the subsidence related to along-contour vari-
ations in curvature is shown to be frontogenetical for
parcels migrating from the upstream ridge to the base
of the trough, and is favorable for a tropopause fold
event (Newton and Trevisan 1984a,b).

Following their conceptual approach, Keyser and
Shapiro (1986) conclude that in the case of a jet—front
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system located at the base of a long-wave trough, the
effect of curvature is to reinforce the vertical branches
of the transverse ageostrophic circulations beneath the
jet axis. Such a conceptual approach is of considerable
interest as it simplifies the understanding of the dy-
namical processes which produce vertical circulations
in upper-level frontal zones. However, because of the
gaps in observational data (spatial coverage and tem-
poral resolution), additional case studies are recom-
mended to examine the relative contributions of the
transverse and alongstream components of the ageos-
trophic circulations to upper-level frontogenesis, during
the life cycle of baroclinic waves.

Such is the purpose of the present study in which
we present, for several experimental situations, diag-
nostic analyses of ageostrophic circulations in jet—front
systems. We have used the numerical analyses of the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) model as data sources, taking advan-
tage of the regular latitude-longitude gridded form, the
dynamical consistency and the spatial coverage of these
datasets to work in natural coordinates. With a simple
method, fields of cross- and alongstream components
of the ageostrophic wind, that are associated with
alongstream speed changes and centripetal accelera-
tions respectively, are displayed. Their relative contri-
butions to the upper-level divergence field are analyzed
in order to diagnose ageostrophic circulations in the
entire depth of the troposphere.

Section 2 is a description of the ECMWF analysis
scheme valid for 1984 in order to measure the potential
impacts of such an assimilation scheme on our results.
In sections 3 and 4, diagnosis and analysis of the trans-
verse and the alongstream ageostrophic components
are made for two case studies. Section 5 presents the
analysis of a case of warm advection. Results are sum-
marized in section 6.

2. A brief description of the ECMWF analysis scheme

The analyzed variables are geopotential height and
wind components at 15 standard pressure levels from
1000 to 10 mb, and geopotential thickness between
them. A regular 1.875° latitude-longitude grid is used.
The data assimilation scheme includes a numerical
model which can update the information from past
observations to the current analysis time, and an as-
similation of all the data with a fully three-dimensional
optimum interpolation method, multivariate in wind,
height and thickness (Lorenc 1981; Lonnberg and
Shaw 1986). Observed minus first-guess (the 6 hour
forecast) deviations for all the variables are analyzed
to give increment fields which are then added to the
forecast fields. The geopotential height errors and their
correlations are first statistically specified as a smooth
global three-dimensional field. Wind errors and their
correlations are derived by modeling the streamfunc-
tion and velocity potential errors. The velocity potential
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errors are assumed to be negligible, which constrain
the analyzed wind increments to be nondivergent. For
multivariate height and wind analyses, the cross-cor-
relations between height (and hence thickness) and
wind errors are specified assuming that the height and
wind covariance errors obey the geostrophic relation-
ship. Then the analyzed increments would do so also.
The hydrostatic relationship enters in the conversion
of temperature observations to thicknesses. The ana-
lyzed vertical velocities are obtained from the com-
putation of the horizontal divergence in the equation
of continuity.

As described above the nondivergence and the geo-
strophic relationships of the analyzed increments are
the only constraints in the ECMWF analysis scheme.
Then the divergence and the ageostrophic wind in the
analysis field come principally from the forecast model,
that is to say, from the primitive equations. Since no
other hypothesis or constraint—such as the gradient
wind balance for example—is added, there is no par-
ticular biases or forcings towards either of the com-
ponents of the ageostrophic wind that are associated
with alongstream speed changes or centripetal accel-
erations in the flow. In order to complete the issue
about an eventual impact of the analysis procedure on
the computed ageostrophic wind fields, we have verified
on a few examples (not shown) that for the same ab-
solute time the ageostrophic winds derived from the
analysis and from the 6 hour forecast fields are nearly
identical. It is thus concluded that there is no note-
worthy bias imposed by the analysis procedure on the
computed ageostrophic wind fields.

The analysis fields used in this study are the unini-
tialized fields; they usually fit the individual observa-
tions somewhat better than the initialized fields filtered
by a projection on normal modes deduced from the
primitive equations. Relative to the horizontal ageo-
strophic wind field it amounts to the same thing to use
the initialized or uninitialized fields because the normal
modes of the forecast model are compatible with the
first-guess wind and therefore compatible with the
ageostrophic wind in the first-guess field. The analyzed
vertical velocities are less smoothed in the uninitialized
fields than in the initialized fields, but there is no dis-
advantage to use them according to the characteristic
scales of our study.

We have used a 1.5° latitude-longitude grid which
should be regarded as a practical lower limit for the
bilinear interpolation of the analyzed upper fields due
to the triangular truncation scheme used at ECMWF
(Meteorological Bulletin of ECMWF, 1982). The
smoothing of the fields is that linked to the analysis
scheme; i.e., (i) the 1.875° analysis grid, (ii) the res-
olutions of the observations, (iii) the resolution of the
correlation functions of the optimal interpolation (a
T35 scheme in 1984; i.e., a 300 to 400 km resolution).
Although it is difficult to define the resolution of the
analysis field—due to a large variance of the resolution
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of the observations—an average resolution of 200 to
400 km would be accounted.

It is clear that the vertical resolution in the analyzed
fields is a constraint that may tend to eliminate inter-
esting features for our use, such as tropopause folds.
The studies of Elsberry and Kirchoffer (1988) have
demonstrated how much detail is lost making use of
the ECMWF analysis data on the mandatory levels for
cross sections in tropopause fold, as compared to the
same cross sections using available radiosonde data in
the studies of Uccellini et al. (1985). However, at jet-
stream level the scale of the regular latitude-longitude
gridded data of the ECMWF analysis fields is compat-
ible with the spatial variations of speed along the axis
of the jet stream, and with the scales of associated dy-
namical features in the wind relevant to our study. In
order to present the results we have selected the 300
mb level for all the horizontal analyses pertaining to
the upper-troposphere. Indeed, at this level the jet pat-
tern is well defined, particularly for real and ageos-
trophic wind fields and for divergence fields. The frontal
gradients in the temperature fields at this level are typ-
ically more diffuse than those at a lower level (about
- 400 mb), however the separation of phases between
height and thermal waves and the so-called different
cases of cold or warm advection can be distinguished
at this level.

3. Case study: 1 June 1984 at 1800 UTC
a. Synoptic situation

Figure 2a shows the geopotential and temperature
fields in the upper troposphere on 1 June 1984 at 1800
UTC over western Europe. The geopotential wave is
characterized by a meridionally oriented trough, the
axis of which is noted T on Fig. 2a about 15°W, and
aridge R oriented southwest to northeast about 10°E.
At 1800 UTC 1 June 1984 two jet streaks, noted JS1
and JS2, respectively, on Fig. 2b, are diagnosed up-
stream and downstream of T. This general spatial pat-
tern is maintained during the baroclinic wave evolution
between 1 and 3 June 1984; the trough axis reaches
5°W by 0600 UTC on 3 June 1984, as can be seen on

- Fig. 19. In order to get an additional sense of the ad-
equacy of the ECMWF analyses for the present pur-
poses we have also displayed on Fig. 3 the radiosonde
data at 300 mb for one synoptic time analysis at the
beginning of the case study, at 1200 UTC 2 June 1984.

b. Ageostrophic wind field in the upper tropospheré

We define a natural coordinate system where s is
the alongstream (longitudinal) coordinate parallel to
the wind vector V and n is the cross-stream (transverse)
coordinate perpendicular and to the left of the hori-
zontal flow (see Fig. 4), as it has been used by Uccellini
and Johnson (1979), Shapiro and Kennedy (1981)
and Achtor and Horn (1986). In this natural coordi-
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FIG. 2. (a) Geopotential a;ld temperature fields at 300 mi) for
1800 UTC 1 June 1984, geopotential contours are drawn in solid

lines (X103 m?s72), isotherms in dashed lines (°C). The trough and

ridge axes are noted T and R, respectively. The meridians 10°W, 0°,
and 10°E are displayed.:(b) 300 mb wind field for 1800 UTC 1 June
1984, isotachs in m s™! for speed greater than 30 m s™', shading
represents wind speed interval between 40 and 50 m s™* to depict jet
streaks indicated by JS1 and JS2. The line with arrows indicates the
axis of highest wind speeds. AB indicates the plane of the cross section
of Fig. 11.

nate system the frictionless form of the horizontal
equation of motion is:

dv

Van =+ - (1)
V2

Vas = —f~" ® (2)

where V,, is the ageostrophic wind component trans-
verse to the flow, V,, is the alongstream ageostrophic
component, V' is the wind velocity, f is the Coriolis
parameter, and R, is the curvature radius of the trajec-
tory. The ageostrophic component V,, is associated
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FIG. 3. Wind field at 300 mb for 0000 UTC 2 June 1984, isotachs
inm s™! every 10 m s~! (ECMWF analysis data). Radiosonde winds
at 300 mb for synoptic stations, each flag denotes 25 m s, each full
barb denotes 5 m s~', each half-barb denotes 2.5 m s™!. Crosses
every 10° in latitude and longitude.

with alongstream speed changes, while the component
Vs 1s associated with the centripetal acceleration on a
curved trajectory.

Figure 5a shows the transverse ageostrophic com-
ponent V,, field computed by vectorially subtracting
the geostrophic wind from the analyzed wind, and by
projecting ageostrophic wind vectors in the natural co-
ordinate system defined by the analyzed wind vectors.
Ageostrophic transverse flow towards greater heights
of the order of —15 and —10 m s™! is shown in the exit

&5 A

o<
I

FI1G. 4. Schematic of the natural coordinate system used. Streamline
(solid curve) of the flow with the two components V,, and V,, of the
ageostrophic wind along the natural vectors n and s, R, radius-of-
trajectory curvature for a finite element of the streamline.

Vin (m s71)
1800 GMT 1 JUNE 1984
300 mb

Voo (ms71)
1800 GMT 1 JUNE 1984
300 mb

(b)

FIG. 5. (a) Transverse ageostrophic wind component ¥V, at 300
mb for 1800 UTC 1 June 1984. Positive values in solid lines, negative
values in dashed lines, units in m s~'. Key features as in Fig. 2b. (b)
Alongstream ageostrophic component ¥, at 300 mb for 1800 UTC
1 June 1984. Positive values in solid lines, negative values in dashed
lines, units in m s~'. Key features as in Fig. 2b.

regions of jet-streaks JS1 and JS2, respectively. The
ageostrophic transverse flow V,, towards lower heights
reaches the maximum values of the order of +10 m
s7! in the entrance region of the jet streak JS2; this
maximum of V,, is not centered about the jet axis, but
is shifted laterally on its anticyclonic side. This last
observation will be discussed in section 5.

Figure 5b shows the alongstream ageostrophic com-
ponent V, field in the upper troposphere. Strong neg-
ative and positive values of V,, of the order of —30 and
+20 m s~! are found near the trough T and ridge R
axes, respectively. The values of V,, and V,, displayed
on Figs. 5a and 5b are in good agreement with those
obtained by Achtor and Horn (1986) although the
method used is quite different. These authors used the
horizontal vector equation of motion in natural co-
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ordinates to compute on a 2° X 2° grid the cross- and
alongstream components of the ageostrophic wind, as-
suming that at the level 300 mb the primary contri-
butions are the curvature and speed-advection.

A’ can be seen by comparing V,, to ¥, fields (Figs.
5a and 5b), most of the ageostrophic wind in the exit
and entrance regions of the jet streaks JS1 and JS2
respectively is due to curvature. Therefore, concerning
the total ageostrophic wind field we find that contri-
butions due to centripetal acceleration associated with
cyclonically or anticyclonically curved trajectoriés can
be also predominant in the entrance or the exit regions
of jet streaks. The flow pattern in the present case study,
with a jet streak embedded between a trough and a
ridge axis, is a complementary case study of those in-
tegrated in the idealized scheme of the progression of
the jet—front system in a baroclinic wave that has been
reviewed by Keyser and Shapiro (1986, see their Fig.
19). In the conceptual model derived by these authors
the curvature effects are taken into account when the
jet—front system is at the base of the long-wave trough,
a flow pattern in which the flow curvature is relatively
weak in the entrance and the exit region of the jet
streak, and is significant at its center.

In order to establish a diagnostic of ageostrophic cir-
culations in the depth of the troposphere we now ex-
" amine the divergence field in the upper troposphere,
concentrating on fields at the 300 mb level.

¢. Divergence fields in the upper troposphere

1) DIVERGENCE FIELD OF THE AGEOSTROPHIC
WIND

On a constant pressure surface, the ageostrophic di-
vergence is expressed as:

V,V,=V, V-V,.V, (3)

with

-

Vpr Vg = —}—gg cotge
where v, is the meridional geostrophic wind compo-
nent, Ry is the radius of earth and ¢ is the latitude.
Both total divergence and ageostrophic divergence
maxima are of the order of 4to 5 (X 1073 s™ ') in our
case study, whereas geostrophic divergence maxima are
of the order of 0.6 X 1073 s~'. So, we examine the
divergence field of the ageostrophic wind to interpret
the divergence and convergence maxima of the total
wind field, neglecting in a first approximation the geo-
strophic divergence.

Figure 6 displays the divergence field of the ageos-
trophic wind in the upper troposphere at 1800 UTC 1
June 1984, For clarity, the convergence and divergence
maxima are noted as follows:

(4)

e C1 for the convergence maximum upstream the
trough axis T,
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Y, V. (1075 s71)
1800 GMT 1 JUNE 1984 /1/
300 mb

FIG. 6. Ageostrophic divergence field at 300 mb for 1800 UTC 1
June 1984; positive values in solid lines, negative values in dashed
lines, units (X107 s™!). Key features as in Fig. 2b.

e D1 and D4 for the two divergence maxima be-
tween the trough T and ridge R axes,

e D2 for the divergence maximum- on the anticy-
clonic side in the entrance region of the jet streak JS2,

e D3 for the divergence maximum on the cyclonic
side in the exit region of the jet streak JS2,

o C2 for the convergence maximum downstream of
the ridge axis R.

2) CONTRIBUTIONS OF THE NATURAL COMPO-
NENTS OF THE AGEOSTROPHIC WIND

In order to investigate the contributions of both the
transverse and longitudinal ageostrophic wind com-
ponents to each maximum in the upper-level diver-
gence field, we compute the ageostrophic divergence
in the natural coordinate system as

Wan , [Vas , Van
+[—==+
on [ ds R,

&

“ dn

V, V.= - ] (3)
where ¢ is the wind direction in the meteorological
convention. If the air travels much more rapidly than
the streamline patterns, which is usually the case, one
may with some approximation (Reiter 1961) equalize
the trajectory curvature K; = 1/R, and the streamline
curvature defined by
1 &y
K, R, 9s’

In a case of a negligible curvature of the flow, the
bracketed terms of the Eq. (5) tend to zero. They total
the contribution of the curvature of the flow to the
ageostrophic divergence, whereas the term 8V,,/0n of
this equation is the contribution of the alongstream
speed changes in a straight flow.

For the convenience of our purpose the Eq. (5) can
be also written: .

(6)
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V,-V, =TI+ [T2 + T3 + T4]
=T + [T2 + T34] = T + [T234]

where all the bracketed terms are curvature terms.
Gradients in the natural coordinate system are de-
fined through the following operators:

0 1 1 aJ d
2w vy (420 2] (8
% Kl ||vu(“ax ay) ®)

(7

0 1
a——n-v ~mv-(kAV)
1 a a
—m(—va‘f-u@) 9

where x and y are the coordinates in the Cartesian
system oriented west-east and south-north, respec-
tively, and u and v are the zonal and the meridional
components of the wind respectively.

The computation of the ageostrophic divergence in
the natural coordinate system with Eq. (5) implicitly
depends on the determination of the radius of trajectory
curvature, whereas the one performed in the Cartesian
coordinate system with Eq. (3) does not. So, the use
of the natural coordinate system, with a resolution de-
fined on the 1.5° gridded dataset of ECMWF analyses,
in regions of lowest speed flow and strong gradients in
curvature, should be viewed with some caution. We
exclude from the further interpretations of the diver-
gence field the stippled regions displayed on Fig. 7 be-
cause of the lack of precision obtained in computing
the ageostrophic divergence in the natural coordinate
system. In these last regions the absolute difference E
between ageostrophic divergences computed with Eqs.
(3) and (5), respectively, i.e.:

T1 (1075 s71)
1800 GMT 1 JUNE 1984 }
300 mb

FIG. 7. Ageostrophic divergence field related to the term T1 (see
text) at 300 mb for 1800 UTC 1 June 1984, positive values in solid
lines, negative values in dashed lines, units (X1073 s~!). Stippled
regions are regions for which the quantity E (see text) is greater than
0.3 X 1073 s, Key features as in Fig. 2b.
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E:

(V,: V-V, V)

_(a_Vﬂ+[éV_as+@~ . y])
on as R, on

is more than 0.3 X 1075 s™!, about 10% of the maxi-
mum divergence field observed. As can be seen on the
ageostrophic divergence field computed through Eq.
(3) and displayed on Fig. 6, there is no ageostrophic
divergence (convergence) maximum in the stippled
regions displayed on Fig. 7. So, the lack of precision
obtained in computing ageostrophic divergence wind
field in the natural coordinate system is not a limitation
for our purpose.

(10)

(1) The transverse ageostrophic wind component V,,

Figure 7 displays the contribution to the ageostrophic
wind divergence field of the term 8V,,/dn in (5), i.e.,
the term T1. This field would be the divergence induced
by the transverse ageostrophic wind component, in the °
case of negligible curvature of the flow. As expected
this field schematically reproduces the “four-cell” pat-
tern of convergence and divergence in the vicinity of
a straight jet streak (Fig. la), as they can be deduced
from considerations about the alongstream wind speed
variations (Bjerknes 1951; Uccellini and Johnson
1979). The centers of convergence and divergence in
the entrance and the exit regions of the jet streak JS2
and those in the exit region of the jet streak JS1 are
indications of the direct and the indirect circulations
related to the jet streak JS2, and of the indirect circu-
lation in the exit region of the jet streak JS1 respectively.
In the entrance region of the jet streak JS2, the lateral
shift, towards the anticyclonic side of the jet axis, of
the convergence and divergence centers is in agreement
with Shapiro’s deductions (1981) on the effect of the
horizontal shear in case of alongfront thermal advec-
tions, and will be discussed in section 5.

However, the comparison between Figs. 6 and 7
shows that the contribution of the term 3V, /d# to the
ageostrophic divergence is not predominant, only the
divergence maxima D2 and D3 result from the con-
tribution of this last term. Thus, the signatures of both
direct and indirect transverse circulations observed in
the 8V,,/dn field (Fig. 7) relative to the jet streaks JS1
and JS2 are only partially reproduced in the total
ageostrophic divergence field (Fig. 6). Therefore sig-
nificant contribution of the curvature effect to the up-
per-tropospheric divergence field is evident.

(ii) The longitudinal ageostrophic wind component
VGS

Figure 8 displays the ageostrophic divergence field
related to the curvature terms in the Eq. (5); i.e., the
term noted T234 [see Egs. (5) and (7)]. A comparison
of Figs. 6, 7 and 8 shows that the curvature terms in
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T2 + T3 + T4 (1075 s71)
1800 GMT 1 JUNE 1984
300 mb

FIG. 8. Ageostrophic divergence field related to the term T234 (see
" text) at 300 mb for 1800 UTC 1 June 1984, positive values in solid
lines, negative values in dashed lines, units (X10~° s '), Key features
- asin Fig. 2b and Fig. 7.

the Eq. (5) yield a predominant contribution to the
total ageostrophic divergence. Thus, the convergence
and divergence maxima Cl1, C2, D1, D4 observed on
the total ageostrophic divergence field are the signature
of curvature effects, which appears to be predominant
in this case study. Uccellini et al. (1984 ) have discussed
the evolution of the upper-level divergence field and
associated changes in the transverse circulations when
a jet streak approaches a ridge axis. They found that
the curvature effects imply a basic contribution to the
maximum divergence immediately upstream of the
ageostrophic wind maximum near the ridge axis. The
location of the divergence maximum D4 (Fig. 6) shows
that our results are in good agreement with those of
Uccellini et al. (1984).

Furthermore we can see that all the maxima of con-
vergence (divergence) C1, C2 (D1, D4) are located
within the strong negative (positive) alongstream gra-
dients of the ageostrophic wind component V (see
Fig. 5b). According to this last observation, the con-
tribution of the two most right bracketed term in (5);
i.e., the term T34 to the total ageostrophic divergence

- appears weak, which is confirmed by the striking sim-
ilarity of the T234 field (Fig. 8) and the T2 field (Fig.
9). For the flow pattern of this case study (i.e., a jet
streak embedded between a trough and a ridge axis)
an analysis of the signs of the terms T3 and T4 [see
Eqgs. (5) and (7)] show that they are opposite on both
sides of the trough T or the ridge R axis which explains
their weak total contribution. However, the possibility
to neglect in a first approximation the contribution of
the T34 term to the total divergence, which permits
an interpretation of the divergence field with only the
fields of the natural components of the ageostrophic
wind, should be examined for each case study. In a
case of a jet streak at the base of a long-wave trough,
an identical analysis of the T3 and T4 signs would

WEATHER REVIEW

VOLUME 117

show that they are of the same sign as each other on
both sides of the trough axis, which does not allow us
to neglect their total contribution a priori.

Most of the contribution of curvature terms to the
upper-level divergence field in the present case study
is induced by alongstream gradients of the component
V.s. Now, we are comparing this contribution to that
deduced with the gradient wind concept.

(iii) Contributions of the curvature advection term

Shapiro (1983) and Keyser and Shapiro (1986) have
defined an idealized case of pure along-contour ageo-
strophic flow which satisfies all the assumptions leading
to the gradient wind. This case consists in a uniform
jet stream within a stationary synoptic-scale wave in
which horizontal speed changes d V'/dt vanish, elimi-
nating the cross-stream ageostrophic flow (Fig. 1b).
The horizontal divergence of the gradient wind, for
this idealized case of flow configuration is expressed as

L/r -l L’r :
V, Vg, = —(1 +£i) [5 ug,+—‘i(vg,-vpK)].

)T s

(11)

This expression contains two contributions: (i) a
term proportional to the § effect, namely Sv,,/ f, where
Vg, is the meridional component of the gradient wind
V.., and (ii) a term proportional to the advection of
curvature weighted by the gradient wind speed, namely
Ver(Vgr+ V,K)/ f. This last term is predominant (Key-
ser and Shapiro 1986) and induces maximum conver-
gence (divergence) values at the flow inflection up-
stream (downstream) of the trough axis along the
highest wind speeds (Fig. 1b).

In the T2 field (Fig. 9), two maxima of divergence
are observed between the trough T and ridge R axis.

T2 (10-5 s71)
1800 GMT 1 JUNE 1984
300 mb

FIG. 9. Ageostrophic divergence field related to the term T2 (see
text) at 300 mb for 1800 UTC 1 June 1984, positive values in solid
lines, negative values in dashed lines, units (X10~*s~*). Key features
as in Fig. 2b and Fig. 7. )
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They correspond to the maxima noted D1 and D4 in
the total ageostrophic divergence field (Fig. 6). These
two maxima are located in regions of strongest positive
alongstream gradients of the component V,, on each
side of the flow inflection region which is approximately
located nearby the line V,; = 0. The first maximum
D1 immediately downstream of the trough axis T is
far from both the flow inflection regions and the high
speed regions, which is in opposition to the conclusions
suggested by the concept of the gradient wind. Thus,
a significant difference is observed with the scheme of
Fig. 1b, which furthermore shows only one maximum
of divergence between the trough and the ridge axis of
the wave. On the other hand, two maxima of conver-
gence, noted Cl and C2, respectively, in the total ageo-
strophic divergence field, are observed in the T2 field
upstream the trough axis T and downstream the ridge
axis R. They are located nearby the flow inflection in
regions of strongest negative alongstream gradients of
the component V. Their locations are in good agree-
ment with that displayed on the schematic field of the
Fig. 1b.

In order to get a closer comparison of the contri-
bution of curvature in the present case study against
the one deduced from the gradient flow concept, we
have developed the expression of the term T2 to bring
out the curvature advection term, the contribution of
which is predominant in the horizontal divergence of
the gradient wind. If in a first approximation the vari-
ation of the Coriolis parameter f is neglected, the term
T2 can also be written:

T2 =—-1—(2VKﬂ+ Vz-a—lf).
S ds as

Then the term T2 contains two contributions: (i) a
term proportional to the alongstream speed gradient,
which does not exist in the aforementioned idealized
case of a uniform jet stream within a stationary syn-
optic-scale wave, and (ii) a term proportional to the
advection of curvature weighted by the wind and sim-
ilar to the one in Eq. (11). A straightforward analysis
of the sign of the two right terms of Eq. (12) in the
region where the divergence maximum D1 is observed
shows that these two terms are of opposite sign, the
term of curvature advection being positive and con-
tributing in a predominant way to the formation of
the divergence maximum D1. As a matter of fact, in
this region downstream of the trough T axis, we have
(K > 0) and (0K/ds < 0), and then a positive contri-
bution by the curvature advection term. It is also the
entrance region of the jet streak JS2 and we have (dV/
ds = 0), and then a negative contribution by the first
right term in Eq. (12). An identical analysis of sign in
the regions, where the divergence and convergence
maxima D4, C1, C2 are respectively observed, shows
the same results: all these maxima are induced by a
predominant contribution of the curvature advection
term.

(12)
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We find that the contribution of the curvature ad-
vection term to the total ageostrophic divergence field
is the predominant contribution induced by curvature
effects, as it could be deduced from the gradient wind
concept. Nevertheless we find that the locations of the
associated convergence and divergence maxima are not
necessary in the regions of flow inflection but are in
the regions of strongest alongstream gradients of the
longitudinal ageostrophic component V.

An analysis of the composition of cross- and along-
stream ageostrophic components can now be made and
allows us to discuss three-dimensional modifications
introduced by curvature effects to the transverse ageo-
strophic circulations. It can be seen by comparing the
T1 field (Fig. 7) to the total ageostrophic divergence
field (Fig. 6) that only the divergence maxima D2 and
D3 result from the pattern of the transverse ageo-
strophic component V,,. In particular there is no con-
vergence on the cyclonic side of the entrance region of
the jet streak JS2 (Fig. 6); there is instead a divergence
maximum noted D1 induced by curvature effects. The
midtropospheric vertical velocities in the entrance re-
gion of the jet streak JS2 are ascendant on both sides
of the jet axis, as can be seen in Fig. 10. The direct
vertical transverse circulation in the entrance region
of the jet streak JS2, which could have been expected
does not exist. So, this case study gives an example of
flow pattern where curvature effects result in midtro-
pospheric ascendant velocities below the cyclonic side
of the entrance region of the jet streak, which inhibits
the direct transverse ageostrophic circulation associated
to the confluence mechanism. It is a complimentary
case of flow pattern to that discussed by Keyser and
Shapiro (1986); i.e., the case of the jet—front system
located at the base of a long-wave trough, for which
they suggest a favorable superposition of the upward

w (ubs™t)
1800 GMT 1 JUNE 1984
500 mb

F1G. 10. Vertical velocity field in pressure coordinates at 500 mb
for 1800 UTC 1 June 1984, positive values indicate descent (solid
lines), negative values indicate ascent (dashed lines), unitsin gbs™.
Key features as in Fig. 2b.
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branches of the cross- and along-contour circulations
beneath the jet axis.

The upper-tropospheric fields of the total ageos-
trophic divergence (Fig. 6), the transverse ageostrophic
component (Fig. 5a) and its contribution to the di-
vergence (Fig. 7) allow us to diagnose in the exit region
of the jet streak JS2 an indirect transverse circulation.
As can be seen in Fig. 11, which.shows the component
of the three-dimensional ageostrophic wind in the plane
of the cross section along axis AB (see Fig. 2b), an
indirect transverse circulation is actually observed in
this region. Upward midtropospheric velocities of the
order of —3.5 ub s~! are observed below the maxima
of divergence D3 on the cyclonic side of the jet axis
(noted J on Fig. 11). In the upper troposphere the
horizontal ageostrophic component in the plane of the
cross section AB is of the order of 15 m s™! within the
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FIG. 11. Vector tepresentation of vertical motions and ageostrophic
wind components tangential to the plane of the cross section along
axis AB shown in Fig. 2b (1800 UTC 1 June 1984), total wind isotachs
in dashed lines, units in m s, jet axis is indicated by J, maxima of
convergence and divergence at 300 mb are indicated by D3 and C2
(see Fig. 6), magnitudes of ageostrophic wind and vertical velocity
components are represented by vector scales on lower-right margin
of the figure. Deduced from ECMWF data.
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‘WIND VECTORS

0600 GMT 2 JUNE 1984
300 mb

Speed scale : 40 m s~ —

F1G. 12. Wind vectors at 300 mb for 0600 UTC 2 June 1984.
Shading represents wind speed interval between 40 and 50 m s~ to
depict jet streaks indicated by JSI and JS2. The line with arrows
indicates the axis of highest wind speeds. The trough and ridge axis
are noted T and R respectively.

jet core. Midtropospheric subsident velocities of the
order of 1 ub s~! are found on the anticyclonic side of
the jet axis J, below the upper-level maximum of con-
vergence induced by the term T1 in the exit region of
the jet streak JS2 (Fig. 7). On the south extremity of
the cross section AB, midtropospheric subsident mo-
tions are of the order of 4 to 5 ub s™'. They are asso-
ciated with the convergence maximum, noted C2 in
the total ageostrophic divergence field (Fig. 6), induced
by curvature effects.

The natural component fields of the ageostrophic
wind in the upper troposphere are then of great utility
in interpreting the upper-tropospheric divergence field
formation and in diagnosing ageostrophic circulations
in the depth of the troposphere. The possibility to get
these analyzed and predicted fields from numerical
models on a routine basis as good as 6 hours allow
investigations of the relationship between ageostrophic
circulations associated with jet-front systems and cir-
culations in the vicinity of lower tropospheric fronts.

In the next two sections, the analyses of the situations
at 0600 UTC on 2 and 3 June 1984 show examples of
an indirect ageostrophic circulation in a case of non-
negligible curvature effects and in a case of warm ad-
vection respectively.

4. Case study on the 2 June 1984 0600 UTC

Figure 12 displays the wind vectors at 300 mb, 0600
UTC 2 June 1984. By comparing first the fields of the
natural componernts V,, and V, of the ageostrophic
wind (Figs. 13 and 14), and second their respective
contributions to the ageostrophic divergence field (Figs.
15 and 16), it can be seen that curvature effects in the
entrance region of the jet streak JS2 are once more
predominant. Consequently no signature of a direct
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Van (m s71)
0600 GMT 2 JUNE 1984
300 mb

T1 (1075 s7Y)

0600 GMT 2 JUNE 1984
300 mb

FIG. 13. Transverse ageostrophic wind component ¥V, at 300 mb _

for 0600 UTC 2 June 1984. Positive values in solid lines, negative
values in dashed lines, units in m s~'. Key features labeled as in
Fig. 12.

transverse ageostrophic circulation in the upper-tro-
pospheric ageostrophic divergence field (see Fig. 17) is
observed in the entrance region of the jet streak JS2.
More generally as long as this flow pattern, i.c., the
two jet streaks JS1 and JS2, respectively, upstream and
downstream of the trough axis T, has maintained dur-
ing the evolution of the baroclinic wave until the 3
June 1984, no direct transverse circulation has been
observed in the entrance region of the jet streak JS2.
This result is of particular interest because it shows an
example of a flow in which the tropopause folding
mechanism associated with the direct circulation
(Uccellini et al. 1985; Keyser and Pecnick 1985a,b;
Keyser and Shapiro 1986; Uccellini 1986) could not
be initiated in the entrance region of the jet streak JS2.

Vao (m 57!)
0600 GMT 2 JUNE 1984
300 mb

FIG. 14. Alongstream ageostrophic component V. Positive values
in solid lines, negative values in dashed lines, units in m s™'. Key
features labeled as in Fig. 12.

FIG. 15. Ageostrophic divergence field related to the term T1 (sce
text) at 300 mb for 0600 UTC 2 June 1984, positive values in solid
lines, negative values in dashed lines, units (X107 s™). Stippled
regions are regions for which the quantity E (see text) is greater than
0.3 X 1073 57!, Key features labeled as in Fig. 12.

In the exit region of the jet streak JS2 the diffluence
of the flow is well pronounced (Fig. 12). The contri-
butions of the natural components V,, and V, of the
ageostrophic wind to the divergence field (Figs. 15 and
16) are opposite in this region. However the contri-
bution of the natural component V,, to the total ageos-
trophic divergence field (Fig. 17) is predominant: a
signature of an indirect transverse ageostrophic cir-
culation is detected in this last field. Figure 18 shows
a projection of the three-dimensional component of
the ageostrophic wind in the plane of the cross section
AB (see Fig. 12) in the exit region of the jet streak JS2.
An indirect transverse circulation is well defined in this
vertical plane. The entire depth of the troposphere is

T2 (1075 s71)
0600 GMT 2 JUNE 1984
300 mb

FIG. 16. Ageostrophic divergence field related to the term T2 (see
text) at 300 mb for 0600 UTC 2 June 1984, positive values in solid
lines, negative values in dashed lines, units (X10™*s™!). Key features
as in Fig. 12 and Fig. 15.
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F1G. 17. Ageostrophic divergence field at 300 mb for 0600 UTC
2 June 1984; positive values in solid lines, negative values in dashed
lines, units (X1073s™"'). Key features as in Fig. 12 and Fig. 15.

affected by positive and negative vertical velocities of
the order of |2| ubs™', respectively, associated to the
- upward and downward branches of the indirect trans-
verse circulation on each side of the jet axis.

S. Lateral shift of the transverse circulations and ther-
mal advections

Among the cases studied during the period ranging

from 1 to 3 June 1984, several exhibited a lateral shift
of the upper-level transverse ageostrophic component,
and sometimes of the transverse circulation itself, to-
wards the anticyclonic side of the jet axis.
. For the case of 1800 UTC 1 June 1984, which is
presented in section 3 of this paper, such a lateral shift
of the transverse component is observed in the entrance
region of the jet streak JS2 as can be seen on Fig. Sa,
and also on Fig. 7 through its contribution to the total
divergence. However it has been shown that curvature
effects in the entrance region of the jet streak JS2 at
1800 UTC 1 June 1984 are predominant so as to inhibit
the midtropospheric vertical motions associated to the
direct circulation expected in this region. The case study
of 0600 UTC 3 June 1984 is more meaningful con-
cerning a lateral shift of a transverse circulation.

Figure 19 shows the geopotential and temperature
fields in the upper troposphere at 0600 UTC 3 June
1984. In the exit region of the jet streak JS2 (see Figs.
19 and 20) the flow is relatively straight, so the effects
of curvature of the trajectories are not significant. One
can observe on Fig. 20 a weak maximum of the order
of =5 to —10 m s™! of the transverse ageostrophic
component V,, which is shifted laterally on the anti-
cyclonic side of the exit region of the jet streak JS2 at
a distance of about 300 km. Patterns of the divergence
field of the ageostrophic wind (Fig. 21) complement
the signature of an indirect and laterally shifted ageos-
trophic circulation in the exit region of this jet streak.
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Positive values of divergence are found on the west
side of the maximum of ¥, nearby the jet axis, whereas
a maximum of convergence is found on the anticy-
clonic side of the jet axis on the east side of the max-
imum V,,. :

In order to show the indirect transverse circulation
in the exit region of the jet streak JS2, a projection of
the three-dimensional component of the ageostrophic
wind is made in the plane of the cross section AB (see
Fig. 20) and is displayed on the Fig. 22. This figure
shows an indirect transverse ageostrophic circulation,
laterally shifted on the anticyclonic side of the jet axis
of about 300 km. The upward branch of this circulation
is located beneath the jet axis with midtropospheric
vertical velocities of the order of ~4 ub s™!, whereas
its downward branch shifted on the anticyclonic side
of the jet axis displays midtropospheric vertical veloc-
ities of the order of 2 ub s, In the lower troposphere,
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FIG. 18. Vector representation of vertical motions and ageostrophic
wind components tangential to the plane of the cross section along
axis AB in Fig. 12 (0600 UTC 2 June 1984), total wind isotachs in
dashed lines, units in m s, jet axis is indicated by J, magnitudes of
ageostrophic wind and vertical velocity components are represented
by vector scales on lower-right margin of the figure. Deduced from
ECMWEF data. .
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Z (10° m? s72)

T(-1°C)

0600 GMT 3 JUNE 1984 X -

300 mb f 3 )
!
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V,.V, (1075 s71)
0600 GMT 3 JUNE 1981
300 mb

FIG. 19. Geopotential and temperature fields at 300 mb for 0600
UTC 3 June 1984, geopotential contours are drawn in solid lines
(X103 m?s72), isotherms in dashed lines ( °C). The trough and ridge
axis are noted T and R respectively.

about the 850 mb level, horizontal ageostrophic veloc-
ities about 4 m s™! complement the indirect circulation.

The case study of 0600 UTC 3 June 1984 shows that
the structure of the upper-level wind field is such that
the mass adjustment induced by speed changes is not
symetrical to the jet axis, i.e., the axis of the highest
wind speeds. The approach based on the concept of
mass adjustment and computations of the mass diver-
gence profiles (Uccellini and Johnson 1979), or the
approach used in this paper are based on the structure
of the wind field and they can diagnose an eventual
lateral shift of the transverse circulation. Bjerknes
(1951) discusses the shift of the transverse circulation

Van (m 571)
0600 GMT 3 JUNE 1984
300 mb

FIG. 20. Transverse ageostrophic wind component V,, at 300 mb
for 0600 UTC 3 June 1984. Positive values in solid lines, negative
values in dashed lines, units in m s~!. Shading represents wind speed
interval between 40 and 50 m s~ to depict jet streaks indicated by
JS1 and JS2. The line with arrows indicates the axis of highest wind
speeds. AB indicates the plane of the cross-section of Fig. 22.

FIG. 21. Ageostrophic divergence field at 300 mb for 0600 UTC
3 June 1984; positive values in solid lines, negative values in dashed
lines, units (X107 s7'). Key features labeled as in Fig. 20.

to the anticyclonic side of the jet as a function of re-
duced hydrodynamic stability. Uccellini et al. (1984)
argue that such a shift could be related to smaller values
of absolute vorticity associated to the anticyclonic shear
and curvature within the jet streak. Though of course,
the “information” of lateral shift is implicitly contained
in the structure of the upper-level wind field, it seems
difficult to extract it from a quick look on the isotachs
fields that are commonly available to the forecasters.
From a nowcasting point of view it would be very useful
to have a criterion which allows the forecasters to know
if the transverse circulations are centered about the jet
axis or are laterally shifted towards the anticyclonic or
cyclonic side of the jet axis.

Apart from the curvature effects, other authors have
also discussed the lateral shift of the transverse circu-
lations with a frontogenetic approach. Shapiro (1981)
and Keyser and Pecnick ( 1985a,b) have shown through
simulations on idealized flows that the shift of the
transverse circulations could be related to an horizontal
shear forcing that adds, if a thermal advection exists,
to the geostrophic confluence (diffluence) forcing in
the entrance (exit) region of the jet. Conceptual sche-
matics of the lateral shifts of the transverse circulations
have been reviewed by Keyser and Shapiro (1986) with
deductions based on the Sawyer-Eliassen equation.
Uccellini et al. (1985) and Uccellini (1986) have re-
lated their findings of a tropopause fold event induced
by a strong subsidence on the warm side of the front
with the lateral shift of the direct circulation on the
anticyclonic side of the jet entrance placed in a region
where a cold advection coincides with a cyclonic geo-
strophic wind shear.

In our case studies the thermal advection in the exit
region of the jet streak JS2 at 0600 UTC 3 June 1984
is positive (see Fig. 19 and 20), and a lateral shift of
the indirect circulation is actually observed towards
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FIG. 22. Vector representation of vertical motions and ageostrophic
wind components tangential to the plane of the cross section along
axis AB shown in Fig. 20 (0600 UTC 3 June 1984), total wind isotachs
in dashed lines, units in m s™', jet axis is indicated by J, magnitudes
of ageostrophic wind and vertical velocity components are represented
by vector scales on lower-right margin of the figure. Deduced from
ECMWF data.

the anticyclonic side of the jet axis (Fig. 20), in agree-
ment with the previous numerical and conceptual
studies. Furthermore, the lateral shift of the indirect
circulation towards the anticyclonic side of the jet axis
has continued during the five consecutive analysis fields
from 0000 UTC 3 June 1984 to 0000 UTC 4 June
1984, i.e., the period for which the thermal wave leads
the height wave (not shown ). In the same way at 1800
UTC 1 June 1984, the negative thermal advection in
the entrance region of the jet streak JS2 (Fig. 2a,b)
and the lateral shift of the transverse component (Fig.
5a) appear to corroborate the previous studies.

The two case studies described in this section are
obviously not documented enough to authorize a
straightforward generalization; in particular the
ECMWEF data, which this study is based on, are not
appropriate to solve at the desired scales the features
of upper-level frontal zones and tropopause folds ( Els-
berry and Kirchoffer 1988). Other well-documented
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case studies are certainly needed, using appropriate
mesoscale models.

6. Conclusion

" We have analyzed the contributions to the diver-
gence field of the transverse (cross-stream) and the
alongstream components of the ageostrophic wind in
upper-tropospheric jet-front systems taking advantage
of the regular gridded form, the dynamical consistency,
and the spatial resolution of datasets of ECMWF model
analyses to work in the natural coordinate system.

The role of the alongstream wind variations in forc-
ing transverse direct and indirect ageostrophic circu-
lations in the entrance and exit region of straight jet
streaks respectively (Bjerknes 1951; Uccellini and
Johnson 1979) have thus been investigated in several
observed flow patterns. The contribution of the along-
stream component of the ageostrophic wind to the up-
per-tropospheric divergence field has been analyzed in
order to show the three-dimensional modifications in-
troduced by curvature effects on the transverse circu-
lations.

Alongstream curvature advection is shown to be the
predominant term concerning the contribution of cur-
vature effects to the upper-tropospheric divergence
wind field in this case study. It results in vertical as-
cendant (subsident) midtropospheric motions down-
stream (upstream ) of the trough axis of the baroclinic
wave. It has been shown, for the entrance region of a
jet—front system located downstream of the trough axis
in the present case study, that curvature effects can be
predominant to such a point that the signature of the
direct transverse ageostrophic circulation do not appear
in the upper-tropospheric divergence field and therefore
in the midtropospheric vertical velocity field nearby
the jet—front system.

In a case of a jet—front system located at the base of
a long-wave trough, Keyser and Shapiro (1986), taking
into account both the forcing mechanisms of the trans-
verse circulations and the curvature effects, suggest a
favorable superposition of the upward branches of the
transverse and alongstream circulations beneath the
jet axis. In our case study the three-dimensional mod-
ifications induced by curvature effects on transverse
ageostrophic circulations yield a flow pattern different
from the above study; the composition of transverse
and alongstream ageostrophic components do not lead
to such a favorable superposition.

For several situations of a jet-front system embedded
in an evolving baroclinic wave, an indirect transverse
circulation has been identified in the jet-streak exit re-
gion for which vertical velocities within the upward
and downward tropospheric branches located on each
side of the jet axis are of the order of 2 to 4 ub s™'.
For a case of warm advection in the exit region of a
jet streak, an indirect transverse circulation has been
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found laterally shifted on the anticyclonic side of the
jet axis on a distance about 300 km. This result could
be an illustration of the effect of the horizontal shear
forcing in case of thermal advection, as has been shown
by Keyser and Pecnick (1985a,b) from numerical re-
sults on idealized flows, reviewed by Keyser and Shap-
iro (1986), and analyzed on case studies by Uccellini
et al. (1985) and Uccellini (1986). Further well doc-
umented case studies are certainly needed in order to
valid such an interpretation of the lateral shift of the
transverse circulation.

We have shown that there is no noteworthy bias
introduced by the ECMWF analysis procedure on the
retrieved ageostrophic wind fields. So their direct use
for diagnostic studies of ageostrophic circulations in
jet—front systems appears more appropriate than the
use of those derived from the quasi-geostrophic or the
geostrophic momentum approximations. Using the
natural coordinate system, we have shown that the ex-
amination on the constant pressure surface 300 mb of
ageostrophic fields, as those of the natural components
of the ageostrophic wind and those of the contribution
of these components to the divergence wind, allow to
infer in the entire depth of the troposphere the ageos-
trophic circulations associated to jet-front systems. It
is hoped that the method of diagnostic analysis devel-
oped in this study will be useful to investigate the re-
lationship between ageostrophic circulations in upper-
tropospheric jet-front systems and circulations in the
vicinity of lower tropospheric fronts.
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