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ABSTRACT

Pressure and temperature fields within a West African squall line, retrieved from dual-Doppler radar data
collected during the “COPT 81 (Convection Profonde Tropicale) experiment are presented. The method
for derivation of these results is approximately similar to that proposed by Gal-Chen, based on the anelastic
equation of motion.

Comparisons between pressure and temperature fields deduced from radar data at the lowest levels and
surface network measurements show good agreement. The inferred thermodynamic structure displays the
influence of a low-level frontward flow which is mainly due to a density current of cold air, generated in the
stratiform region of the squall line and resulting from a mesoscale downdraft. This frontward flow contributes
to initiate and maintain a frontal updraft through both nonhydrostatic pressure perturbation and temperature
difference between entering air and colder frontward flow. At higher altitudes, mixing with the environment
reduces buoyancy in the frontal updraft, while weaker convective updrafts develop in the inner region.

Comparisons between these results and the kinematic and thermodynamic structures deduced from a
previous observation (Le Mone, 1983) display different types of dynamics of organized convective systems,

1. Introduction

During the past decade, numerous observational
and numerical studies have been devoted to deep
convection, leading to more accurate descriptions of
air motion and precipitation processes. The improve-
ment of three-dimensional and time-dependent nu-
merical models has been such that they are now able
to provide a detailed representation of the kinematic,
thermodynamic and moisture (liquid and vapor) fields
within a convective flow (e.g., Wilhelmson, 1974;
Schlesinger, 1978; Cotton and Tripoli, 1978; Klemp
and Wilhelmson, 1978). Concurrently, progress in
Doppler radar technique and data analysis has been
accomplished and the present capabilities are such
that a reliable description of the three-dimensional
wind fields within a storm, with a resolution similar
to that of numerical models (i.e., 1 X 1 X 0.5 km?),
can be achieved using a properly designed multiple-
Doppler radar experiment (e.g., Ray et al, Kropfli
and Miller, 1976; Heymsfield, 1978).

A better understanding of the dynamics of deep
convection should arise from a closer relationship
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between both the modeling and experimental ap-
proaches. A significant effort in that direction has
been presented by Klemp et al (1981) who have
studied the detailed structure of a supercell tornadic
storm through the interactive use of Doppler radar
data and of a three-dimensional numerical simulation.
It has also been proposed that the modeling approach
be more directly used for interpreting the experimental
wind fields. In particular Gal-Chen (1978), Hane and
Scott (1978), Hane et al. (1981) have considered that
these experimental wind fields should obey the equa-
tion of motion. They have shown that the associated
pressure and temperature perturbation fields could
be retrieved from these data. In order to test their
method, these authors have used output from nu-
merical models instead of observations and have
obtained quite encouraging results,

To our knowledge, the first attempt to apply such
a method to real observations was presented by
Chong et al. (1980). The horizontal gradients of
pressure and iemperature perturbation, derived from
a dual-Doppler radar observation of a moderate
storm, displayed, in particular, the generation of
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pressure gradients through the interaction of vertical
motions and horizontal wind shear. Also the coun-
teractive behavior of the vertical pressure gradient
and buoyancy forces was shown. However, although
these resuits seemed plausible (similar features have
been deduced from observations or numerical mod-
els), the validity of the method could not actually be
assessed because of the lack of data allowing verifi-
cations. Encouraging results have also been obtained
in the retrieval of thermodynamic variables from
radar data for various meteorological situations (Hane
and Gal-Chen, 1982; Pasken and Lin, 1982; Gal-
Chen and Kropfli, 1983; Roux et al., 1983).

The present paper is a continuation of this effort.
Here the experimental wind fields are obtained from
dual-Doppler radar observation of a continental West-
African squall line, performed during the “COPT 81~
(Convection Profonde Tropicale) experiment. This
case study seems particularly appropriate to check
the validity of the pressure and temperature fields
reirieved from actual observations; first, because of
the existence of simultaneous measurements of pres-
sure and temperature at ground level, and then,
because of the quite simple structure of the observed
squall line which facilitates the interpretation and the
comparison with the verification data.

Section 2 recalls the principles of the analysis and
describes, in details, the variational method used to
retrieve pressure and temperature fields. In section 3,
after a brief description of the observed squall line,
the thermodynamic fields deduced are compared with
surface network data; the inferred thermodynamic
structure of the squall line is discussed and compared
with previous similar observations.

2. The retrieval of pressure and temperature pertur-
bations from radar data

a. Principles of the analysis

We assume, through an elaborate processing of the
radial velocity fields observed in a multiple-Doppler
radar experiment, that we have obtained a reliable
representation of the three-dimensional air motion
field within the precipitating region of a storm.
Through an approach similar to that developed by
Gal-Chen (1978), we consider the first order “anelas-
tic” approximation of the equation of motion. Fol-
lowing Wilhelmson (1974), it may be written as

DV 38V
—D—t = Bt— +(V-V)Vv
;W,_—/
(@) _
2%
= _CPHV()VWI + -_— q,]k + S,
0o
— PR i ) e
(b) (© @ (@
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where V is the air velocity; V the three-dimensional
del operator; C, the specific heat of moist air at
constant pressure; 6, is the virtual potential temper-
ature defined as 6, = (1 + 0.61¢,)0 where 0 is the
potential temperature and gy the mixing ratio of
water vapor; 7 is the nondimensional pressure defined
as w = (P/1000 mb)X where P is the dimensional
pressure expressed in hPa (or mb) and K = (C,
— C,)/C, where C, is the specific heat of moist air at
constant volume; g, is the mixing ratio of liquid water
(including cloud water content g, and precipitation
water content g,); gk the vertical acceleration due to
gravity; S denotes the subgrid scale “turbulent” force.
Subscript “0” refers to a basic hydrostatic state (de-
duced from a radiosounding), and subscript “1” to
first order perturbations. "

Neglecting the Coriolis force, (1) states that the
acceleration (a) of an air parcel is equal to the sum
of three forces: the pressure force (b), the buoyancy
force (c) and the subgrid scale force (d) (forces per
unit mass are referred to as forces). The air parcel
acceleration is deduced from the components of
velocity and their first-order derivatives. The subgrid
scale force S may be estimated from the three-
dimensional (3D) wind field using a parameterization
scheme (here we have used that of Deardorff, 1975;
see Gal-Chen, 1978) and the precipitation water
contribution ¢, to the liquid water content ¢; may be
deduced from the radar reflectivity values through
either an empirical or experimental relation. Then,
to isolate in (1) the respective contributions of pressure
and temperature perturbations the following procedure
is used:

1) Horizontally (1) reduces to
Vi(m) = Ay 2

with

—(DVy/Dt — Sy)

AI-I = ’
Chw

where subscript H denotes two-dimensional horizontal
vectors. (2) implies that the horizontal gradients may
be derived from the experimental estimates of Ay,
and then pressure perturbations 7, may be deduced,
except for a constant, depending only on altitude.
Difficulty in solving (2) arises from errors in the
experimental data and possible inadequacies in pa-
rameterizations. Thus Ay is not formally identical to
a horizontal gradient.

ii) Vertically, (1) is written as

Dw _
Dt

o, 0,
- 0 - —_—
Cp 121 3z + P q/] + Sz. (3)

Then, to deduce temperature perturbations the
respective coniributions of vertical pressure gradient
and buoyancy have to be separated. Taking the
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horizontal derivative of (3) and considering the deriv-
atives of m; in a reverse order, we obtain

Dw

: 0
VH[E] = —Cpnn pys [Vimi]

v
+ gV,,[—Vl - q,:l + V,S..
010

Using (2), an equation for the temperature pertur-
bation, similar to that for the pressure, may be

derived, i.e.:
with
Ch%l o Dw -
B, = M [_ (Vﬁﬂ'l)] + 0VOVH[_ + g9, — Sz:l s
g Loz Dt

where [Dw/Dt, S, and g,] are calculated from radar
data, and =, is the pressure field determined from
(2). In (4) we introduce a “virtual cloud temperature”
perturbation 6., which takes into account both virtual
temperature perturbation #,, and cloud water content
qc as

Oc1 = 011 — gbwo- &)

Since (4) 1s similar to (2), the experimental By is not
formally identical to the horizontal gradient V (f,)
and “cloud - temperature” perturbation cannot be
directly calculated.

b. The method used for calculating the pressure and
temperature perturbation fields .

To verify (2), Ay should be curl-free (Vi X Ay
= () but unavoidable errors in the experimental
estimates of Ay (radar statistical error, differentiation
scheme, parameterization of subgrid processes ...)
‘make the direct integration of (2) impossible. The
present approach consists in determining at each
altitude z, a function m(x, y, z), solution of the
variational problem formulated as follows:

i) the horizontal gradient ofw,(x, y, zy) should
be “close™, in the least squares sense, to the data
field Ay;

it) the contribution of error in the obtained pressure
field m(x, y, zo) should be filtered as far as possible.

More specifically, this may be expressed as the
minimization of a functional F written as:

F= [ [ (Vmi ~ AnPasdy+ u [ [ (Ctrolaxay
D(z0) D(z0)

(6)
with

awn= 5]+ [5e] + 5]
(r1) = Ix2 dy? axdy] ’
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where D(z,) denotes the horizontal domain at altitude
2o, where data Ay are available. '

In (6) functional F, forces the retrieved pressure
gradient to be close to the data field Ay(x, y, z;), and
F, is a constraint (with a weight u) introduced to
filter out small scale variations of 7,. By considering
the Euler equation associated to (6) and rewriting it
in the Fourier space, it may be shown that constraint
F, acts as a low-pass filter which has the property of
isotropy and whose amplitude gain has the form

G(k) = [1 + (k/ko)’T",

where the cutoff wavenumber k; is controlled by the
value of the weight u as

ko = p'2

In practice u is chosen equal to 0.35A% (where A
is the horizontal grid spacing) where the corresponding
cutoff wavelength (3.74) is that of the analysis of the
raw Doppler velocity data used to obtain the 3D
wind field. Constraint F, avoids the introduction of
a spurious signal (numerical noise) in the spectral
band [A < 3.7A] which cannot be exploited as a
physical signal from the 3D wind field., It is to be
noted that, even in absence of term F,, the minimi-
zation of (6) tends to filter out the experimental error.
If ¢ is the vector error in Ay, it may be dissociated
in two parts, one being curl-free in the horizontal
plane, and the other being divergence-free. It is
obvious that the divergence-free part of ey will be
eliminated through the minimization of F,.

A classical approach to solve (6) for w; is to
consider the associated Euler equation and to integrate
it with “natural” boundary conditions (Courant and
Hilbert, 1953). Here, we prefer the approach proposed
by Wahba and Wendelberger (1980) and also used
by Testud and Chong (1983), starting from direct
discretization of F through a finite difference approx-
imation. The values w,(x, y, z,) are obtained by
inversion of a matrix whose dimensions are N X N,
where N is the total number of points in the horizontal
grid domain. The advantage of this procedure is that
the truncation at the edges of the domain automati-
cally generates the boundary conditions needed for
integration. It is to be emphasized that, through this
procedure, difficulties in integrating the Euler equation
in presence of irregular boundaries or missing data
cancel out. These points are given in detail in Appen-
dix A.

For convenience, the results are expressed in terms
of dimensional pressure perturbations P; (in hPa or
mb), related to the nondimensional pressure pertur-
bations m; through:

P = [CpaVOPO]ﬂ'l,

where 0y and pg are the virtual potential temperature
and density in the unperturbated state at the altitude
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considered. This method also applies to the determi-
nation of the “virtual cloud temperature” 8c,(x, y,
zp) perturbations, as solution of (4) for each altitude.

3. Application to the observation of a West African
squall-line

a. The squall-line observed on 22 June 1981

The present data refer to the observation of a
continental West African squall line during the
“COPT 81” (Convection Profonde Tropicale) exper-
iment carried out at Korhogo in the North of Ivory
Coast, during May and June 1981 by French and
Ivorian research institutes. A complete description of
the different measurements conducted, of the scientific
aims, and an overview of some preliminary results
may be found in Sommeria and Testud (1984).

The event in question has been observed with help
of the RONSARD dual-Doppler radar system of the
“Centre de Recherches en Physique de I’Environ-
nement” (C.R.P.E.) on 22 June 1981 from 0200 till
1000 (all times are local times: GMT). As the radar
observations were taken, simultaneous measurements
from a surface network were performed (Fig. 1). Two
kinds of automatic stations were operated

i) the DELTA stations from the ‘“Etablissement
d’Etudes et de Recherches Météorologiques™ in the
western part of the scanning area;

i1) the ALICE I and ALICE II stations from the

“Laboratoire Associé de Météorologie Physique” in

the eastern part.

F1G. 1. Location and equivalent trajectories (see text) of DELTA
and ALICE surface stations with respect to the radar data domain.
Location of the RONSARD radars, squall-line motion, north
direction and X and Y axes are indicated.
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FIG. 2. Skew T-logP diagram indicating vertical thermodynamic
structure of the atmosphere at Korhogo on 22 June 1981 at 0348
GMT. A moist adiabat (8}, = 23.5°C) represents the ascent of an
undiluted parcel.

These stations allowed a detailed automatic record-
ing of the main meteorological variables (every 2 min
30 s for the DELTA and every 30 s for the ALICE):
temperature, humidity, wind direction and intensity,
pressure and rainfall rate (in addition, vertical fluxes
measurements were performed with the ALICE [
stations). On 22 June 1981, 5 DELTA and 5 ALICE
II stations were operational.

The radiosounding, launched at Korhogo 30 min
before the arrival of the squall line above the experi-
mental site, reveals a rather moderate instability of
the atmosphere upstream (Fig. 2). The bottom layer
from ground level to altitude 1200 m (all altitudes
are AGL, the mean ground level over the experimental
area is 400 m) is potentially unstable. The conden-
sation level for an air parcel lifted from 500 m is 800
m; once lifted to its level of free convection (i.e.:
1200 m) this air parcel would be accelerated, in
absence of mixing with the environment, up to the
altitude of 13 000 m. The maximum buoyancy would
be obtained around 4500 m with a 5°C potential
temperature excess with respect to the environment
(which is a quite moderate value when compared to
the other observations of squall lines during “COPT
817). It is worth noting that, although the level of
free convection is 1200 m, the buoyancy of the air
parcel remains smaller than 1°C up to 2000 m.
Moreover, if we take account of the cloud water
loading applied to the air parcel, we may calculate
that, as long as the precipitation process is not
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triggered, the actual buoyancy of the air parcel—
temperature buoyancy minus cloud water loading—
should remain close to zero up to 2800 m (at this
height, the adiabatic water content of the air parcel,
i.e. 6.5 g kg!, equilibrates its temperature excess,
i.e. 2°C). It is important to keep in mind this point
to understand the dynamics of the squall line presently
analyzed.

The mesoscale reflectivity contours (Fig. 3) deduced
from a PPI scan at 0453 display features similar to
tropical squall lines observed during “GATE” (e.g.:
Houze and Betts, 1981):

i) the structures are stationary during the squall
line translation (19 m s™! towards southwest);

i1) the maximum reflectivity values (here up to 55
dBZ) are found in the frontal part of the squall-line,
hereafter referred to as the “convective region™;

iii) lower and more uniform reflectivity values (30
"dBZ) are observed in the extended rear part: hereafter
referred to as the “stratiform region”.

‘When the convective region arrived above the exper-
imental site, the Doppler radars were operated follow-
ing the COPLANE methodology (Lhermitte, 1970).
5 COPLANE scans were conducted (at 0357, 0405,
0411, 0418 and 0424) and the three-dimensional
wind and reflectivity fields have been obtained through
an original processing method whose main character-
istics are (for more details see: Testud and Chong,
1983; Chong et al., 1983; Chong and Testud, 1983):

[J: 103008z [H:130501a2 [M: >s50e82

FI1G. 3. Reflectivity contours within the altitude range (0.5, 1.5
. km AGL) deduced from the 0453 PPI scanning. The solid line
contour displays the area where the 3D wind fields have been
obtained from the COPLAN scannings (X and Y axes and origin
of the coordinates are indicated). Squall-line motion and north
direction are also indicated.
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i) advection (i.e.: cloud displacement during data
acquisition) is taken into account using a mathemat-
ically exact formalism,;

i) error in thé vertical component of velocity is
minimized through the use of a variational concept
to determine the boundary condition for integrating
the continuity equation;

iii) stability of the wind field with respect to first
order differentiation is insured through a filtering
technique similar to that described in section 2b.

Our aim is not here to give a complete description
of the air flow associated to the squall-line; such a
description may be found in Roux ez al. (1982) and
Chong (1983). In this paper, which is focused on the
dynamics of the convective region, we will restrict to
recall the main characteristics of the three-dimensional -
wind field in the convective region. These are
(Fig. 4): ‘ '

i) the wind field appears stationary in the reference
frame moving with the squall line, since very similar
results are obtained from the 5 scans (Chong et al.,
1983);

ii) the air circulation within the northwestern part
of the COPLANE scanning area (20 < y < 40 km in
Fig. 4a and 4b) is almost two-dimensional; i.e. depends
mainly on vertical and on horizontal coordinate
parallel to the squall line displacement. A represen-
tative vertical cross section in this northwestern part
is given in Fig. 4c; all the sections for [20 < y < 40
km] look like Fig. 4c;

iii) two distinct horizontal flows are observed—a
westerly flow entering the squall line at all altitudes
due to its displacement at a speed larger than envi-
ronmental winds, and a low-level easterly flow coming
from the rear of the scanning region;

iv) the largest upward velocities are observed in
the northwestern region within a frontal updraft (5
< x < 10 km in Fig. 4¢), with a maximum intensity
at altitude 2500 m. Less intense updrafts exist at
higher altitude in the inner convective region (15
< x < 20 km and 25 < x < 30 km in Fig. 4c);

v) downward motions (convective downdrafts) are
of small extent and weak intensity. These downdrafts
do not seem to play an important role in the dynamics
of the convective region.

Considering the previous analysis of the radio-
sounding data, it seems unprobable that the frontal
updraft (whose intensity peaks at altitude 2500 m) be
driven by buoyancy. One should consider the possi-
bility that the frontal updraft be forced (at least below
2500 m) by the low-level easterly flow through a
mechanism analogous to the propagation of a density
current (the easterly flow representing here a cold air
pool). The retrieval of pressure and temperature ficlds
within the convective region may help us to verify
such an interpretation.
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FiG. 4. Horizontal motions (in the frame moving with the squall
line) and reflectivity contours (in dBZ) at altitudes 1.0 km (a) and
3.0 km (b) AGL and vertical cross section at y = 26 km (c),
deduced from the 0424 sequence. Squall-line motion and the North
are indicated.

b. Reliability of the retrieved pressure and temperature
fields

We consider here the results deduced from the
radar data obtained at 0418 and 0424, so the results
will be representative of the intermediate time 0421.
As the precipitation front of the squall line entered
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the COPLAN scanning area at about 0355, wind and
reflectivity fields processed from the data obtained at
0357, 0405 and 0411 display incomplete views of the
frontal part of the squall line.

Table 1 shows, as functions of altitude and for
each cartesian coordinate, the rms values of the
different terms in the equation of motion (as deduced
from radar data):

i) the temporal evolution [dV/df] estimated through
a finite difference scheme between the two successive
COPLAN scans;

ii) the advective term [(V - V)V];

iii) the subgrid scale force [S] calculaied as in Gal-
Chen (1978);

iv) the precipitation water loading [gg,k], where g,
is estimated from the reflectivity values through a
relation deduced from spectropluviometer data (g,
=0.173 X 1072 Z°%'3 where ¢, is in g m™> and Z in
mm® m™3).

The main contribution results from the advective
term {(V - V)V] and the temporal evolution term [6V/
at] is relatively weak. Since this last term is deduced
from differences between successive scans (with Af
= 350 s), one can only estimate a mean “trend” and
the rapid variations of wind cannot be taken into
account. Neveriheless, stationarity of the 3D wind
and reflectivity fields deduced from the 5 successive
scans suggests that temporal evolution should be
rather slow so that the approximation used here is
likely to be adequate (Chong and Testud, 1983, have
shown that the characteristic variation time was 28.6
min, about 5 times larger than the time interval used
here).

The subgrid scale force [S] appears to be a weak
influence, but as there are ‘various possibilities for
estimating this term, different parameterizations could
lead to different estimates. Here we have used Dear-
dorff’s formulation, as Gal-Chen (1978), and the
subgrid eddy viscosity coefficient Km has been deter-
mined both from the variance of the Doppler spectra
and from the fluctuation of the raw radial velocities
with respect 1o the “filtered” representations (Testud
and Chong, 1983). Then, the estimated value of Km
is 180 m? s! and the rms value of the standard
deviation from the “filtered” velocities is 1.5 m s~
We have verified that the rms value of Xm calculated
with Smagorinsky’s formulation (Smagorinsky, 1963)
is equal to 180 m? s™!, when the arbitrary constant
C is chosen equal to 0.2, which corresponds to
an unstable atmosphere. Moreover, the observed
“smoothness” of the 3D wind field (except at the
interface between the two opposite flows) indicates
that subgrid scale processes should not be of crucial
importance here. The contribution of the precipitation
water loading [gq,] is appreciable at low levels.

There are two ways for testing the reliability of the
retrieved pressure and temperature perturbation fields.
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TABLE 1. Root-mean-square values of the three components of the different terms in the equation of motion for successive altitudes,
in 1072 m s (the subgrid scale for S cannot be calculated at the lowest level 0.75 km as it includes second order derivatives).

Altitude i w
(km) aU/at (V-Vu S, at (V- V) S, ot (V-Vw S, 24,
0.75 0.8 1.4 0.4 0.8 0.4 0.9 1.0
1.75 0.9 2.9 0.5 0.3 1.2 0.2 0.5 1.6 0.2 1.0
2.75 1.0 3.0 0.5 0.4 1.3 0.2 0.6 2.1 0.3 0.8
375 11 2.6 0.3 0.5 1.5 0.1 0.6 2.5 0.2 0.6
4.75 0.8 1.9 0.2 0.6 1.8 0.1 0.6 2.6 0.1 0.3

‘First, orie may estimate mathematically the influence
of statistical error in both input and output data;
however, systematic errors (bias) may escape notice
in such calculation. Then, a complementary possibility
is a comparison between the radar-derived results and
independent measurements of the same parameters.

A priori and a posteriori estimates of statistical
uncertainty (see Appendix B) in both input data Ay,
in (2) and By in (4) and retrieved results [V4P,] and
[VibBc1] are listed for different altitudes in Tables 2
and 3. The “momentum-checking” parameter Ep,
defined by Gal-Chen and Hane (1981) as (e.g. for
pressure): .

' [ [ 19w, ~ Anpaay

Eg = D(z0)
f f AHdedy
D(z0)

is also listed; Er is a measure of how the retrieved
pressure and temperature ficlds fit the experimental
estimates Ay and By. As deduced from numerical
experiments with simulated data (see Appendix B), if
Ay or By are error-free, Ex is less than 0.10 (de-
pending on the characteristic wavelength) but it is
not equal to zero because of finite difference approx-
imations. On the other hand, if Ay or By are both

random (white) noise, Er is equal to a maximum -

value of 0.60. It is to be noted that, because of the
filtering of small scale phenomena due to constraint
(F>) in (6), this maximum value of Ef is larger than
that (0.50) found by Gal-Chen and Hane (1981). As
seen in Tables 2 4nd 3, as the present values of Ex
are always within the interval [0.14, 0.45], the retrieved
thermodynamic fields should be realistic to some
degree. Moreover the fair correlation between a priori
and a posteriori estimates indicates that statistical
errors due to the approximations used for calculating
temporal evolution, subgrid scale force and precipi-
tation water content are probably smaller than the
radar statistical error. The estimated statistical uncer-
tainties in the retrieved pressure and temperature
gradients are less than 0.1 mb km™' and 0.5°C km™".

Accuracy of the radar-derived results has also been
tested through comparisons with surface measure-

ments of pressure and temperature. In this way the
presence of hypothetical systematic errors, which
could escape notice in the estimates of statistical
error, should be revealed. Assuming stationarity in
the frame moving with the squall line (as suggested
by radar observations) temporal measurements from

each surface station may be transformed into spatial
measurements along axes crossing the stations and
parallel to the squall line motion (Fig. 1). Then,

referring to the time of radar observation (0421),

these spatial measurements may be directly compared
with those depicted from the analysis of radar data.

However, as radar data are not available at ground
level, the values measured at ground with the ALICE

and DELTA stations will be compared to the results
obtained from radar data at the lowest levels (i.e.,

750 m AGL for pressure and 1000 m AGL for
temperature). As mentioned in Section 2, the radar-

derived pressure and temperature fields deviate from

the true values by an arbitrary constant, since the

analysis provides pressure and temperature fields
whose mean value within the horizontal domain is
arbitrarily taken to be null. Therefore, a constant is
added to the radar-derived results in order to com-

pensate this éffect; the constant is determined as that

leading to the best fit with surface measurements,

and is +0.6 mb for pressure and —4°C for tempera-

ture.

These comparisons, displayed in Fig. 5 for pressure
and in Fig. 6 for temperature, show a satisfying.
agreement between the two kinds of results. The
pressure decrease follows very similar slopes and, as

TABLE 2. The a priori o, and a posteriori o, estimates of statistical
uncertainty in the input data A, rms values of A, “momentum-
checking” parameter Er and estimated statistical uncertainty in the
retrieved pressure gradients ¢.(V,P)), for successive altitudes. All
quantities (except Ex) are expressed in hPa km™'.

Altitude :
(km) a(An) (Auz)m Eg . a.(Ax) Ue(VHPl)
0.75 0.14 0.18 0.29 0.12 Q.05
1.75 0.13 0.24 0.14 0.11 0.05
275 0.14 0.25 0.26 0.16 0.07
375 0.14 0.21 041 0.17 0.08
4.75 0.12 0.17 0.40 0.14 0.06
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TABLE 3. The a prior o, and q posteriori o, estimates of statistical
uncertainty in the input data B;;, rms value of B;;, “momentum-
checking” parameter E and estimated statistical uncertainty in the
retrieved ““cloud” temperature gradients o.(V,f¢), for successive

altitudes. All quantities (except Eg) are expressed in °C km™".

Altitude
(km) os(Bu) Bu?H'? Eg 0.(By) 0e(Vibcr)
1.0 0.40 0.60 0.36 0.45 0.20
20 0.50 0.95 0.27 0.65 0.30
3.0 0.60 0.85 0.35 0.65 0.30
4.0 0.85 1.10 0.36 0.85 0.35
5.0 1.00 1.30 0.43 1.10 0.50

seen when comparing with ALICE 12 and DELTA
1, 4, 7, amplitude and location of the peak deduced
from radar data corroborate the surface measurements.
With regard to temperature, the well defined drop is
found at the same place with a similar amplitude
(ALICE 12 and DELTA 1, 4, 7) and after this
transition relatively flat profiles are jointly observed.
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FIG. 5. Pressure profiles measured with the DELTA (dashed
lines) and ALICE (dotted lines) stations, and deduced from radar
data (solid lines). The origin of the time axis is indicated for each
station.

ROUX, TESTUD, PAYEN AND PINTY

311t

TIME (min})
0 10 20 30 40
- a,-\ A L 1
o] i
Dl LXY E
<] '&M_,_,..:\y.m:::’. oo
! i T v ) L
O- —:\4 DEu-Ala 1 A
o] 5
< SRg AR ==
&
4
Q
;
=)
E
&
w
% P ) ! 1 Il
z o
& ¥
o ALICE B
?_‘ M‘-uu-..
! T T 1 L
o- AI L i 1
o - Aucsm—'*--e——mcsfsm.m
< AN S
! 1 ¥ U 1 N
0 {0 20 30 40 50
DISTANCE (km)

FIG. 6. As in Fig. 4 but for temperature.

1t should be noted that, at the low altitudes considered
here, the cloud water content g. (included in the
radar-derived “virtual cloud” temperature perturba-
tion ) should not be very large (since the conden-
sation level is at 800 m), so that the “virtual cloud”
temperature coincides with the real temperature mea-
sured by the stations.

In the southeastern region (ALICE 15, 18 and 19)
the observed differences between the radar-derived
results and the surface measurements results probably
from temporal evolution in both pressure and tem-
perature. This appears when comparing data from
ALICE 18 and 19 (time lag for measuring the same
region is 6 min 30 s), whereas data recorded in the
northwestern part of the scanning area with DELTA
3 and ALICE 14 (time lag: 20 min 40 s) and with
DELTA 7 and ALICE 12 (time lag: 28 min 40 s)
appear very similar. Since the validity of the compar-
ison between surface data and radar-derived results
is subject to the assumption of stationarity, it is not
surprising to obtain less agreement in this southeastern
region.
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¢. Retrieved thermodynamiic structure

The method gives access to the “virtual cloud
temperature” 6., defined in (5) (i.e. virtual tempera-
ture corrected for cloud water loading). For simplifi-
cation, the word “temperature” is used in the follow-
ing, to denote f,; the actual meaning of this “tem-
perature” should not be forgotten.

Pressure and temperature fields retrieved at succes-
sive altitudes are shown in Fig. 7 to 11. As mentioned
before, these results represent’ relative values, i.e.,
fluctuations with respect to a horizontal mean value.
Therefore, although information may be deduced
from the results retrieved at the same altitude, neither
vertical variations nor perturbations with respect to
the precipitation-free environment can be inferred.
Consequently vertical cross sections of pressure or
temperature cannot be drawn from the results ob-
tained at the successive altitudes. :

At the lowest levels (750 m for pressure and 1 km
for temperature), the main features observed on the
retrieved pressure and temperature fields (Fig. 7a and
7b) are the following:

i) a maximum pressure perturbation (up to 1.5
mb with respect to the mean) at the interface between
the two opposite flows;

ii) a 4°C temperature drop between the entering
‘flow and the frontward flow.

Previous observations of thunderstorms or squall-
line gust fronts have displayed similar results. Follow-
ing Charba (1974) the weather changes that typify
the arrival of a gust front at ground are: a rise in the
surface pressure followed by a quick change in wind
direction and a rapid temperature drop; the peak
wind gust and maximum rain intensity successively
follow the “temperature break”. On a larger scale,
Johnson and Nicholls (1983) found that the passage
of a squall line on 12 September 1974 during “GATE”
was accompanied at ground by a pressure mesohigh
at 1.4 mb and a sudden drop in temperature of about
4°C. Following the analysis of Wakimoto (1982) for
thunderstorm gust fronts, the pressure field observed
at ground level with the surface stations (Fig. 5) and
at low-level (Fig. 7a) from the radar data may be
explained through both hydrostatic and nonhydro-
static effects:

i) a hydrostatic pressure difference between the
entering flow and the inner convective region results
from the different vertical structures of the air above.
From the radiosounding data obtained before (0348)
and after (0849) it may be found that this hydrostatic
pressure difference, is relatively small (about 0.5 mb
larger in the inner region than in the entering flow);

ii) a nonhydrostatic pressure rise at the interface
between the two flows is due to the collision between

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 41, No. 21

a 220681 0421 ALT- 0.75km  REL PRES PERT inb)
o
2

<

*

> R'
o
° T T L) T T T L T T T

1) 10 410 50
X (km)

b 220681 0421  ALT- 1.0k  REL TEWP PERT (K)
.
a‘\

=

x

R

X Thkm)
0424

ALT - 1.0 km

Y Y Yy Y Y Y Yl

FIG. 7. Relative pressure (a) and temperature (b) perturbation
fields and horizontal wind field (c) at altitudes 0.75 km (pressure)
and 10 km (temperature and wind field). Steps in the contours are,
respectively, 0.25 mb and 0.5 K; hatched zones denote negative
values. Updraft regions (vertical velocity larger than 4 m s™') are
indicated in (c).

warm entering air and cold low-level flow. Its ampli-
tude with respect to the hydrostatic pressure in each
air mass, is given by

\
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1

AP|)2=2

PI,ZV%,Zs

where p and v are respectively the air density and
air velocity (with respect to the pseudo cold front),
in the warm flow (subscript 1) and in the cold flow
(subscript 2).

From the observed velocities, and assuming a
temperature drop of 4°C between the two flows, it
may be calculated that the pressure bump at the
pseudo-cold front should be 1.6 mb (AP;) with respect
to the warm flow, and 1.1 mb (AP,) with respect to
the cold flow, in agreement with the pressure obser-
vation at ground (Fig. 5). So the nonhydrostatic
pressure perturbation seems the dominant effect at
ground level.

At 1750-2000 m (Fig. 8), the pressure and tem-
perature perturbation fields have basically the same
morphology as at 750-1000 m, and the same inter-
pretation applies. At 2750-3000 m (Fig. 9), the gross
features appears similar as below. Nevertheless a
careful examination reveals that

i) the pressure high is shifted upstream, and is
observed ahead the updraft (Fig. 9a);

i) the signature of the temperature perturbation
does not appear any more as a mere temperature
drop from West to East (as at the altitudes below). A
zone of maximum temperature (+3°C with respect
to the mean) may be clearly identified and it coincides
with the zone of frontal updraft (Fig. 9b).

These two features should be interpreted in a
somewhat different way from below: First, the pressure
high at 2250 m should result from an obstacle effect
of the frontal updraft for the unperturbed environ-
mental inflow. Second, the temperature maximum in
the updraft indicates a positive buoyancy with respect
to the unperturbed environment at the same height.
Thus, below about 2500 m, the updrafi seemed to be
forced by the frontal propagation of a cold air pool
from rear, while at 3000 m it becomes to be driven
by thermal buoyancy.

In the southeastern region (0 < y < 20 km), a
secondary maximum appears at X = 22 km in
association with another updraft, and between the
two pressure high (10 < x < 20 km) air entering the
squall line is enirained in the low-level frontward
flow. As it can be seen in Fig. 3 a discontinuity in
the high reflectivity (greater than 50 dBZ) frontal
region is observed at this location. Moreover, as
deduced from the ALICE 18 and 19 measurements,
the dynamic fields appear less stationary than in the
northwestern region. Therefore, the dynamic in the
southeastern region is certainly more complex than
in the northwestern one, where the kinematic, ther-
modynamic and precipitation structures are almost
two-dimensional and stationary.

From 3750 m and above (Figs. 10 and 11), the
retrieved thermodynamic structure changes. Pressure
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FIG. 8. As in Fig. 7 but for altitudes 1.75 km [pressure in (a)]
and 2.0 km [temperature in (b) and horizontal wind field in (c)].

perturbations are weaker (less than +0.75 mb with
respect to the mean) and result probably from hydro-
static effects. As a matter of fact, in the inflow region
the warm air layer below 2000 m is capped by colder
air (Fig. 2), while in the inner region, the cold low
level flow is capped by warmer air from the frontal



220681 0421 ALT= 2.75km REL. PRES PERT (mb}

34
@
=

30
X lkm)
ALT= 3.0km

0421 REL TEMP PERT (K}

b 220681

Y (km)

Y (km)

FIG. 9. As in Fig. 7 but for altitudes 2.75 and 3.0 km.

updraft (Fig. 3c). In these conditions hydrostatic
pressure above 3000 m must be higher in the inflow
region than in the inner region. Moreover, nonhy-
drostatic effects should be of less influence since the
flow at these altitudes is rather uniformly a westerly
one (Figs. 10c and 11c). As for the temperature field,
it is less contrasted than at lower altitudes. It is worth

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 41, No. 21

noting that positive perturbations (up to 2°C with
respect to the mean) interest a large area rearward,
in correlation with the apparition of updrafts in the
middle region (15 < x < 20 km). The fact that a
negative temperature perturbation (with respect to
the mean) is observed in the frontal updraft above
4000 m deserves some comment. Two effects acting
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FIG. 10. As in Fig. 7 but for altitudes 3.75 and 4.0 km.
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FIG. 11. As in Fig. 7 but for altitudes 4.75 and 5.0 km.

concurrently may explain the temperature deficit of
the frontal updraft: First, the entrainment of environ-
mental air (relatively cold at this height); second, the
cloud water loading (it should be remembered that
we measure the “virtual cloud temperature” pertur-
bation defined as 8- = 6y, — gfp), which may be
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quite important in the frontal updraft since the
precipitation process has no time to release the con-
densed water. These two effects are certainly less
effective in the updrafts of the middle region which
are not subject to direct mixing with environmental
air and in which a substantial part of the condensed
water has been released to form the heavy precipitation
core at front of the squall line.

In summary, the major points emerging from the
present analysis are

e the potentially warm boundary layer air ahead
the squall line is lifted up to about 2500 m by the
frontward propagation of a cold air pool occupying
the layer 0-2000 m.

@ above 2500 m the frontal updraft becomes pos-
itively buoyant with respect to the environment, but
the water loading and the entrainment of environ-
mental air limit the ascent to 5000-6000 m.

e after release of the water loading by the precipi-
tation process (producing the heavy precipitation core
ahead the squall line), the air parcels recover a
positive buoyancy and their ascent may start again
(see Fig. 4c).

e between the main frontal updraft and the sec-
ondary one, an injection unperturbated air from
about 3000 m may participate in the feeding of the
cold air pool.

d. Discussion of the results

A conceptual model for the kinematic and ther-
modynamic processes occurring in the convective
region of the 22 June 1981 squall line may be
deduced from the present results (Fig. 12). It is to be
outlined that these conclusions apply to be observa-
tions conducted within a limited region of the squall
line and at one particular stage of its lifetime, so they
are not necessarily valid for the whole mesoscale
system (which extends over several hundreds kilo-
meters) and at any stage of its lifetime.

The main characteristic of the circulation scheme
proposed in Fig. 12 is the penetration of an intense
frontward flow in the low levels of the convective
region. This flow plays a prominent part in the dy-
namics since, below altitude 3000 m, it contributes
to initiate and maintain the frontal updraft through
the nonhydrostatic pressure perturbation (due to the
collision between ambient air and propagation cold
pool) and the temperature difference between entering
air and colder frontward flow. Then the potentially
unstable air is lifted up to the altitude of 3000 m
from which thermally driven convection may develop.
In the frontal updraft, mixing with the relatively cold
air from the environment and cloud water loading
reduces buoyancy, while in theinner region, once the
water content is released through precipitations,
weak convective updrafts appear. Although the local
convective downdraft and direct inflow contribute
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FI1G. 12. (a) Conceptual model of the convective region of the
22 June 1981 squall line in the frame moving with the squall line.
(b) Associated pressure and temperature perturbation profiles along
A4, at low levels. (c) Associated pressure and temperature pertur-
bation profiles along BB’, at middle levels.

certainly to feed the low-level cold frontward flow,
they are not intense enough to account completely
for it. As deduced from wind profiles in the stratiform
region (obtained from the VAD analysis of conical
scans) the cold frontward flow results mainly from
the propagation of a cold air pool produced by an
evaporative mesoscale downdraft in the stratiform
region (Chong, 1983). ,

These results present similarities with those obtained
by Thorpe et al. (1982) with a two-dimensional model
of a midlatitude squall line. In these simulations, the
cumulonimbus were initiated by low-level convergence
created by the propagation of a cold air pool spreading
upstream at low levels, similar to the present low-
level frontward flow. The two-dimensional wind field
they obtain using the initial flow called [P(-5)] (Fig.
8a in Thorpe et al., 1982) presents many similari-
ties with ‘the vertical cross section displayed here in
Fig. 4c. T

To our knowledge, the only comparable recon-
struction of the thermodynamic structure of a tropical
system of convective clouds was presented by LeMone
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(1983), hereafter referred to as LM. The data were
from multi-aircraft passes at 8 levels from 150 to
5500 m above sea level through a squall line on 14
September 1974 observed during “GATE”. The ver-
tical cross sections (normal to the line’s axis) of the
composite mesoscale fields of horizontal and vertical
wind velocities, pressure perturbation and equivalent
potential temperature (Fig. 5 in LM) show similarities
but also differences when compared with the present
results. . ’

Both observations display rather two-dimensional
wind structures parallel to the squall-line displacement
with air flowing through the front. The most intense
updraft and the associated large reflectivity values are
found in the frontal region near the leading edge of
the cloud; behind the frontal region weaker vertical
motions and precipitations contents are observed
(Fig. 5a and 5b in LM, Fig. 4c here). Nevertheless
some differences appear when comparing the role
played by the convective downdraft and the low-level
frontward flow in both cases. As seen in Fig. 5a and
5b in LM, a convective downdraft behind the frontal
updraft induces below altitude 1000 m at the base of
the updraft a density current and a gust front which
contributes certainly to initiate the updraft. On the
other hand, the frontward flow observed here extends
up to the altitude 3000 m and forces the ascent of
upstream air in the frontal updraft. The associated
thermodynamic fields reflect these differences. The
pressure and temperature perturbations are connected
in LM (Fig. 5b and 5c¢) to the convective elements:
temperature excess and pressure low are observed in
the updraft, temperature deficit in the downdraft.
The thermodynamic fields retrieved here at low-levels
(Fig. 7, 8 and 9) reflect mainly the contrast between
warm entering air and cold frontward flow. However,
similarities in.the pressure and temperature fields
may also be outlined: the pressure high observed in
Fig. 5¢ in LM below altitude 1000 m in_connection
with air from the convective downdraft could be in
some degree similar to the positive pressure pertur-
bation retrieved here at low levels (Figs. 7a, 8a and
9a) in front of the easterly flow. On the other hand,
an association similar to that displayed in Fig. 5a and
5b in LM between updraft and positive temperature
perturbation is observed here at altitude 3000 m for
the frontal updraft (Fig. 9b) and above 3000 m for
the weak convective updrafts in the inner convective
region (Figs. 10b and 11b).

At least, another comparison deals with the ‘prop-
agation speed of both cloud systems. The convective
band of 14 September 1974 (LM) moves very slowly
(2, 5 m s7!') whereas the propagation speed of the
present squall line was rather fast (19 m s™"). Following
Charba (1974) and Wakimoto (1982), the density
current model may be used to describe the motion
of the gust front. The equation for the speed of the
leading edge of a density current is
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V= Fr(gd_c._w) R
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where g is the gravitational constant, p. and d are the
mean density and depth of the density current (here
the frontward flow), p,, is the mean density of the
ambient medium (here the upstream air), Fr the
Froude number (ratio of the inertial force to the force
of gravity). Using the values measured at ground level
with the ALICE and DELTA stations and those
retrieved up to altitude 3500 m from the radar data,
yields for the 22 June 1981 squall line:

V=FrXx2230ms.

Then the theoretical propagation speed V is equal
to the observed one (19 m s™") if the Froude number
Fr is taken equal to 0.85, which is not very different
from the values obtained by Wakimoto (k = 0.77) or
Charba (4 = 1.08). Therefore the propagation of the
cold air pool from the mesoscale downdraft in the
stratiform region seems to play the major role in the
dynamics of the 22 June 1981 squall-line.

A possible interpretation of the morphological dif-
ferences between the line of cumulonimbus reported
in LM and the 22 June 1981 squall line may lay in
the fact that they were observed at different stages of
their lifetime. As reported in Zipser et al. (1981) the
cloud line, which has given rise to the convective
band reported in LM, formed at about 1000 GMT
while the aircraft observations extended from 1105
to 1526 GMT. Therefore this case study refers to a
young or mature stage of the lifetime of the convective
band, where the frontal convection is driven by
thermal buoyancy. On the other hand the 22 June
1981 squall line was probably in a decaying stage at
the time of observation, convective instability of
inflowing air is weaker [as seen when comparing the
thermodynamic structures of the upstream air in the
present case (Fig. 2) and for the 14 September 1974
convective band (Fig. 13 in Zipser et al, 1981)] and
the frontal updraft is mainly forced by the propagation
of the cold air pool from the evaporative downdraft
in the stratiform region.

4. Conclusion

The combined use of dual-Doppler radar data and
of the equation of motion has permitted the ther-
modynamic structure of a West-African squall line
to be inferred, through horizontal fields of relative
pressure and temperature perturbations. The present
data fulfilled the requirements for such an analysis to
be used, since both reflectivity and wind fields deduced
from radar observations display stationary features
and simple kinematic structures. Moreover ““simul-
taneous” surface measurements provide an opportu-
nity to test the results obtained from radar data at
the lowest levels. Therefore the thermodynamic pa-
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rameters retrieved from the radar data have been
used to diagnose the dynamical processes involved in
the observed airflow.

Although the present results seem encouraging,
some ambiguities remain in our analysis due to the
incomplete determination of the thermodynamic field,
so that only relative pressure and temperature pertur-
bations can be retrieved. As shown in Section 3,
comparisons with surface network measurements may
be helpful to remove this uncertainty, but this pro-
cedure can only be applied to low-level resulis. Like-
wise the combined use of instrumented aircraft mea-
surements could provide supplementary information.

Nevertheless, the field description obtained from
radar data is considerably larger than that deduced
from in situ measurements. A promising possibility
would be the simultaneous use of a simplified
thermodynamic equation to determine the vertical
temperature perturbation gradients so that the ther-
modynamic fields could be completely retrieved.
However, such an analysis becomes essentially three-
dimensional whereas the method used here refers to
two-dimensional problems, so a suitable numerical
method has to be defined.

Acknowledgments. The authors are indebted to Pr.
R. Glowinski for suggesting the numerical method
used to retrieve pressure and temperature fields. Fi-
nancial and logistic support for the “COPT 81~
experiment was provided by the Institut National
d’Astronomie et de Géophysique, and the Direction
des Recherches, Etudes et Techniques (France) and
by the Ivorian Government. Thanks are due to
Catherine Gal and Michelle Pennec for typing this
manuscript.

APPENDIX A

Numerical Solving of the Variational Problems

1. Discretization

The functionals, to be minimized to retrieve pres-
sure and temperature perturbations, may be written

as
aC *qac 2
r= G -¢) +(5;‘Gy> Jasay
D(z0)
2
62 aZC 2 62 2
o 05 AL+ () o

(A1)

where C denotes the values to be retrieved (pressure
m, or “apparent” temperature 8., perturbations), [G,,
G,] the experimental estimates (Ay in (2) or By in
(3)), D(zp) is the horizontal domain, at altitude z,,
where data [G,, G,] is available.
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As data [G,, G,] is obtained at grid points, the first
and second order derivatives of C are approximated
numerically using a finite differences method. A
single index K is used to denote the grid points as

K=(— DN+,

where i is varied from 1 to N, along the X-axis and j
from 1 to N, along the Y-axis. Then (Al) may be
discreterized as:

N N 4
F=3 [(Z CMCy —2WEC + S, (A2)

K=1 L=1

where N = N, X N,. ML is a 17-banded matrix

denoting connections between adjoining grid points,

“vector” WX includes the input data [G,, G,), and S

is a scalar. The minimization of F is achieved by the

ensemble [Cx; K = 1 to N] which verifies:
oF

— = K=1tN.
acs 0 for 1to

(A3)

Since it derives from the quadratic positive definite
form (A1), “matrix” MXL is symmetric and positive
definite. (A3) is then equivalent to

N
S MEEC, ) =WX for K=1toN, (A4)

L=t

and it follows that

N .
Ck= 2 [(M*5'p*] for K=1toN, (AS)

L=1

where (MXE)™! denotes the inverse matrix of MXL,
The solution of (A5) is made easy by the simple
structure of matrix MXL, For this reason the conjugate
gradient algorithm (Polak, 1971) is an efficient method
for the solution of this matrix equation.

2. Associated Euler equation and boundary conditions

For each point Ck, except on the boundary of the
domain D(zy), (A4) is nothing else but a discretized
form of the Euler equation for the minimization
problem (Al), i.e.:

(‘9_2§+5_2£)_ (‘94_C+2 ¥C +‘94_C)
a2 a2)  Max® T “ax2ey? | oy
3G, dG
===+ (A6
ox oy ,( )

Equation (AS) is then equivalent to the numerical
integration of this Euler equation. The boundary
conditions for this integration are provided through
the truncated expressions of (A4) at the edges of
D(zo). In the general case u # 0, it is shown that the
truncated form of (A4) are discretized expressions of
the following boundary conditions:
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(A7)

where n and s are unit vectors respectively perpen-
dicular and parallel to the boundary, s is the horizontal
grid spacing (in the present case = 1000 m). The
natural boundary conditions associated to the mini-
mization problem (A1) (Courant and Hilbert, 1953)
are

aC PC

an P O

C °C

on* - Onds? - (A%)

Equations (A7) and (A8) differ when p becomes
appreciable with respect to A% Nevertheless, the in-
terest of using the “matrix” formulation (A4) result
from the implicit taking into account of the boundary
conditions so that nonrectangular boundaries or miss-
ing data do not create difficultics. When u is equal
to zero, (A7) and (A8) reduce to the natural boundary
condition:

oc _

on G.

APPENDIX B

Estimated Statist_ical Uncertainties

1. A priori estimates

Various sources of error can occur during the
calculation of the input data [Ay in (2) and By in
(3)] used to retrieve pressure and temperature pertur-
bations: statistical error in radar data, estimate of the
temporal derivatives [dV/d¢f] through differences be-
tween two successive scans, parameterization of the
subgrid scale force, reflectivity-precipitating water
content relationship. Among these, the only accessible
contribution is that of statistical error in the cartesian
components of velocity and their first order deriva-
tives. In the present case, the calculated uncertainties
in the three components of velocity (Testud and
Chong, 1983; Chong and Testud, 1983) are

o) ~ 0.25 m? s2

X (v) ~ 0.10 m? s

oi(W) ~ 0.95 m? s72
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Any component of acceleration is calculated as

Dot () <o)
Dt ar 20 "Max/,  ox/,

2 : éy 1 dy 2
2 ! aZ 1 aZ 2 ’

where ¢ stands for u, v or w, subscript 1 and 2 refer
to each of two successive scans and ¢ is the time lag
between scans 1 and 2. Then, when supposing that
errors are identical for both scans, the contribution
of radar statistical error in the calculated accelerations
may be estimated through

zg_u)~ [1 - C(AR)]
”(Dz {2 NE

() + (%)

((3) )
" <(%}2>az<v> + <(%§>2>a2(w), (1)

A~ pr a2 € @
+ & on+ () )
’ <(%c>2>"2(“) + <(%>2>02(W), (B2)

AZ) - R o B
(o ()0
(o @

where C(Ap) is the autocorrelation function expressing
the noise reduction due to filtering (Testud and
Chong, 1983), Ay and A, are respectively the hori-
zontal and vertical grid spacing (in the present case
Ay = 1000 m, A; = 500 m).

Then, statistical uncertainty in the input values Ay
in (2) may be simply deduced from (B1) and (B2),
for each horizontal plane, through

Uz(AH) = Uz(Ax) + az(Ay)
~ [C8v0] [6X(Du/ DY) + o¥(Dv/D1)).

(B4)

Likewise, when supposing that error in the retrieved
horizontal pressure perturbation gradients is reduced
by a factor 2.2 with respect to that in the input values
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Ay (see section 2 below), statistical uncertainty in the
input values By in (3) may be estimated from (B3)
and (B4), for each horizontal plane, through

P(By) = o(B,) + 0(B,) ~ [ /gP[ 2<AH)]

FNERd

+ [Oyole] [ az(Dw/Dt):I (B5)

2. A posteriori estimates

Following Gal-Chen and Hane (1981) the reliability
of the retrieved pressure and temperature fields may
be quantified through the standard deviation between
the input data and the retrieved gradients. Using
notations of Appendix A, the quantity Ej is defined

) o)

ff (G2 + G,ldxdy

D(z0)

’

where [G,, G,] are the input data [Ay in (2) or By
in (3)], C denotes the values to be retrieved (pressure
m or “apparent” temperature 0., perturbations) and
D(zp) is the horizontal domain, at altitude z,, where
data is available.

Relevance of parameter Er has been evaluated
through numerical tests with simulated data. Let us
first outline that these tests have been restricted to
the “mathematical” influence of a random statistical
error. On the other hand, the only way for estimating
the influence of a systematic error is to compare the
results obtained with independent measurements of
pressure or temperature (see Section 3b). As a matter
of fact, this last kind of error may induce inextricable
biases in the input data in such a way that the
obtained results could be mathematically satisfying
but physically inconsistent.

In these conditions, the conclusions that can be
drawn from numerical tests conducted with simulated
data with characteristic wavelengths larger than 3.7 s
(since smaller wavelengths have been filtered out in
the processing of radar data) are the following:

1. if the input data [Gy] are exact gradients [V ;Cp)
(no noise is added), the numerical integration of the
Euler equation (through (AS) in Appendix A) leads
to small errors in the output gradients V,C*, de-
pending on the characteristic wavelength of the input
data. Er (which is identical to a relative error in this
case) is smaller than 0.01 for wavelengths larger than
10Ay, and is, for example, equal to 0.05 for a
wavelength equal to 5Ay.

2. if the input data are exact gradients plus inde-
pendent random (gaussian white) noise €, two un-
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equivocal relationships are found, whatever the wave- -

length of the exact gradients and the rms value of
noise [{ex*)'?] are

i) between Eg and the relative error o7 in the
input data:

o2 ~ 1.6Ex (B6)
with
f f [ex1dxdy
PR R
" [ Graxay
D(zp)

ii) between of, and the relative standard deviation
o2, between the retrieved gradients V4C* and the
exact ones V,Cy:

O%ut ~ 0'2°'i2n (B7)

with

[ tvuc* - Vucuraxay
Ty = 2

[ [ 6.rasay

D(z0)

Equation (B7) implies that statistical error is re-
duced by a factor 2.2 (=06i4/0ow). The “input noise
vector” ey, as any two-dimensional vector, may be
expressed as

where Q is a scalar field and R a three-dimensional
vector field. Then, minimization of functional F; in
(5) (Section 2b) allows only the “divergence-free”
part (V X R)y of ¢4 to be filtered out (since its “curl-
free” part, V0 is indistinguishable from the actual
gradients), and this leads to a reduction in statistical
error by a factor 2. Moreover, the combined mini-
mization of constraint F, in (5) allows to eliminate
the contribution of random error (both “curl and
divergence-free” parts) for wavelengths smaller than
3.7Ay and increases the error reduction factor.

3. if "the input data are independent random
(gaussian white) noises, Eg is equal to its maximum
value 0.60. Likewise the small wavelengths are can-
celled out through constraint, while for larger wave-
lengths.only the “divergence-free” part can be filtered.

Therefore, at each altitude z,, the value of Ex (for
both pressure and temperature fields) indicates the
reliability of the retrieved results since E is propor-
tional to both input and output relative statistical
errors. Moreover estimates of these relative errors
may be obtained from Ej through (B6) and (B7) and
compared to the a priori estimates of statistical un-
certainties (due to radar error) in the input data Ay
and By calculated with (B4) and (BS).
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