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ABSTRACT

A thermodynamic retrieval technique, which uses the equation of motion in conjunction with the thermo-
dynamic equation, is validated in a two-dimensional numerical model simulation of a squall line with a trailing
stratiform region. Model wind and reflectivity output are used as input to the retrieval. The availability of model
thermodynamic output allows us to examine the performance of the retrieval. The computational technique
involved is found to be valid. When the retrieval is applied to the time-averaged model wind fields, reasonably
accurate results are obtained for the stratiform region, but errors arise for the convective region because of the
neglect of eddy correlations of the temporally fluctuating wind components. Application of the retrieval to
instantaneous model wind fields demonstrates that very high time resolution is needed in the wind data
(< about 2 min) to obtain reliable results where time changes are large and nonlinear.

1. Introduction

Doppler radar observational technology provides the
opportunity to study convective cloud systems by in-
dicating the detailed air circulation inside of them. In
addition, it is possible to retrieve thermodynamic pa-
rameters from the indicated wind field. Gal-Chen
(1978) and Hane and Scott (1978) initiated thermo-
dynamic retrieval work by proposing an analysis based
on the equation of motion, the radar-observed spatial
fields of the wind components, and their temporal ten-
dency to determine the temperature and pressure per-
turbations. However, the retrieval was possible only on
individual horizontal planes, and the solution was de-
pendent on an undetermined constant for each hori-
zontal plane. Thus, only the deviations of temperature
or pressure with respect to their horizontal averages
could be determined. Roux (1985, 1988) attempted to
resolve this problem by using the equation of motion
in conjunction with the thermodynamic equation.
Further improvement of the retrieval is described in
Roux and Sun (1990, henceforth referred to as RS).
Although their application of this technique to a West
African squall line observed during the COPT 81
(Convection Profonde Tropicale 1981) experiment
produced physically reasonable results, a strict vali-
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dation of the retrieval technique was not conducted.
The main objective of this paper is to carry out the
validation by means of using the output of a two-di-
mensional numerical cloud model as input to the re-
trieval.

Validation of the earlier retrieval technique was car-
ried out by Hane et al. (1981). They used the output
from the three-dimensional model of Klemp and Wil-
helmson (1978) in place of observed data to test their
method for retrieving temperature and pressure devia-
tions from the horizontal means. Their rather complete
set of sensitivity tests included the evaluations of local
time derivatives, turbulence, cloud-water content,
rainwater content, errors in the velocities, and filter
technique. Klemp and Wilhelmson’s model produced
a single storm initiated by a thermal perturbation,
which grew and split into left- and right-moving storms
after 30 min. The right mover grew and, after 80 min,
decreased gradually. The retrieval of Hane et al. (1981)
was fixed around 90 min, Their results showed that
the local time derivatives estimated from a 30-s time
span gave virtually the same temperature-deviation
structure as the original one of the numerical model;
even the 4-min span estimation resulted in an excellent
agreement. When the local derivative was eliminated,
the solution was judged to be useful in its general pat-
tern despite a deterioration of details. This reflected
the fact that the retrieval was done at a moment (90
min after the initiation ) when the storm evolution was
linear and relatively small. The results also showed that
it is important to adequately filter the retrieved tem-
perature deviation to reduce the errors produced by
the noise associated with the velocity fields.
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The test of Hane et al. (1981) was for the earlier
retrieval technique in which only the equation of mo-
tion was used. In addition, their study was concerned
with the Klemp-Wilhelmson (1978) simulation of a
supercell thunderstorm. In this type of storm, the con-
vective updrafts are especially strong, broad, and slowly
varying. These characteristics make the storm more
amenable to retrieval analysis since the basic radar sig-
nals are so strong and definite. The supercell, however
important, is relatively rare.

Therefore, besides working with a more complete
type of retrieval, we focus on a different type of storm:
the squall line with a trailing stratiform region. This
type of convective system, studied by many investi-
gators (e.g., Smull and Houze 1985, 1987; RS), offers
more challenges to retrieval and is important because
so many mesoscale convective systems exhibit its basic
properties (Houze et al. 1990). Its convective cells are
of the more short-lived and smaller-scale variety seen
in common thunderstorms [such as those seen in the
Thunderstorm Project (Byers and Braham 1949)]. In
addition to the convective cells, it has a mesoscale area
of stratiform cloud and precipitation whose air motions
are 2-3 orders of magnitude weaker than those of the
convective cells but at the same time covering a broader
area and varying slowly in time. Thus, both the con-
vective and stratiform portions of the squall line with
a trailing stratiform region preseént new challenges to
the retrieval. The convective cells have a highly fluc-
tuating pattern, which is difficult to capture exactly in
radar data. The effects on the retrieval of these fluc-
tuations in space and time need careful evaluation.
The broad scale of a convective system with stratiform
precipitation makes it necessary in some research to
construct a composite of radar data collected at several
times and locations to obtain a more complete picture
of the storm (e.g., Biggerstaff and Houze 1991a,b).
Considerable filtering of the data is necessary to smooth
out the composite patterns to see the weak but wide-
spread vertical air motions in the stratiform region. It
is important to know whether the retrieval technique
can be applied to such filtered and smoothed fields.

In this paper we investigate the reliability of applying
the thermodynamic retrieval technique of RS to a
squall line with a trailing stratiform region. We will
carry out tests of the retrieval on the output of a suc-
cessful model simulation of such a squall-line system.
As was the strategy of Hane et al. (1981), we will apply
the retrieval to the model-generated wind and precip-
itation fields (i.e., the fields that would be observed by
radar) and attempt thereby to reproduce the model-
calculated thermodynamic fields. In particular, we will
use the model output of Fovell and Ogura (1988), who
used a two-dimensional nonhydrostatic model to rep-
licate the behavior of the 22 May 1976 squall-line sys-
tem studied by Ogura and Liou (1980) and Smull and
Houze (1985, 1987). That storm is reasonably repre-
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sentative of the class of storms characterized by a squall
line with a trailing stratiform region. We focus on three
specific objectives: (i) the computational technique of
the retrieval is tested; (ii) the ability of the retrieval to
diagnose time-mean fields from the model is tested as
a way of indicating the applicability of the retrieval to
a broad-scale radar composite of the storm; and (iii)
the time resolution required in the wind and precipi-
tation fields in order to reproduce the instantaneous
storm structure is determined. The latter two tests pro-
vide an indication of the ability of the retrieval to rep- .
resent accurately the thermodynamics of both the con-
vective and stratiform regions of this common and im-
portant type of convective cloud system.

2. Brief review of retrieval technique

The basic premise of the retrieval is that unknown
thermodynamic parameters like temperature and
pressure can be deduced from observed wind velocities.
These variables are related to each other through the
anelastic form of the basic governing equations of the
atmosphere (as given, for example, by Wilhelmson and
Ogura 1972). These include the equation of motion

0.
ﬂ +(v-V)v=—-C,0,Vm + g < g-1k + Fur,
ot o
(1)
and the thermodynamic equation
9
5;(00+9|)+(V‘V)(00+01)=Sa, (2)

where v is the air velocity vector, 6 is the potential
temperature, 6, is the virtual potential temperature, o
is the nondimensional pressure perturbation [7 = (p/
1000 mb)®/<? 7, = p,(C,0.0p0) "1, R is the gas con-
stant for dry air, and C,, is the specific heat at constant
pressure for dry air. The subscale turbulence force is
F..:, With F, and F,, as x and z components. The
subscript 0 indicates the environment base state, and
1 indicates the perturbation with respect to the base
state. The parameter 6, is referred to by Roux et al.
(1984) as the virtual cloud potential temperature per-
turbation [ 6., = 68, + (0.61¢g,; — q.)8;1; ¢, is the water
vapor content perturbation; ¢, is the cloud-water con-
tent; g, is the precipitation content, which can be es-
timated from the radar reflectivity through theoretical
or empirical formulation (g, in this test is calculated
from model reflectivity output); and S; is the heat
source or sink.

Since we are interested in two-dimensional structure,
(1) and (2) are rearranged to obtain
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Details of the derivation of (3)-(6) are given by RS.
Equation (5) provides information about the horizon-
tal gradient of 6., based on the equation of motion and
deduced from air motions and their evolution. Equa-
tion (6) combines information on the horizontal and
vertical gradients of 6., based on the thermodynamic
equation for saturated (6; = 1) and nonsaturated (46,
= () regions, respectively. The distinction between the
saturated and nonsaturated regions is made with a
function defined as F(g,) = dq,/ot + (v-V)gq,
+ 8/0z(pov,q,). When it is positive, cloud water is being
transformed to precipitation water so that the air is
saturated and, conversely, it represents the evaporation
rate associated with rainwater in a nonsaturated region.
In the saturated region, the air parcels follow moist-
adiabatic motion, therefore, the latent heat release is
approximately obtained from the moist-adiabatic lapse
rate ys,. Once A, A,, By, and B, are known, we can
find the 6., and =, fields that fit in the least-squares
sense by minimizing the functions F; and F, defined
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where V = (u? + w?)'/2, and the integrations are car-
ried out over the whole domain.

When the right-hand side of (5) is estimated from
real Doppler radar data, it is often difficult or impossible
to estimate the local derivatives du/dt and dw/dt, and
it may be necessary in practice to avoid these terms by
seeking relatively steady-state features in the data or
by applying the technique to mean or composite wind
fields. If the latter is done (e.g., Sun and Roux 1988;
RS), however, an error is introduced because the av-
erage of the terms (v-V)w and (v- V)u are estimated
from the mean velocity fields as (v- V)wand (v- V)i,
where the overbars represent time averages. This esti-
mate ignores the contributions of eddy fluxes
(v'-V)Yw and (v’ - V)u', where the prime represents
a deviation from the time average. These fluxes may
be significant in regions of convection, where time
scales of changes are short compared to the length of
the averaging period. One of the main objectives of
this paper is to evaluate how much impact the neglect
of the eddy flux term has on the retrieval of thermo-
dynamic fields of the squall line with a trailing strati-
form region. This determination can be made with the
model results used as input. The simulated squall line
became rather steady after about 350 min into the sim-
ulation for averaging times far longer than the time
scale of a convective cell (~30 min). Mean model
fields were averaged for the simulation time period
540-670 min, which encompassed four convective-cell
life cycles. In these average fields, du/dt = ow/dt = 0,
and the error in the retrieval is entirely associated with
the eddy fluctuation terms. This error can be found
since the mean thermodynamic field retrieved from
the model mean winds and reflectivity can be compared
to the actual model-calculated mean thermodynamic
fields, which contain the effects of the fluctuating winds,
as well as the mean winds. This comparison will be
discussed in subsequent sections.

The error determined in this way should be viewed
cautiously as a minimum error. In applying the re-
trieval to a real case in which the radar data have been
used to form a composite analysis, additional errors
will be associated with the fact that du/d¢ and dw/dt
may not be truly zero, as well as the fact that the eddy
correlations are not accounted for.

3. Description of model output

Fovell and Ogura’s (1988) simulation was carried
out with an anelastic two-dimensional model similar
to that of Soong and Ogura (1980), in which the Co-
riolis force is neglected and the turbulence term is set
to a very small value. The horizontal grid space is
1 km and the vertical grid space is stretched from 200
m just above the ground to 700 m near the 12-km
level. The simulation was initiated with the environ-
ment represented by the sounding data shown in Fig.
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FiG. 1. Sounding data serve to initiate the model simulation and
as the undisturbed base state in the retrieval (adapted from Fovell
and Ogura 1988).

1. The same data serve as the undisturbed base state
in the retrieval discussed below. The time step used in
these calculations was 5 s. It produced a moving squall
line with periodic formation of convective cells at its
leading edge. In the “no-hail” case, which was the most
realistic, the propagation speed reached 16 m s~'. The
multicellular structure appeared in both the time his-
tory of the domain maximum vertical velocity (Fig.
2a) and the surface rainfall pattern (Fig. 2b). The in-
dividual cells moved rearward, and each complete cycle
lasted 32 min. The time-averaged fields over several
complete cycles exhibit the primary mean character-
istics of observed squall lines (Fig. 3). The system-
relative horizontal airflow is front to rear at the leading
edge and above the 3-km level behind, with an axis of
maximum at the 6-km level. Below the front-to-rear
flow, a rear inflow enters the system between the 1-
and 3-km levels. The rear-to-front flow traverses the
whole region and reaches the front edge where it en-
counters the unstable air of the prestorm environment.
The strongest vertical motions (11 m s™') are found
in the leading portion of the storm, where the intense
convective cells were located. A deep downdraft orig-
inating at upper levels is located just behind the region
of upward motion. Just to the rear of this feature is a
wider and less intense updraft at levels above 6 km.
This feature and the broad downdraft below the wide
updraft coincide with the front-to-rear flow seen Fig.
3b. The potential temperature perturbations 6, are
positive at upper levels, and the axis of maximum 6,
coincides with that of the front-to-rear flow. The neg-
ative perturbations at lower levels coincide with the
rear-to-front flow and form the cold pool, which ex-
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hibits a bulging head at its leading edge. This structure
is typical of thunderstorm cold pools, which consist of
negatively buoyant downdraft air. As downdrafts en-
counter the ground, they propagate forward with the
head at the leading edge (see Charba 1974; Wakimoto
1982; Droegemeier and Wilhelmson 1987 for details).
The more buoyant environmental air meeting the cold-
pool head is forced up over the head at the gust front,
which is the warm edge of the cold pool, where the
sharp convergence is concentrated. A narrow zone of
warm air is seen to extend upward and rearward from
the gust front in Fig. 3d. ,

Thus far, we see that the time-averaged fields possess
many typical features of observed squall lines in both
the convective and trailing stratiform region (Houze
et al. 1989). Since the capability to collect data is lim-
ited, especially when the storm has a mesoscale struc-
ture that is much larger than any individual Doppler
radar range and one radar scan covers only a part of
the storm, the assumption of steady state is sometimes
necessary to make a composite analysis so that the
overall structure of a storm can be deduced (e.g., Sun
and Roux 1988; RS). The time-averaged fields of
model output represent a pseudosteady state, which is
actually an indication of the repetitiveness of the time-
dependent fields, but can be usefully compared to a
composite analysis of a squall line. How well the ther-
modynamic retrieval technique diagnoses the ther-
modynamic fields from the model time-averaged wind
fields can be tested. If this test is successful the technique
can be applied with more confidence to a composite
data analysis of a squall line.

4. Retrieval based on the time-averaged
model wind fields

Unlike the work of Hane et al. (1981), the equation
sets are not used in exactly the same form as the model
simulation, nor for the same grid mesh. Instead of a
stretched grid in the vertical as used in the simulation,
a uniform grid mesh in both horizontal and vertical
directions is adopted. The grid space is 1 km in the
horizontal and 500 m in the vertical. The first objective
of this study listed in the Introduction may be restated
as the question: Can we find the 6., field without any
purely computational flaw if the terms B, and B, are
deduced correctly? The second objective may be re-
phrased as: Is it possible to estimate the terms B, and
B, correctly from the steady time-mean winds? The
first question is now addressed to make sure that there
is no distortion associated with the computational
technique before an attempt is made to answer the
question of objective (ii).

a. Validation of the computational step

The most important advance of this retrieval analysis
over that of Gal-Chen (1978) or Hane and Scott (1978)
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FIG. 2. (a) Time history of the domain maximum vertical velocity
(m s™!) for the no-hail run; (b) system-relative surface rainfall in-
tensity for the no-hail run between 9 and 11 h (contour interval is 6
mm h™! starting from 1 mm h™'). The abscissa is the horizontal
section of model domain (km), the ordinate is the time of simulation
(h) (provided by R. Fovell).
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is the capability to obtain the pressure and temperature
perturbations in vertical planes as well as in the hori-
zontal. This difference is clearly demonstrated in (7a),
which includes the vertical gradient of 6., in addition
to the horizontal gradients. Unfortunately, in the sec-
ond term of (7a), the vertical gradient of 6., is com-
bined with the vertical velocity. Similarly, the hori-
zontal gradient of 8., is combined with the horizontal

50 60

velocity. In areas of small velocities, the solution of
(7a) becomes unstable. In the stratiform region of the
squall line, the vertical motions are often very weak.
The typical value is ~107! m s™!. To avoid compu-
tational instability, a weighting function is assigned to
the second term of (7a) in order to decrease its con-
tribution in the retrieval when the speed is under a
specific threshold. Thus, (7) is rewritten as
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FI1G. 3. Time-averaged model fields. (a) Radar reflectivity (contour interval 5 dBZ); (b) system-relative horizontal velocity (5 m 57});
(c) vertical velocity (2 m s™"; contours with interval of 0.2 m s™! are added in the stratiform region (X < 60 km) to show more details);
(d) potential temperature deviation from base state (1 K); (e) pressure perturbation (1 mb); (f) virtual cloud potential temperature

perturbation (1 K).
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where f(V) = V*(V* + V™!, h(V, w) = 1
—f(V)f(w)and po, 1, and vp are constants. The third
term in (8a) means that the vertical gradients of 6,
should be small if the vertical motions are weak (see
RS for details).

Although the improved retrieval technique repre-
sented by (8) has been applied to a real case of a West

African squall line with a broad trailing stratiform re-
gion with seemingly reasonable results (see RS), the
technique has not yet been validated rigorously. The
availability of Fovell and Ogura’s (1988) model sim-
ulation fields provides an excellent opportunity to ac-
complish the task. Their simulation produced a squall
line with both an intense convective and extended
stratiform region. In the latter, the upward motions
occupy the region above 6 km with a maxirnum of 60
cm s™!. At lower levels, downward motions of similar
magnitude are found. A zone of virtually no vertical
velocity lies between them.

The present concern is whether the 6., field can be
determined correctly, given accurate values of B, and
B,. The best way to obtain the accurate B, and F, is,
of course, to take them directly from the model output
6., field. The model output 4., field was not directly
provided; therefore, it was calculated from the model
fields of potential temperature perturbation, cloud-wa-
ter content, and water vapor perturbation, according
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FIG. 4. (a) Virtual cloud potential temperature perturbation retrieval from B,,, and B,,, deduced from the model-output 8., field;
(b) pressure perturbation retrieved from A,,, and 4., deduced from the model-output p, field.

to the formula mentioned earlier. Figure 3f shows the
result. The maximum differences between 6, and 6.,
are £0.5°C, correlated with the maximum of water
vapor perturbations of ~0.2 gkg™'. The effect of
cloud-water content is insignificant everywhere except
in the convective region, and there its contribution to
8., is strongly offset by the water vapor perturbations.
From the 6., calculated from the model output, we
compute model values of B, and B,, which are called
B, = 80.,/0x and B,, = udl. /ox + wdb. [/dz, re-
spectively. These are computed from the model 4, field
by finite differences. Then the procedure described by
(8a) is begun, with B,,, and B, substituted for B,
and B,.

To retrieve the pressure-perturbation field p,, the
horizontal gradient A,,, = d=,/9dx and the vertical gra-
dient A,,, = dmw,/0z are derived from the simulation
output p, field! (conversion of p; to x; is given in sec-
tion 2) and minimize the integral in (8b). The retrieved
p, field (Fig. 4b) is nearly identical to the simulation
output (Fig. 3e). Comparison of the retrieved 6., field
(Fig. 4a) with the simulation output (Fig. 3f) is also
good. From a computational point of view, there is an
important difference between pressure retrieval (8b)
and temperature retrieval (8a). In the case of pressure
retrieval, any difference between Figs. 3e and 4b could
be explained by the accuracy of the numerical algo-
rithm, which finds the pressure field when both hori-
zontal and vertical gradients of the pressure are known.
In case of temperature retrieval, the difference between
Figs. 3f and 4a may also be accounted for by the ac-
curacy of the algorithm. However, this algorithm is
different from the pressure algorithm. The temperature
field is obtained from horizontal gradients of temper-
ature and the terms (u496.,/9x + wdb.,/3z). When the
vertical velocity approaches zero, the numerical solu-
tion of (8a) becomes unstable, and the temperature
field becomes impossible to retrieve. That is the reason
why the weighting-function constants are applied. After
some trials, the best retrieved 6., field is obtained when

! The model-output p, field is associated with an unknown area-
wide constant.

the constants involved in (8a) are set in the following
combination: Vo =4 m s, uo = 0.2, u, = 0. Despite
the difficulty of introducing these weighting functions,
the retrieval results in Fig. 4a show that if B, and B,
can be estimated correctly from the observed wind field,
there is virtually no obstacle to correctly retrieving the
temperature perturbation 6., field. Thus, the problem
becomes how to estimate the B, and B, in an appro-
priate way. The successful temperature retrieval is es-
pecially satisfying since it indicates that the weighting
functions in the retrieval were able to overcome the
possible numerical instability associated with the wide
regions of low vertical velocity in the time-mean fields.

b. Validation of the diagnostic retrieval mode!

The retrieval technique is based on (1) and (2). If
at a specific time all terms other than temperature and
pressure in these two equations were known every-
where, it is possible to determine the fields of these last
two variables if only one areawide constant is given
{Roux 1988). Unfortunately, the Doppler observations
provide the wind and reflectivity fields only at one mo-
ment or another for a limited region. Moreover, the
heat-source distribution is not obtainable from actual
observational technology. It is therefore unavoidable
to make certain assumptions to circumvent the restric-
tions of the observations.

In this study, the simulation output wind and re-
flectivity fields of Fovell and Ogura (1988) are used
instead of real data to retrieve the temperature and
pressure fields. Although available, no other additional
variables from model output are used in order to eval-
uate the impact of assumptions on the retrieval. To
simulate a composite of radar data, the case in which
the model wind and reflectivity fields are time averaged
over four complete cycles is considered. In this case,
the local time-derivative terms in (3)=(6) vanish. The
turbulence force is neglected because the parameter-
ization of this force in Fovell and Ogura’s simulation
renders it to be much smaller than the advection term.
The precipitation content and the fall speed are cal-
culated from the model radar reflectivity through the
relations used in RS. The assumptions concerning pa-
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rameterization of heating in the thermodynamic equa-
tion have been mentioned in section 2, where (6) is
deduced from (2). The moist adiabat used to approx-
imate the latent heat release rate in saturated regions
is for the wet-bulb temperature 21°C, indicated by
sounding data (Fig. 1).

Figure 5 shows the retrieved temperature and pres-
sure fields and their difference fields (i.e., retrieved-
minus-model fields). Except for the more irregular
shapes of the contours in comparison to the simulation
output (Figs. 3f,e), the overall features are evident.
Positive thermal perturbations are found at upper levels
with a maximum of 5°C, which is 1°C less than the
model output. There are two axes of maximum: one
around the 7-km level and another at 5 km. The tongue
of warm air extending up from the gust front is evident
in Fig. 5a, though not quite as clearly as in the model
output (Fig. 3f). The negative values at lower levels
indicate the cold pool formed by the evaporation of
precipitation, but the cold pool is weaker (minimum
of —5° vs —7°C) and less extensive upward, especially
in the rear of the storm. A cool-air region is also found
at the highest levels toward the rear. The pressure per-
turbations (Fig. 5c), whose vertical structures are
mainly determined by the temperature perturbations
through the hydrostatic effect, show a low of —3 mb
at the 3.5-km level, which agrees well with the simu-
lation (Fig. 3e). The pressure perturbation is accurate
except at low levels (Fig. 5d), where the positive anom-
aly of the mesohigh seen in the simulation result does
not quite appear at low levels, since the cold pool is
not quite cool enough.
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The overall structures of temperature and pressure
perturbations obtained from the retrieval are thus gen-
erally representative of the simulation output. This
means that the assumptions involved in the retrieval
are partially justified—*partially” because some dis-
tortions do exist. For example, one warm core located
at the 6.5-km level in the original 6., field is split into
two warm cores by a zone of minimum 6., at 5.5 km.
Both positive and negative perturbations are smaller
than in the model storm, and the cool region is shal-
lower and narrower (Fig. 5b).

The precipitation content deduced from the radar
reflectivity is smaller than the model output precipi-
tation field (not shown here). The maxima are 1.6
versus 2.2 g kg ™! in the convective rain region, 0.8 ver-
sus 1.1 g kg™ in the stratiform rain region, and 1.1
versus 5.0 gkg™' in the stratiform snow region. The
most substantial difference occurs in the stratiform
snow region, apparently because the empirical rela-
tionship used to convert model radar reflectivity Z to
precipitation content g, in the retrieval is the same as
described in RS to analyze the real case, whereas a
different g,~Z relationship was used by Fovell and
Ogura ( 1988) to convert model g, to Z. This difference
may explain the smaller rates of warming and cooling
and more restricted cooling regions as being the result
of less intensive condensation and evaporation. This
is further indicated by temperature perturbations re-
trieved by using the model output precipitation g, (Fig.
6a). Compared with Fig. 5a, stronger intensities are
found in both warm and cool regions (6° vs 5°C and
—6° vs —5°C). The cool region also becomes larger.

F1G. 5. (a) Retrieved 8., field with precipitation content g, deduced from model'reﬂectivity by the relationship g, ~ Z used by RS (1 K);
(b) 8., difference field (retrieved — model) (1 K); (¢) retrieved p, field (1 mb); (d) p, difference field (retrieved — model) (0.5 mb).



JUNE 1992

SUN AND HOUZE

1011

Lidoly

ot ol

FIG. 6. (a) Retrieved 8., field with precipitation content g, of model output. (b) difference field of (a);
(¢) retrieved 6., field from B,,, and B;; (d) difference field of (c).

The difference fields in Figs. 5b and 6b clearly show
the improvement when the model-output precipitation
g, is used.

The main discrepancies in the retrieved tempera-
ture and pressure appear to be the consequence of
ignoring the eddy flux terms (v’ - V)w’ and (v’ - V)u/'
in the expression for B, given by the right-hand side
of (5). This opinion is supported by a retrieval exper-
iment in which the B, field computed from the velocity
fields is replaced by the accurate value B,,, deduced
from the simulation output ., field. The retrieved
temperature field is much more similar to the original
6., field (compare Figs. 3f, 5a and 6¢, and compare the
difference fields in Figs. 5b and 6d). The cold pool is
still weak and less broad since it is influenced by the
B, deduced from the thermodynamic equation in con-
nection with the underestimation of evaporation of
raindrops. The warm air extending upward and rear-
ward from the gust front is nearly perfectly retrieved.
There is only one maximum axis at 6.5 km (instead
of two in Fig. 5a), as should be the case. In contrast,
another retrieval experiment, which keeps the B, but
replaces B, with B,,, deduced from the model 8., field,
gives the retrieved temperature field with virtually no
improvement (not shown here). These results show
that the main errors in retrievals performed on the time-
averaged fields are associated with neglecting the eddy
flux terms in (5). This conclusion is consistent with
the difference fields in Figs. 5b and 6d, as the local
maximum error falls in the region of the warm tongue.
That feature is associated with convective cells, which
are the primary agents responsible for the fluctuating
fields giving rise to the eddy terms. The generally fa-

vorable comparison between the model and retrieved
fields in Figs. 3fand 5a throughout the stratiform region
(as evident in the difference field in Fig. 5b) suggests
that retrievals applied to mean or composite radar data
fields will be more accurate in the stratiform region
than in the highly convective region of the leading line,
where the eddy fluxes are probably strong.

Since the eddy flux terms involve perturbations and
correlations of the velocity components, it is evident
that they are related to convective-scale momentum
fluxes. If these fluxes could be parameterized, the re-
trieval technique could be improved so that it could
be applied in the convective region with more confi-
dence. However, the parameterization of momentum
fluxes is a difficult problem, and it is not immediately
obvious how they could be parameterized in the context
of the retrieval.

5. Application of the retrieval to the model
instantaneous fields

We have now seen that reasonably accurate results
may be expected if the retrieval is applied to the time-
mean wind fields of the stratiform region of a squall
line with a trailing stratiform region; however, the
highly fluctuating wind fields in the convective region
lead to errors in the retrieval applied to the mean winds
in that zone. In the absence of some parameterization
of the missing eddy flux terms, it is necessary to apply
the retrieval to the instantaneous wind field in the con-
vective region in order to infer the thermodynamic
structure of the convective zone. In this section, we
explore the accuracy of the retrieval when it is applied
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to the instantaneous fields. In particular, the time res-
olution required to obtain accurate results is investi-
gated, the third objective mentioned in the introduc-
tion. The time resolution is important to establish be-
cause it implies how close together in time individual
radar scans must be obtained to assure the accuracy of
the retrieval.

a. Retrieval at 576 min

The instantaneous model fields at 576 min are for
a time slightly before the main cell reached its maxi-
mum rainfall intensity, which was increasing sharply
(Fig. 2b). It is expected that at such a time the non-
linearity of the evolution may be less important than
at a ridge or trough. The reflectivity field (Fig. 7a)
clearly distinguishes the convective region in the front
from the stratiform region behind. They are separated
by a weak-reflectivity zone centered at X = 56 km. The
horizontal system-relative airflow has a pattern similar
to that of the time-averaged flow, except that the axis
of maximum front-to-rear flow describes an upward
arc shape in the convective region, that is, stronger
variability in the cross-line direction (Fig. 7b). The
vertical velocity field (Fig. 7c) appears quite different

FIG. 7. Instantaneous model fields at 576 min. (a) Radar reflectivity
(5 dBZ); (b) system-relative horizontal velocity (5 m s™'); (¢) vertical
velocity (2 m s™'); (d) virtual cloud potential temperature pertur-
bation (1 K); (e) pressure perturbation (1 mb).

from that of the time-averaged case. The intensities are
much greater (maximum updraft is 19 vs 11 m s™!;
maximum downdraft is —6 vs —1.2 m s™!). The al-
ternating updrafts and downdrafts demonstrate more
cellular structure, which was strongly filtered in the
time-averaging process applied in section 4. Several
local maxima are found corresponding to these drafts
in the 6, field (Fig. 7d). The warm tongue extending
upward from the gust front coincides with the main
updraft and indicates how the warm air at upper levels
originates from lower levels. The horizontally oriented

FIG. 8. Virtual cloud potential temperature perturbation retrieved
frqm B,» and B,,, deduced from the modei-output 8., field at 576
min,
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FIG. 9. (a) Retrieved 6, field without taking into account of local time derivatives; (b) difference field of (a).

maximum in the rear half of the domain is associated
with the mesoscale updraft of the stratiform region.
The maxima seen at altitudes 4-8 km between X = 50
and 70 km in Fig. 7d seem to be correlated with the
downdrafts in Fig. 7c. This finding suggests that the
downdrafts at these locations between the main con-
vective line and the stratiform region are driven by
dynamic forcing rather than by negative buoyancy. The
complexity of the 8., field presents a stringent challenge
to the retrieval technique.

As in the last section, a verification of the compu-
tational method is made first; that is, with B,,, and
B,,,., deduced directly from the model output 8., field;
then the 6., field is retrieved, which fits B,,, and B,,,
simultaneously in the least-squares sense. The constants
involved in (8) are again set to get the best result,?
which is shown in Fig. 8. The retrieved 6., field has
nearly all the details that appeared in the model output
(Fig. 7) except for the underestimation of positive per-
turbations at upper levels (by about 1°C). It is evident
that the retrieved temperature should be valid unless
the B, and B, are incorrectly deduced from the equation
of motion and the thermodynamic equation. Thus, we
conclude again that the basic computational technique
is valid.

In order to measure the total impact of the local
change of wind field on the retrieval, the calculations
were next made from B, and B, but without local time
derivatives. Although there are positive perturbations
at upper levels and negative ones below, the original
6., field is not distinguishable (Fig. 9a). Its difference
field (Fig. 9b) shows peak errors of —4° to —8°C, in-
dicating that the evolution of the simulated squall line
is much too important to be neglected. Since the sim-
ulated squall line does not always evolve linearly, the
estimated values of local time derivatives change when
the interval centered at a particular time varies. The
question is: How close together in time must the ob-
servations be to obtain a sufficiently accurate B, and

2 The constants Vj, uo, and g, are not universal; they are related
to fields to be retrieved and corresponding wind fields and have to
be tuned based on experience.

B, for the retrieval? Table 1 indicates the accumulated
errors Eg_and Ejp, defined as

ff (B — Byy)?dxdz
EB =

) ff (Byw)?dxdz ,

f f (B, — B,,)*dxdz

EB, = )
ff (Bum)?dxdz

when B, and B, are calculated with different intervals.?
When the local time derivatives are taken into account,
both B, and B, are greatly improved. However, the
error for calculations centered at 576 min is not very
sensitive to the size of the time interval since the ten-
dency around this time is quite linear. For purposes of
illustration, the £1-min interval has been chosen. The
moist adiabat of 21°C was used. The retrieval results
and related difference fields are shown in Fig. 10. The
retrieved temperature perturbations (Fig. 10a) dem-
onstrate a great improvement with respect to those in
Fig. 9, where no information about the temporal
changes was provided. The differences between model
and retrieved values are greatly reduced, although errors
of ~2°C in magnitude remain (compare Figs. 9b and
10b). Most of the features that appear in the model
output 6, field (Fig. 7d) are now qualitatively apparent.
The cold pool at lower levels is similar although the
nose shape seems to be exaggerated. The warm tongue
rising up from the gust front over the cold pool is ev-
ident, though still a little weak. The two other local
maxima just behind the warm tongue and that in the
stratiform region with a horizontal orientation are also
retrieved. The cold air at upper levels in the rear part
of domain and the couplet of cold and warm cores
over the warm tongue are recognizable although they
are not especially well defined. The retrieval of pressure

3 The interval of +2 min represents a time interval of 4 min.
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TABLE 1. Deviations of B, and B, at 576 min with and without
taking into account the local time derivatives.

Time interval Es, : Ep,
No 2.49 1.22
+2 min 0.76 0.52
*1 min 0.55 0.48
+15s 0.50 0.52

perturbation (Fig. 10c) is also successful. The overall
shape of contours is very close to the model output
(Fig. 7e). The results for the other time intervals in-
dicated in Table 1 (not shown) are nearly as good as
those in Fig. 10.

The retrieval at 576 min with the local time deriv-
atives taken into account thus gives us some encour-
agement. However, these results are somewhat decep-
tive because of the rather linear evolution occurring at
576 min. To get a more complete view of the impact
of the temporal evolution, the retrieval is now carried
at another moment in the storm’s lifetime.

b. Retrieval at 566 min

In contrast to 576 min, the surface rainfall at 566
min has just passed through a secondary maximum,
and the tendency is strongly decreasing (Fig. 2b).
Hence, it is suspected that the time changes are not
linear and may not be well captured by a centered time
difference (as would be computed from two successive
radar scans). The reflectivity field (Fig. 11a) also shows
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different characteristics at the front edge of the storm
with respect to that seen at 576 min (Fig. 7a). The
new cell has not yet reached its full development as
demonstrated by the lower upward extension of the
40-dBZ contour. There are two front-to-rear airflow
tongues, above X = 80 and X = 68 km (Fig. 11b),
which correspond to the newly developing cell and the
decaying cell (Fig. 11¢). Although the maximum ver-
tical velocity is at a lower altitude (Z = 4 km), its mag-
nitude is 19 m s, the same intensity as at 576 min.
This structure is characteristic of a growing cell. The
positive potential temperature perturbation at X = 68
km (Fig. 11d) is associated with the main convective
updrafts (Fig. 11c). The pair of local maximum and
minimum 6, at altitudes of 5 and 8 km at X = 71 km
in Fig. 11d coincide with convective downdraft motion
seen in Fig. 11c. The opposite signs of these two per-
turbations indicate that the very deep downdraft be-
tween the two updrafts was formed through more than
one mechanism. The upper portion (Z > 7.5 km) is
positively buoyant and evidently driven by dynamic
forcing such as upper-level convergence. The middle
portion (3 < Z < 7.5 km) corresponds to the cool-air
pocket, behind the major warm core, which originates
from the midlevel low-0, environmental air ahead of
the storm. The lower portion (Z < 3 km) is driven by
the negative buoyancy produced by evaporation of
rainwater falling from the major cell. These downdraft
mechanisms are the subject of a future paper (Sun et
al. 1992).

A verification of the computational step was again
carried out with B,,, and B,,, deduced from the model-
output 0., field. The result (Fig. 12) assures again that
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FI1G. 10. (a) Retrieved 6, field with local time derivatives calculated from =1-min interval;
(b) difference field of (a); (¢) retrieved p, field; (d) difference field of (c).
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there is no major problem related to the computational
technique, except the slight weakness of positive per-
turbations (~1°C). The retrieval without the local
time derivatives (not shown here) again gives us a vir-
tually meaningless result. Table 2 demonstrates clearly
the deviation of B, and B, from B,,, and B,,, when
different intervals centered at 566 min are used. The
moist adiabat is again 21°C. The estimation of B, and
B, is greatly improved when local time derivatives cal-
culated over smaller time intervals are included, par-
ticularly for B,, whose deviation is 7.8 at 566 min ver-
sus 2.5 at 576 min without taking into account local

FIG. 12. As in Fig. 8, except at 566 min.

F1G. 11. As in Fig. 7, except at 566 min.

time derivatives. The inclusion of local time derivatives
improves the estimation of B, ; however, B, at 566 min
with a +15-s interval is still high: 1.3 versus 0.5 at 576
min. This reflects that the temporal changes around
566 min are more important and less linear than at
576 min.

When the interval is fixed at =15 s, we find that B,
could be improved if the moist adiabat of wet-bulb
potential temperature 16°C is used instead of 21°C.
Although a similar result was found at 576 min (the
best estimation of B, is given by the moist adiabat of
18°C), little impact on the retrieved temperature per-
turbations was evident. This is not true at 566 min.
The retrieval with the moist adiabat of 16°C gives the
temperature perturbations (Fig, 13a) clearly better than

TABLE 2. As in Table 1, except at 566 min.

Time interval Es, Ep,
No 7.80 1.38
+2 min 4.24 0.62
+1 min 2.18 0.44
+i5s 1.33 041
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FIG. 13. (a) Retrieved 4, field with local time derivatives calculated from =+15-s interval;
(b) difference field of (a); (c) retrieved p, field; (d) difference field of (c).

21°C (not shown here). Compared with the model-
output 0., field (Fig. 11d), the main features are ob-
served: the cold pool below (although it extends too
far upward between X = 60 and X = 70 km), the warm-
air area above with the local maximum extending up-
ward from the gust front, the horizontal axis of max-
imum at the 6-km level (500 m lower than the model
output), and the cold air at upper levels. At time in-
tervals of =1 and 2 min (Figs. 14a,b), most of the
features evident in the model simulation are still pres-
ent, in a qualitative sense, but are grossly exaggerated
quantitatively. This impression is consistent with Table
2 and suggests that in a situation of highly nonlinear
evolution, the convective-region thermodynamics will
be impossible to retrieve with typical scan intervals of
present-day Doppler weather radars. Since it is difficult
to know from radar data whether or not the changes
in the convective region are linear, great caution should
be exercised in applying retrieval techniques to the
convective region. This result emphasizes the impor-
tance of developing rapid-scan radar technology for
use in meteorology.* This result also emphasizes the
danger of blindly performing retrieval analysis; the re-
sults may look reasonable qualitatively but be in large
error quantitatively.

Figure 13 shows the better result obtained with a
moist adiabat 5°C less than that of the mean lower-
level environmental air (21°C). The better result ob-

4 The need for rapid-scan radar for improving resolution in Doppler
radar studies of convection has been discussed by Carbone et al.
[1980 (see pp. 1176, 1177, 1182, 1186, and 1194), 1985].

tained at the lower value of wet-bulb potential tem-
perature may just be fortuitous. However, it more likely
reflects the fact that turbulent mixing of low-8,, air into
the updraft (Zipser 1977) lowered the amount of con-
densation in the updraft core. The mixing parameter-
ization is not explicitly included in the model; however,
the finite-difference procedure involved both in the
simulation and in the retrieval plays a similar role
(R. G. Fovell, personal communication). The turbu-
lent-mixing effect seems less important at 576 min. At
that time, the rainfall was almost at its peak intensity,
and the main updraft core was more vigorous. Thus,
the mixing should have been relatively weak at that
time.

6. Conclusions

The work described above accomplishes the vali-
dation of the retrieval technique previously applied by
RS to a West African squall line by applying it to the
output fields of a numerical model simulation of a
similar squall line. To focus the validation study and
make it a useful guide for future work, we set the three
objectives listed in the Introduction.

The first objective was simply to determine if the
computational methods of the retrieval are accurate.
They were found to be valid when applied both to
model time-averaged fields and to instantaneous fields.

The second objective was to determine whether the
mean thermodynamic structure of the storm could be
determined from the time-mean winds of the model
simulation. This determination is important since the
Doppler radar scans a volume much smaller than the
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FIG. 14. (a) As in Fig. 13a, but with +1-min interval; (b) as in Fig. 13a, but with +2-min interval.

total storm, and one method of analysis is to combine
data from several scans into a composite analysis,
which represents a kind of mean storm structure. This
procedure has been followed in the analysis of West
African squall lines (Sun and Roux 1988; RS) and in
work on the 10-11 June PRE-STORM squall line
(Biggerstaff and Houze 1991a,b). The results obtained
here, by applying the retrieval to time-mean model-
output fields, indicate that the retrieval reproduces the
thermodynamic structure of the stratiform region from
the mean wind fields reasonably accurately. However,
eddy correlations of the temporally fluctuating wind
fields in the convective region, which are not included
in the retrieval calculations, can lead to significant er-
rors in results for the convective regions.

Since one cannot obtain sufficiently accurate results
in the convective region of the squall line with a trailing
stratiform region from the mean wind fields alone, it
becomes necessary to perform retrievals for instanta-
neous wind fields. This fact led to the question posed
by our third objective: What time resolution is required
to obtain reliable results from the retrieval when ap-
plying the technique to instantaneous fields in the
highly fluctuating convective region? Experiments ap-
plying the retrieval to the model simulation for two
different times show that when the time changes are
large and nonlinear, very high time resolution is re-
quired. Unambiguous results in these situations cannot
be obtained if the spacing between wind observations
exceeds about 2 min. This result implies that very high
scan rates would be required to assure accurate results
for all situations. Longer intervals (e.g., 4 min) may
be suitable if the time changes are linear. Since it is
difficult to recognize in real data (especially in real
time) whether the time changes in the convection are
linear or not, this result implies a major limitation on
the applicability of retrievals to convective regions.
There is a danger of applying retrieval to situations in
which the time changes are nonlinear. Retrievals may
look qualitatively reasonable but be drastically in error
quantitatively. This result further suggests that the de-
velopment of rapid-scan radar technology will greatly
aid the study of convective storms by making it possible
for thermodynamical retrievals to be more reliable.

In addition to the above problems we have found
that the underestimation of precipitation content g,
results in the underestimation of vertical gradients of
retrieved temperature perturbation fields, that is, un-
derestimation of both positive perturbations at upper
levels and negative perturbations at lower levels, and
that the retrieval is sensitive to the choice of the moist
adiabat used in the thermodynamic calculations. This
sensitivity is probably related to turbulent mixing and
merits caution when applying the retrieval.
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