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ABSTRACT 

A thermodynamic retrieval method was employed to investigate 
some stwctural features of a subtropical squall line during IOP-2 .. 
Dual-Doppler data, centered at 0040, 0043, 0046, 0049, and 0052 LST 
17 May 1987, were objectively analyzed in the horizontal domain of 45 
krn by 25 km using 1 km grid spacing. There were 10 analysis levels in 
the vertical ranging from 0.3 to 8.8 km. Vertical velocities were com
puted from the anelastic continuity equation by integrating downward 
with variational adjustment. Fields of deviation perturbation pressure 
and temperature were retrieved from the Doppler derived winds us
ing the three momentum equations; These fields were subjected to 

· internal consistency checks to determine the level of confidence before 
interpretation. 

Results show that the vertical transport of horizontal momentum 
normal to the line is downward corresponding to the west-tilted con
vective updrafts, while the line-parallel component results in an up
ward momentum transport. Momentum b u dget calculations show that 
the horizontal and vertical flux convergences/divergences of horizontal 
moment um by the mean and eddy motions contribtite largely to the 
growth/decay of mean horizontal mornentum. These findings are in 
qualitative agreement with those of tropical squall lines during COPT 
8L The dynamic interaction between t.he mesoscale convective system 
and its environment can be studied using the momentum budg�t equa
tions and vertical fluxes of horizontal momentum estimated from the 
Doppler derived winds. 
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1. INTRODUCTION 

The momentum transport by a line of comulonimbus observed by aircraft 
during GATE (GARP Atlantic 'Tropical Experiment) off the west coast of Africa 
was investigated by LeMone (1983). She found that the vertical transport of 
horizontal momentum normal to this line of cumulonimbus was against the vet
ical momentum gradient, contrary to mixing-length theory predictions. Con
versely, the vertical transport of horizontal momentum parallel to the axis of 
the convective ban.cl was along the vertcial momentum gradient as predicted by 
the theory. In the later study, LeMone et al. (1984) found that the mesoscale 
tropical convective line increases front-to-rear momentum at heights > 4 km, 
and rear-to�front momentum at lower levels. The vertical transport of horizon
tal momentum parallel to the convective .. line axis was downgradient, and the 
vertical flux of horizontal momentum normal to the line was independent of the 
vertical shear of the horizontal wind. 

Momentum fluxes across the line of the mesoscale convective system (MCS), 
which occurred off the southeast coast of Taiwan on 16 June 1987, were in
vestigated by LeMone and Jorgensen (1989) using the TAMEX (Taiwan Area 
Mesoscale Experiment) P-3 arircraft and airborne Doppler data. They found 
that the u-momentum flux was negative below 4 km, and positive above. Be-

. cause the line and its constituent updrafts were not moving in an east-west 
direction, this was consistent with the westward tilt of the observed updrafts 
below 4 km and their eastward tilt higher up. 

Using the dual-Doppler data collected during T AMEX-IOP 2, Lin et al. 
(1990) investigated the vertical transports of horizontal momentum for a sub
tropical squall line embedded within the MCS over,the Taiwan Straits. Results 
showed that the vertical component of horizontal momentum flux normal to the 
line is downward from the surface to 6.5 km with a maximum near 3 km. This 
finding is in qualitative _agreement with those reported in GATE and other stud
ies, and is consistent with the westward-tilted updrafts in the layers between 
the surface and 5 km. On the other hand, the vertical transport of horizontal 
momentum parallel to the line is upward at heights < 6.5 km with a maximum 
at the LLJ (low-level jet) level and is downward higher up. 

The momentum budget for the ti-component normal to a tropical squall 
line was investigated by Lafore et al. (1988) using a three-dimentional cloud 
model. A comparison was made between the computed budget and the observed 
one determined from the Doppler data during COPT 81 (Convection Profonde 
Tropicale ). Results showed that the contributions from the three advection 
terms are dominant over the other terms in the budget equation. The horizontal 
advection terms have the same order of magnjtude as the vertical term, bµt the 
sign is opposite. These findings are in good qualitative agreement with those 
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reported in the study by Lin et al. (1990) using the TAMEX dual-Doppler 
data. 

The current study is an extension of the study by Lin et al. (1990) for the 
same 17 May case in IOP-2. The vertical transports of horizontal momentum 
for components normal to and parallel to the leading edge of a subtropical squall 
line are computed from the Doppler derived winds at five consecutive analysis 
times in intervals of about 3 min. Subsequently, the momentum budgets for 
both u- and v-components, averaged over the horizontal domain of interst, are 
obtained using the derived wind and pressure fields. The goal is to better 
understand the structure and internal dynamics of a subtropical squall line 
that produced heavy precipitation on the northwest coast of Taiwan during the 
Mei-Yu season. 

2. THE SQUALLSYSTEM 

As described in studies by Wang et al. (1990) and Lin et al. (1990), dual
Doppler data from the CP-4 and TOGA radars at 0040, 0043 and 0046 LST 
(local standard time) 17 May 1987 were used to study the structure and internal 
dynamics of a subtropical squall line. These data were objectively analyzed in 
the horizontal domain of 25 km by 41 km covering the convective region of the 
line. There were 10 analysis levels in the vertical ranging from 0.3 to 8.8 km. 
The horizontal and vertical grid spacing was 1 km except for the lowest two 
levels, where 6z was chosen to be 0.5 km. Vertical velocities were calculated 
from the anelastic continuity equation by integrating downward with variational 
adj ustrnent. 

Once the three-dimensional wind field was derived, fields of deviation per
turbation pressure and virtual temperature were retrieved from the Doppler 
derived winds using the three momentum equations (e.g., Lin et al., 1986). The 
retrieved field was subjected to momentum checking to determine the level of 
confidence before interpretation. 

Results showed that many structural features of a subtropical squall line 
were similar to those of a fast-moving tropical squall line (Figs. 1 and 2). A 
LLJ associated with the frontal system provided the necessary strong shear at 
low levels. On the front side of the squall line, front-to-rear flow prevailed at all 
levels with maxima at lower and upper levels and a minimum at middle levels 
(Fig. 2). There were many cells embedded within the squall line. Relatively 
weak convective downdrafts occurred between the cells and behind the main 
cells (Fig. l). The retrieved fields of pressure and temperature perturbations 
agreed well with the updraft-downdraft structure. In general, high pressure_ 
formed below the saturated, cool convective downdrafts behind the gust front, 
and low pressure developed underneath the convective updrafts near and above 
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Fig. 1. Horizontal distributions of (a) storm-relative wind with reflectivity (Z) 
contours superimposed and (b) vertical velocity (w) at 2.75 km for 0049 LST 17 

May. Contour intervals for Z and w are 10 dBZ and 2 m s-1, respectively. 
Positive values of w are hatched. Distances are in kilometers from the TOGA 
rada1· (@). 

the gust front. Relative warming occurred in updrafts due to the latent heat 
release by condensation, while relative cooling prevailed in downdrafts due to 
the effect of evaporative cooling. A shallow layer (1-3 km) of the rear-to-front 
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Fig. 1. (Continued) 

flow, entering from the bacl side of the convective region) transported cooler 
mid tropospheric air into the lower layer (Fig. 2). Part of the negatively buoyant 
air from the rear continued to move forward, colliding with the advancing high 
()e air in the boundary layer. As a result, new convective cells formed ahead of 
the old cells, thereby prolonging the life time of the squall line. The horizontal 
and vertical flux convergences/clivergeces of horizontal momentum by the mean 
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Fig. 2. The east-west cross section 41 km north of TOGA at 0049 LST 17 May, 
showing (a) storm-relative wind with reflectivity (Z) contoms superimposed, (b) 
the cross-line component ( U) and ( c) vertical velocity ( W). Con tour intervals for 

Z, u and ware 10 dBZ, 3 m s-1 and 2 m s-1, respectively. Positive values 
for U and W are shaded. The heavy dashed line signifies the gust front. 



December 1990 YEONG-JER LIN et al. 327 

and eddy motions are the major contributor to maintain the mean momentum. 

3. METHODOLOGY 

The budget equation for horizontal momentum can be derived from the 
following momentum equation in tensor form: 

(1) 

where Ji are forces other than the pressure gradient force, per unit volume, 
i = 1, 2 or 3, Di3 is the Kronecker constant, the subscript o denotes the (envi
ronmental) mean, the prime represents the deviation from the mean, and other 
symbols have their usual meanings. Decomposing the dependent variable into 

. the (areal) mean and perturbation parts, we obtain 

(2) 

where the overbar represents the horizontal area mean. Substituting (2) into 
(1) and performing the bar operation, we arrived at 

ap0U = _ a(p0uu) _ 8(p0uv) _ fJ(p;uw) _ aP' + f (3) 
at ax 8y 8z fJx 1 

A B C D. E 

where terms A through E represent the x-component momentum flux diver
gence; the y-component momentum flux divergence; the vertical momentum 
flux divergence; the perturbation pressure gradient force; and the forces other 
than pressure gradients, respectively. 

Equation (3) is the momentum budget equation for the u-component normal 
to the squall line. Each term can be assessed from the derived three-dimensional 
wind and retrieved pressure fields. 

In a similar manner, the V-momentum budget equation, parallel to the line, 
has the form of 

8p0V = _ 8(p0uv) _ fJ(povv) _ 8(p;;DW) _ 8P1 + f (4) at ax 8y 8z 8y 2 

Note that the P' in Eq. (3) and Eq. (4) can be replaced by Pd_, the deviation 
perturebation pressure, whenever it appears in horizontally differentiated form. 

4. DISCUSSION OF RESULTS 
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Budgets of the horizontal momentum for both u- and v-components were 
computed form Eq. (3) and Eq. (4), respectively, at each analysis time for every 
level. The horizontal domain had dimensions of 25 km by 41 km. We employed 
the grid spacing of 1 km to calculate each of the terms in the budget equation. 
Subsequently, the time average of each term was obtained using all five analysis 
times of data considered. 

a. Kinematic structure 

At the times of analysis from 0040 to 0055 LST 17 May, the leading edge 
of the squall line was located approximately 10-20 km west of the west coast 
of Taiwan. For illustration, the field of storm-relative wind with reflectivity 
contours superimposed for 2. 75 km at 0049 LST is shown in Fig. la. The box in 
the figure signifies the horizontal domain used for budget calculation. The 2. 75 
km level is slightly below the LLJ (3-4 km). A pronounced line of horizontal 
convergence is evident especially in the northern portion of the leading edge (see 
the heavy dashed line in Fig. la) . Its position is in the high reflectivity regions. 
On the east side of the convergence line, storm-relative winds are predominantly 
from the southeast resulting in a front-to-rear (east to west) flow in the direction 
normal to the leading edge. On the other hand, the southwest winds prevail in 
the areas west of the convergence line. These winds produce a flow component 
from the back toward the leading edge. This rear-to-front (west to east) fl.ow 
from the micltroposphere plays an important role in intiation and maintenance 
of the convective downdrafts (Lin et al., 1990). 

Fig. lb shows the horizontal distribution of vertical velocity at 2.73 km. In
spection of Fig. 1 reveals that the convective region has many cells of updrafts 
and downdrafts and high refl.ectivities with relatively weak downdrafts between 
and behind. The maximum reflectivity at the leading edge is about 45 dBZ. 
Several new cells are seen to the east side of the main cells with reflectivities 
ranging froni 30 to 45 dB Z. The maximum speed of updrafts is approximately 
6-8 m s-1 at this 

.
level. These convective updrafts are accompanied by con

vective downdrafts with a maximum of about -4 m s-1• A comparison of the 
w field at this time and that at 0043 LST (Lin et al., 1990) reveals that the 
intensity of updrafts and downdrafts had weakened considerably as the system 
approached the west coast of Taiwan. The presence of topography may have 
played an important role in affecting the convection. This problem will be 
examined in our future paper. 

b. Vertical cross section 

The vertical cross section 41 krn north of TOGA, showing the storm-relative 
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wind (with reflectivity contours superimposed), the cross-line (east-west) com
ponent and vertical velocity, is presented in Fig. 2. The cross section passes 
through the main cell and the new cell located in the northern portion of the 
domain. On the east side of the updrafts (right side of Fig. 2), the front-to
rear fl.ow dominates at all levels with maxima at lower and upper levels.· As 
described in the study by Wang et al. (1990), the front-to-rear environmental 
high Be air is lifted at the convergence zone in the lower troposphere, feeding 
the convective updrafts at the leading edge (heavy dashed line). The main 
updraft, with a maximum speed of 10 m s-1, is tilted toward the west in- the 
lower layer (0-4 km) and becomes almost erect higher up. A secondary updraft 
(new cell) to the east of the main updraft is relatively weak with a maximum 
speed of 6 m s-1. The updraft tilt keeps water loading and evaporative cooling 
in the updraft to a minimum from the falling rain. As the rain falls out the 
updraft, it increases density of the downdraft air below the tilted updraft. The 
downdraft air tends to conserve its momentum, undercutting the updraft air on 
the downshear side of the storm .. As a result of updraft-downdraft interaction 
in the lowest layers, the growth of the new cell occurs ahead of the old cell with 
a tilt into the shear instead of with it. The lifted air within the updraft column 
continues to rise and move westward toward the trailing stratiform region of 
the squall line (outside of Fig. 2) as in the tropical squall line studied by Chong 
et al. (1987). 

The rear-to-front air enters from the western edge of the convective region 
(left side of the figure) in the 0-3 km layer (see the shaded area in Fig. 2b). This 
midtropospheric air is cooler than the surroundings, similar to that of a tropical 
squall line. As it approaches the higher reflectivity region, buoyancy of the air 
is decreased due to the combined effect of evaporative cooling and precipita
tion loading, forming a sloping downdraft in the area behind the leading edge 
(-20 < x < -12 km). Part of the descending air carries the midtropospheric 
momentum forward in the boundary layer, colliding with the advancing high Be 
environmental air at the gust front (x = -6.5 km). As a result of interaction 
between the low-level front-to-rear inflow and the opposite fl.ow from the.rear, 
intense convection results with a maximum speed reaching 10 m s-1. A sec
ondary updraft in conjunction with the new cell develops about 4 km east of 
the main (old) cell at x = -6 km. The growth of the new cell ahead of the old 
cell due to the aforementioned updraft-downdraft interaction can often result 
in the storm tilting into the shear instead of with it (Rotunno et al., 1988). 
This may explain in part why the updraft tilts toward the west against the 
large-scale environmental shear in the lowest layers. 

c. Momentum fluxes 
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Fig. 3. Profiles of the vertical trasnport of horizontal momentum for the u
component (p0uw) and v-component (p0vw). Units are in kg m-1s-2 and a 
positive value represents an upward transport of horizontal momentum. Vertical 

shears of the mean horizontal momentum (au/ az and av/ 8z> are also plotted 

with units in 10-3 s-1. 

The vertical transports of horizontal momentum for both u- and v-compo
nents are presented in Fig. 3. For illustration, profiles of the mean vertical 
shear, au /8z and av /az, are also shown in Fig. 3. As noted earlier, the u
component is normal to the leading edge of the squall line and the v-component 
is parallel to the line. Note that profiles of p0uw and p0vw shown in Fig. 
3 are the averages over the five analysis times considered. It is seen that a 
downward transport of the u-momentum dominates at heights below 6.5 km 
with a maximum near 3 km. This finding is in qualitative agreement with 
those reported in GATE and other studies. It is consistent with the westward
tilted updrafts depicted in Fig. 2. Examination of the mean vertical shear 
(au/ az) reveals that the vertical flux of u-momentum is countergradient in 
the layer between 3 and 6.5 km and is downgradient in the layer above and 
below. This result shows that the vertical flux of horizontal momentum normal 
to the line is independent of the mean vertical shear (LeMone et al., 1984). 
Using the dual-Doppler data collected during COPT 81, Roux (1988) studied 
the vertical transports of horizontal momentum and thermodynamic properties 
in the convective region of the West Africa squall line. Results showed that 
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the component of momentum transverse to the line and vertical cloud potential 
temperature are transported against their vertical gradients, while the parallel 
component of momentum is transferred downgradient in agreement with those 
reported in the study by LeMone (1983). 

Unlike the u-transport, the vertical transport of v-momentum (dashed line) 
is upward from the surface to 6.5 km and is downward above. The profile of 
p0vw is countergradient in the lower layer (z < 4 km) and becomes down
gradient in the layer between 4 and 6.5 km. The upgradient transport of v
momentum in the lower layer is different from that for tropical squall lines 
(LeMone, 1983; LeMone et al., 1984; and Roux, 1988). We believe that the 
presence of the LLJ in the 3-4 km layer may have some effects on this phe
nomenon. This point will be further researched in the future. 

From Fig. 3, we notice that the average shear in U and V through. the 
depth of the line is negative. This means that broadly the u-momentum flux 
is countergradient and the v-momentum flux is downgradient. More precisely, 
it means that use of some sort of "cumulus friction" type of parameterization 
using clouds with roots in the boundary layer might be able to handle the v 
flux but not the u flux (LeMone, 1983.). 

d. Momentum budgets 

As mentioned before, momentum budgets for the u-component were com
puted from Eq. (3) using the Doppler derived wind and retrieved pressure fields 
for each analysis time. The mean value for each term at a given height was sub
sequently obtained by taking the average over the five analysis times. Results 
are shown in Fig. 4 for all terms in Eq. (3) except the f term, which is shown 
to be much smaller than the other terms in the budget equation. Note that 
the x-component of horizontal momentum flux divergence (curve A) and verti
cal momentum flux divergence (curve C) are the most dominant terms. These 
two terms have the same order of magnitude but opposite sign at most levels. 
On the other hand, the y-component of horizontal momentum· flux divergence 
(curve B) is relatively smaller than the.x-component (curve A) at most levels. 
This finding is significant and is in agreement with that found in most numeri
cal simulation studies reported in the literature. One of the major assumptions 
going into some of the parameterization schemes is that the 8/8y-terms are 
small. Similar to curve B, the pressure gradient term (curve D) is also smaller 
than terms A and C, which is different from those observed during COPT 81. 
This result is expected since the convective system being investigated is weaker 
than that studied by Roux (1988), etc. 

The computed tendency (COM) was obtained as a residual of the momen
tum equation [see Eq. (3)]. It represents the part of air acceleration that is 
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not balancecd by the retrieved pressure field. It also contains indeterminate 
contributions of radar and numerical errors and of actual storm evolution. For 
comparison, the observed tendency (OBS) determined from the mean Doppler 
winds is also plotted in Fig. 4. Note that the observed tendencies have negative 
values at all levels, showing the decay of U-momentum. The computed values 
(COM), on the other hand, are negative at levels below 6 km and positive aloft. 
In the lower and middle layers, both the observed and computed tendencies are 
in qualitative agreement, having the same sign but different magnitude. In the 
upper layer, however, the computed values do not agree with the observations. 

Fig. 5 shows the results for V-momentum. Like the U-component, terms A 
and C are the two major contributors to the local time change of V-momentum. 
The 8/8y-term (curve B) is much smaller than the x-component term (curve 
A) at most levels. Once again, the pressure gradient term (curve D) is found to 
be much smaller than the other terms in (4). The computed tendencies (COM) 
show positive in the layers below 5 km and negative higher up. The observed 
tendencies (OBS) have small positive values in the lower layer (z < 2.5 km) 
and negative values higher up, indicating the weakening of the V-momentum 
with time in the middle and upper layers. The computed values agree with the . 
observations only in the layers above 4.5 km and a shallowhyer below 2.5 km. 

As discussed in studies by Wang et al. (1990) and Lin et al. (1990), the 
uncertainties in the u, v, w and Pd estimates, to some extent, will contribute 
to the errors in tendency calculation. In spite of these uncertainties, our study 
has demonstrated that some useful information in relation to the budgets and 
vertical transports of horizontal momentum for a subtropical squall line can still 
be extracted from the Doppler derived fields. Based on the findings presented 
in this study and our earlier TAMEX studies, we found that many structural 
features of an organized convection embedded within the MCS can be further 
undrestood using the Doppler derived winds and retrieved thermodynamic vari
ables. Of course, the data quality and resolution must be adequate to warrant 
such a study. We believe that the dual-Doppler data sets considered in this 
study have met this requirement. 

5. CONCLUSIONS 

A thermodynamic retrieval method was used to study some dynamical and 
thermodynamical structures of a subtropical squall line on 17 May 1987. Dual
Doppler data at five consecutive analysis times in intervals of about 3 min 
were objectively analyzed to derive three-dimensional winds in the convective 
region of the squall line. Results show that the vertical transport of horizon
tal· momentum normal to the line is downward corresponding to the west-tilted 
convective updi,afts, while the line-parallel component results in an upward mo-
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mentum transport. Budget calculations show that the horizontal and vertical 
flux convergences/ divergences of horizontal momentum contribute largely to the 
growth/decay of mean horizontal momentum. The dynamical interaction be
tween the mean flow and convective eddies in the M CS can be investigated using 
the momentum budget equations and vertical fluxes of horizontal momentum 
estimated from the -Doppler derived winds. 

The above conclusions are reached based solely on the case study in IOP-
2. Further studies are needed to substantiate the findings presented in this 
study and our earlier TAMEX studies using different data sets collected during 
TAMEX. 
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