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ABSTRACT 

A cross-comparison in structure and internal dynamics was made between 
a single microburst-producing storm (the simple case) and a multiple microburst
producing storm (the complex case) in Colorado. Emphasis was placed on the 
observed features m the atmospheric boundary layer (ABL} where the microburst 
activities dominated. In each case, the dual-Doppler derived winds and retrieved 
thermodynamic variables at two analysis times were employed to conduct th� study. 

Results show that there are similarities and differences in structural features 
between the two cases. Similar features found include: (1) the microbursts being 
investigated were embedded within the high-reflectivity regions with precipitation 
occurrence; (2) a wet microburst is accompanied by the bow echo with the outflow 
in the direction parallel to the maximum reflectivity gradient; (3) high pressure 
forms inside the microburst core with low pressure in the strongest outflow regions; 
(4.) a rotor forms near the microburst gust front due to the outflow colliding with 
the environmental flow; (5) a net eddy transfer of horizontal momentum and kinetic 
energy in the microburst area is predominantly downward; and (6) the pressure 
and buoyancy effects are two main contributors to the generation/decay of hori� 
zontal momentum fluxes and eddy kinetic energy at the microburst levels. On the 
other hand, different features between the cases are (1) each case has unique en
vironmental ingredients, such as the wind, vertical shear, stability, and moisture; 
(2) the environmental mean fl.ow in the ABL is opposite in direction {southeast 
versus northwest) ; ( 3) a strong (weak) downflow occurs in the main downdraft for 
the simple (complex) case; (4) only one microburc$t occurs in the simple case, while 
at lea.st two microbursts occur in the complex case at each analysis time; (5) no 
apparent circulation center is found in the simple case, while the complex case has 
the mesocyclone-like vortex and misocyclones; and (6) a wet microburst has a warm 
(cold) core for the simple (complex) case. 
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1. INTRODUCTION 

In Part I of this study, Lin et al. (1991) investigated kinematic, dynamic, 
and thermodynamic structures of a multiple micro burst-producing storm in Col
orado using dual-Doppler data collected at 1845, 184 7 and 1850 MDT analysis 
times. This storm occurred on 5 August 1982 within the JAWS network and 
produced at least two microbursts during each analysis times. For convenience, 
it is referred to as the complex case in this study. The data sets were only avail
able in the atmospheric boundary layer (ABL) due to the shallow layer scans. 
These data were judiciously analyzed to produce a detailed wind field in the 
horizontal domain of 15 km by 15 km. Once the three-dimensional wind field 
was derived, fields of deviation perturbation pressure and temperature were 
obtained from the three momentum equations using a thermodynamic retrieval 
method {Gal�Chen, 1978). Results showed that the microbursts were embed
ded within the high-reflectivity cores of heavy precipitation. A wet microburst 
below 0. 75 "km was accompanied by the misocyclone at levels above 0. 75 km 
in the main downdraft. The slowly descending downflow formed a cold core 
at the lowest levels due to the evaporation of raindrops. Near the gust front 
(GF) , a mesocyclone-like circulation developed in the area where the warm, dry 
environmental air interacted with the negatively buoyant microburst outflow. 
High pressure formed inside the micro burst core with low pressure in the strong 
wind regions. The retrieved pressure and temperature fields agreed weU with 
the storm's kinematic structure. The combined effects of misocyclone circula
tions, perturbation-pressure gradients, buoyancy and precipitation loading were 
responsible for maintaining the microburst downdrafts in the ABL. 

Using the Doppler derived winds and retrieved thermodynamic variables 
for the same case at 1845and1850 MDT 5 August, 1982, Lin and Coover (1990) 
investigated budgets of horizontal momentum fluxes and eddy kinetic energy. 
Results showed that the microburst activities in the ABL enhanced eddy trans
fer processes of horizontal momentum and kinetic energy, especially in the areas 
of strongest downflowing air. The presence of a mesocyclone-like circulation at 
low levels and the micocyclones aloft contributed to the vertical transport of 
horizontal momentum and eddy kinetic energy. In the sub-domain of a mi
croburst, the net transfer of horizontal momentum and eddy kinetic energy was 
predominantly downward through the whole boundary layer. Magnituded of 
the net transfer were directly related to the microburst strength at the time of 
analysis. The pressure and buoyancy effects were the two major contributors 
to the horizontal momentum-flux and eddy kinetic energy budgets. These two 
terms had the same order of magnitude but opposite sign at the lowest levels 
where the microbursts dominated. 

Structural features , horizontal momentum-flux and kinetic energy budgets 
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of a microburst-producing storm at 1647 MDT 14 July 1982 were reported in 
studies by Lin and Hughes (1987), Lin et al. (1987) , Lin and Condray (1988) and 
Lin (1988) . This storm produced only one microburst during the storm's entire 
life span and is referred to as the simple case hereafter. Results showed that 
the single microburst was embedded within the high-reflectivity region of pre
cipitation. A strong downflow impinged on the surface, producing a stagnation 
mesohigh inside the microburst. This high was accompanied by low pressure in 
the strongest outflow regions, forming a pronounced horizontal pressure gradi
ent outward from the high-pressure center. Such pressure patterns were in good 
agreement with the surface observations in similar cases for two different storms. 
The microburst had a warm-core structure since the rapidly descending down
flow air can warm up dry-adiabatically all the way to the ground. This finding 
agreed well with that reported in Fujita (1985) for Colorado microbursts. The 
outflow region extended from the surface to approximately 1 km with maximum 
divergence in excess of 10-2 s-1• The outflow air was negatively buoyant due 
to evaporation in the outskirt of the microburst. The retrieved buoyancy field 
matched well with the updraft-downdraft structure and the pressure pattern. 
The combined effects of perturbation-pressure gradients , buoyancy and precipi
tation loading were responsible for maintaining the downdrafts which produced 
the strong diverging outflow at low levels. The microburst occurrence in the 
ABL enhanced eddy transfer of horizop.tal momentum and eddy kinetic energy. 
A net transfer of horizontal momentulD and eddy kinetic energy was downward 
toward the surface due to the organized downdrafts. The generation/decay of 
horizontal momentum-flux and eddy kinetic energy at the microburst levels was 
mainly determined by the pressure and buoyancy effects. These two terms were 
nearly in balance; having the same order of magnitude but opposite sign . 

The purpose of this study in Part II is to compare the findings obtained 
for the complex case (5 August 1982) to those for the simple case (14 July 
1982) mentioned previously. To add to the discussion and comparil?on, an ad
ditional data set at 1649 MDT 14 July 1982 for the simple case is added to 
the investigation in Part II of this study. Throughout a systematic compar
ison and cross-comparison, some similarities and differences in structure and 
internal dynamics between the two cases can be researched in detail. Finally, 
the hypothesized conceptual model of a microburst for each case, based on the 
observational evidences, is presented. The goal is to better understand the rel-· 
evant physical processes which govern and maintain the microburst activities· 
in the ABL at the times of interest. 

2. DATE AND ANALYSIS PROCEDURES 

The synoptic situation at 0600 MDT 14 July 1982 (Fig. 1) revealed a cold 
front located to the northwest of Colorado. The Denver area was in the warm 
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Fig. 1. The surface synoptic map at 0600 MDT 14 July 1982. The small box located 
in the state of Colorado indicates the JAWS area. 

sector and was under the influence of unstable air. The front passed through 
the Denver area around 1800 MDT, triggering widespread convertive activities. 
For comparison, the Denver sounding released at 1800 MDT for the simple case 
is plotted against that released at 1800 MDT for the complex case in Fig. 2. 
For the simple case (thin lines) , a dry air extended from the surface to 3.5 km 
AGL, characteristic of the atomspheric environment in the Denver area during 
the summer season. The lapse rate was nearly dry adiabatic from the surface 
to 600 mb. A shallow moist layer from 500 to 450 mb was observed with a 
slight inversion at 450 mb. An unmixed parcel lifted moist-adiabatically from 
530 mb would buoyantly ascend to 280 mb ( � 8 km AG 1) . The height of the 
dry air corresponds well with the reported cloud base at 3.5 km. On the other 
hand, the· Denver sounding for the complex case (heavy lines) features a well
mixed boundary layer, extending from the surface to 1.5 km AGL. The lefting 
condensation level (LCL) was 650 mb (:::::i 2 km AGL) as compared to 3.5 km for 
the simple case, indicating a relatively moist air in the lower troposphere. Note 
the unusual depth of the moist layer (4 ,..., 7 km) for a high plains storm and the 
general lack of mid-level dry air. A cross-comparison between the two soundings 
reveals that the complex case had relatively high mixing ratio (6.5 g/kg, a 
deeper moist layer (3 km), and winds backing with height in the lower layer. 
Conversely, the simple case had a much lower mixing ratio (4.5 g/ kg), a shallow 
moist layer (1.5 km) and little directional shear in the ABL. In the middle and 
upper layers, the complex case has much stronger winds and vertical shear than 
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Fig. 2. The Denver soundings released at 1800 MDT 5 August 1982 (heavy lines) , and 

at 1800 MDT 14 July 1982 (thin lines) . A solid line represents temperature, 
while a dashed line denotes dew point temperature. Heights are in kilometers 
AGL. Environmental winds shown on the extreme right (left) are associated 
with the simple (complex} case. 

those for the simpler case. Apparently, the environmental conditions between 
the two cases are quite different. 

The data analysis and reduction procedures for the complex case have 
been detailed in Part I of this study. In the following, only the data and 
analysis procedures for the simple case at the 1649 MDT analysis time are 
briefly described. 

Dual-Doppler data, obtained from CP-3 and CP-4, were objectively ana
lyzed in the domain with horizontal dimensions of 10 km by 10 km centered on 
the microburst. Only those data with a high signal-to-noise ratio were accepted 
for analysis. The cell motion at the time of analysis was nearly stationary. The 
objective analysis scheme of Barnes (1973) was expanded from two-dimensional 
to three-dimensional. All variables within a slab were interpolated onto hori-. 
zontal Cartesian grids (20 x. 20) using a 1.75 km scan radius. Unlike the 1647 

' MDT data set used by Lin and Hughes (1987} for the whole storm volume, 
dual-Doppler data collected at 1649 MDT were confined to a shallow layer from 
the surface to 2 km. There were six analysis levels in the vertical from 0.25 
to 2 km covering the entire ABL. The horizontal grid spacing was 0.5 km, 
while the vertical grid spacing varied from 0.25 km for the levels below 1 km to 
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0.5 km for those above 1 km. We employed two radial velocity equations, the 
anelastic continuity equation, and an empirical formula of terminal fall speed 
to ob

.
tain the horizontal wind components ( u, v) . The vertical verocity compo

nent ( w) was computed from the anelastic continuity equation by integrating 
upward from the surface assuming w = 0 at the surface. Subsequently, fields of 
deviation perturbation pressure and temperature were retrieved from the three 
momentum equations as depicted in Part I, Section 3 .  

3. DISCUSSION OF RESULTS 

3 .1  Structural Features for the Simple Case 

In the following discussion, emphasis is focused on the structure and in
ternal dynamics of a single microburst-producing storm at 1649 MDT on 14 
July 1982. Remember this analysis time was not included in o'ur earlier studies 
for the same storm mentioned previously. 

Figure 3 shows the horizontal storm-relative wind fields at 0.25, 0.75, and 
1 .5 km. Heights are in kilometers AGL and distances are in kilometers from 
the CP-2 radar (see Fig. 3 in Part I). Contours of radar reflectivity in 5 dBZ 
increments are superimposed on the wind fields. Line AB in Fig. 3a signifies the 
cross sections presented later. At 0.25 km (Fig. 3a) , a pronounced microburst 
diverging fl.ow extends from the microburst center (M), located at (x = -12, 
y = -18) , outward in all directions. The microburst core is located in the bow 
echo and embedded within the high-reflectivity region with Z > 45 dBZ. A 
strong microburst gust front (dashed line) , abbreviated GF hereafter, is located 
northeast of the center (M) , while a weak GF is located west and northwest of 
M. The strongest winds occur between M and the GF on the east side of the 
microburst core. These strong winds coincide with the location of Standley 
Lake, Colorado. At the eastern edge of the strong wind regions, an area of 
strong convergence occurs in a region of low refl.ectivities associated with the 
environmental airflow. Note that the strong outflow is almost parallel to the 
maximum reflectivity gradient. Such features are also found in the complex case 
at 0.25 km (see Figs. 4a and 5a in Part I) , especially in the Ml microburst area. 
At 0.75 km (Fig. 3b) , the GF to the east of M is still apparent. However , the 
outflow has weaken.ed considerably at this level. The weak GF northwest of M is 
still intact. This gust front is caused by the dynamical interaction between the 
negatively buoyant microburst outflow and the incoming environmental flows as 
depicted in Lin and Hughes (1987) . In the area along the GF, upward motion 
prevails . Its magnitude is directly proportional to the strength of the micro burst 
outflow and environme11tal fl.ow. The 1 .5 km horizontal wind pattern (Fig. 3c) 
reveals that the strong outflow region east of M, noted earlier at low levels, 
is almost lost. Strong winds begin to develop to the west of the bow echo. 
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Horizontal storm-relative wind fields with refiectivity contours superimposed at 
(a) 0.25, (b) 0.75, and (c) 1.5 km for the simple case at 1649 MDT 14 July 
1982. Distances are in kilometers from CP-2. The dashed line represents the 
gust front (GF). The microburst center at 0.25 km is labeled M. Line AB in 
panel (a) signifies the cross sections presented in Figs. 7 to 9. 

The strong west-northwest wind maximum occurs near (-12, -19) with strong 
confluence to its north and northeast, and diflluence to its south and southeast. 
The large decrease in magnitude of the horizontal wind at this level suggests 
that some mass has to be transported downward just southeast of the 50 dBZ 
contour located in the microburst head. The vertical velocity field (not shown) 
shows a large area of downward motion located where the horizontal winds 
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are diverging outward from the wind maximum across the bow echo in the 
high-reflectivity region. The reduction in horizontal wind speed across the bow 
echo at the microburst location, with a corresponding increase in downward 
motion, confirms that some of the dry, high-speed, environmental air injected 
into the bow echo mixes with the nearly saturated downdraft and enhances 
the microburst at low levels. Lin and Condray (1988) showed that horizontal 
momentum fluxes are directed downwared in the microburst downdraft column 
for the simple case at 164 7 MDT. 

Inspection of Fig. 3 further reveals that there is no apparent mesocyclone
like circulation at 0.25 km and levels above. Similarly, no misocyclone occurs 
at 0. 75 and 1.5 km. As a result, values of vertical vorticity are relatively small 
at all levels (not shown) . Further, no well-defined vorticity center is found at 
any level. On the contrary, both the mesocyclone-like vortex and misocyclones 
are observed in the complex case at 1 845 and 1850 MDT (see Figs. 4 and 5 
in Part I), resulting in large values of vertical vorticity. Table 1 shows the 
maximum values of vertical vorticity (�m a:i:) at centers of the mesocyclone-like 
vortex and misocyclones at 1 845, 184 7 and 1850 MDT. Positive values signify 
cyclonic vorticity and vice verse. Note that value of �m a:i: increase substantially 
as the misocyclones intensify at 1 850 MDT. In particular, the magnitude of 
maximum vertical vorticity for the M2 misocyclone at 1850 MDT is about two 
times larger than that at 184 5  MDT. Conversely, the mesocyclone-line vortex 
decreases its circulation slightly at 1850 MDT as compared to that at 1 845 
MDT. This is attributed to the appearance of M3 at 1850 MDT detailed in 
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Fig. 4. Horizontal distributions of vertical velocity in meters per second at (a) 0.5, and 
(b) 1 km for the simple case at 1649 MDT. Contour interval is 1 m/ s with 
positive values hatched. The microburst center (M) at 0.25 km is marked. The 
dashed line represents the gust front (GF). 
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Fig. 5. The distribution of deviation perturbation pressure in hPa (mb) at 0.5 km 
for the simple case at 1649 MDT. Contour interval to 0.1 mb with positive 
values shaded. Horizontal storm-relative winds are superimposed. A symbol M 
signifies the microburst. center at 0.25 km. The dashed line represents the gust 
front (GF). 

Table 1. Maximum values of vertical vorticity frmaa:) at centers of the mesocycone-like 
vortex and misocyclones for the complex case at 1845, 1847 arid 1850 MDT 5 
August 1982. Units are in 10-3 s-1• A positive value signifies cyclonic vorticity. 

Mesocyclone-like vortex Ml misocyclone M2 misocyclone 

z (km) 1845 1847 1850 MDT 1845 1847 1850 MDT 1845 1847 1850 MDT 

0.25 13.0 10.5 8.1 

0.50 14.6 11.4 8.3 
0.75 10.2 10.9 11.7 7.7 9.1 10.8 6.7 10.0 13.4 

1.00 14.5 12.6 11.1 9.8 11.3 12.7 7.3 10.3 13.5 

1.25 7.9 6.1 4.7 11.5 12.7 14.3 7.4 11.3 15.1 

Part I of this study. In Part III, the generation/ decay of vorticity for both cases 
will be investigated in detail. Examination of Fig. 3 further reveals that the 
prevailing fl.ow for the simple case is from the north and northwest; whereas, 
the prevailing flow is from the south and southeast or the complex case. 

Horizontal distributions of vertical velocity at 0.5 and 1 km for 164 9 MDT 
are presented in Fig. 4. At 0.5 km (Fig. 4a) , downward motion dominates in the 
microburst area with maximum velocity coincident with the microburst center 
(M). The downdraft is surrounded by upward motion outside of the microburst 
area. Such upward motion is caused by the interaction between the microburst 
outflow and the environmental flow, and is coincident with the positions of 
microburst gust fronts (dashed line) . The strongest updraft with maximum 
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speed > 3 m/s occurs along the strong GF near (-8.5, -17) . A secondary 
updraft with much weaker vertical velocity (1 m/s) forms in the area southwest 
of the weak GF. Both upward and downward velocities increase considerably 
at 1 km (Fig. 4b) . The maximum downdraft speed now reaches -5 m/s. This 
magnitude is more than two .times larger than that for the complex case at the 
same height (see Figs. 6b and 7h in Part I). The updraft on the east side of 
M has intensified with maximum speed in excess of 5 m/ s, while the updrafts 
on the west side of M along the GF remain weak due to weak forcing at levels 
below. 

As described in Part I, the pressure field is calculated from the horizon
tal pressure equation using the Doppler derived winds. The retrieved field is 
subjected to momentum checking to determine the level of confidence. Such 
checking provides a relative error, Er, in pressure retrieval. Smaller values of 
Er ( < 0.5) are desirable since they represent a good balance between the wind 
fields and the retrieved horizontal perturbation-pressure gradients. Values of Er 
for the simple case at .1649 MDT are presented in Table 2 .  For comparison, val
ues of Er for the complex case at 1845, 1847 and 1850 MDT are also presented. 
Notice that in the layer below 1 km, where the microburst dominates, relative 
errors (Er) are comparably smaller than those in the layer aloft. A cross
comparison between the two cases reveals that the simple case, as a whole, has 
smaller E,. values than those for the complex case at most levels . This result 
is reasonable since the fl.ow field in a single microburst-producing storm is far 
less complicated than that observed in a multiple microburst-producing storm. 
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Fig. 6. The distribution of deviation perturbation temperature in °0 at 0.5 km for the 
simple case at 1649 MDT. Contour interval is 1°0 with positive values hatched; 
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. Fig. 7. The cross section along line AB in Fig. 3a showing (a) the storm-relative wind 
with reflectivity (Z) superimposed, and (b) the V-component for the simple 
case at 1649 MDT. Contour interval is 10 dBZ for Z and is 2 m/ s for V with 
positive values (northward) shaded. The microburst center (M) near the ground 
is marked. The heavy dashed line represents the gust front (GF). Distances are 
in kilometers from the microburst center (M).  

Table 2. Results of momentum checks (Er) for the simple case (14 July 1982) at 1649 
MDT and the complex case (5 August 1982) at 1845, 1847 and 1850 MDT. 

Simple case Complex case 

z (km) 1649 MDT 1845 1847 1850 MDT 

0.25 0.19 0.29 0.20 0.28 

0.50 0.15 0.38 0.34 0.38 

0.75 0.23 0.40 0.38 0.39 

1.00 0,36 0.38 0.34 0.34 

1.25 0.40 0.32 0,39 

1.50 0.30 

2.00 0.21 

Average 0.24 0.37 0.32 0.36 
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For this reason, a better balance between the horizontal pressure gradients and 
the observed wind fields is likely to achieve for the simple case. 

Figure 5 depicts the retrieved field of deviation pressure (P� ) at 0.5 km 
for 1649 MDT. Storm-relative winds are superimposed on the pressure field. 
Note that high pressure ( 0.2 mb) forms inside the microburst inn�r core region 
with low in the strong outflow regions. The large horizontal pressure gradient 
east of M is consistent with the acceleration of air to·the east. Another weaker 
low pressure area to the west of the microburst coincides with the weak GF. 
Pronounced horizontal perturbation-pressure gradients are directed outward 
from· the high pressure center at the microburst core (M) to the surrounding 
low pressure areas. Such pressure gradients are needed in order for the storm to 
maintain the accelerated flow associated with the micro burst outflow, especially 
in. the area east of M. The pressure pattern seen in Fig{:$.is quite comparable 
with that observed two minutes earlier for the same eise

-
reported in Lin et 

al. (1987) , see their Fig. 8. Furthermore, horizontal pressure gradients for the 
simple case are :rp.uch greater than those for the complex case (see Fig. 8 in 
Part I) . This is mainly attributed to the· difference in structure and intensity 
between the two microburst system under comparison. 
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Fig. 8. The cross section along line AB in Fig. 3a showing (a) vertical velocity (w), and 
(b) precipitation drag (PD). Contour intervals are 1 m/ sand 0.5X10-2 m/ s/s 
(with positive values shaded) for w and PD, respectively. 
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The simple microburst case is characterized by a warm core (Fig. 6) . This 
feature is consistent with results obtained by Lin and Hughes (1987) for the 
same case except for 1 647 MDT. Fujita (1 985) found that the air temperature 
in a microburst can be either warmer or colder than its environment. In a wet 
microburst with a strong downflow, such as the case being investigated here, 
the air temperature is likely to be warmer than its surrounding. He explained 
that downflow air can warm up dry-adiabatically all the way to the ground, 
unless embedded raindrops can evaporate fast enough to maintain a moist
adiabatic descent. On the other hand, the temperature excess to the east of M 
in the microburst outskirt coincides with the strongest outflow in the deepest 
low pressure area {Fig. 5) . The vertical perturbation-pressure gradient there 
is predominantly downward, resulting in an area of relative warming (2° C) 
coincident with the low pressure area near (-9.5, -18r Relative warming is 
also found in the area southwest of the weak GF at ( -1 6, -19.5) .  This warm 
area corresponds to the location of warm environmental air at the western edge 
of the storm. The warm-core structure microburst for the simple case at both 
analysis times is at variance with the cold-core microbursts for the complex case 
reported in Part I (Fig. 9) . This result shows that the wet microburst with a 
weak down-flow will have a cold core since the evaporation of raindrops cools 
the air more effectively, especially in the area where the vertical velocity is very 
small or nearly zero. Conversely, the wet microburst with a strong downflow, 
observed in the s�mple case, will have a warm-core structure because embedded 
raindrops cannot evaporate fast enough to maintain a moist-adiabatic descent. 

3.2 Vertical Cross-sectional Analysis 

Fields of radar reflectivity (Z) with storm-relative winds superimposed 
and the V-component along line AB in Fig. 3a are shown in Fig. 7. This north
south cross section passes through the northern portion of the weak GF (heavy 
dashed line) and the microburst center (M) . The vertical a.xis represents heights 
in kilometers AGL, while the horizontal axis indicates distances in kilometers 
from the microburst.center (M) . At the time of the analysis , the microburst was 
located 12.5 km west and 18  km south of the CP-2 radar. The microburst is 
embedded within the high reflectivity region (Z > 40 dBZ) with precipitation 
occurrence (Fig. 7a) . It is characterized by a strong downflow from the 2. km 
height to the ground. As the rapidly descending air approaches the lowest 
layer near the ground, it begins to spread horizontally, forming a pronounced 
diverging outflow from the surface to 0. 75 km. Strong wind shear develops 
along the outflow. Part of the outflow air moves from the microburst center 
(M) to the right (north) , colliding with the environmental air at the storm's 
northern edge to form the GF. As a result, the buoyant environmental air is 
lifted, resulting in upward motion along the GF. A rotor is seen in the area 
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Fig. 9. The cross section along line AB in Fig. 3a showing (a) deviation perturbation 
pressure (P�), and (b) deviation perturbation temperature {T�a)· Contour in
tervals are 0.5 mb and 0.5°0 (with positive values shaded) for P� and T�d• 
respectively. 

approximately 2 km north of M with the circulation center located near the 
0. 75 km height. This is caused by the interaction between the micro burst 
outflow and incoming environmental flow. A similar feature was also found in 
Lin et al. (1987) for the same case but at 164 7 MDT. The isotachs of the V -
component are presented in Fig. 7b with positive values (northward) shaded. 
Note that the dominant outflow is confined to the level below 1 km with the 
maximum velocity differential of 12 m/ s occurring below o.,s km. It is in these 
lowest levels where strong low-latitude wind shear become critical to aircraft 
performance during take-off and landing (Fujita, 1985). 

Figure 8 displays fields of vertical velocity and precipitat ion drag (PD) 
along the same cross section. An organized downdraft dominates the entire 
ABL, extending from the 2 km height to the surface. The maximum downdraft 
speed is about -5 m/s, which is much stronger than that observed at 1845 and 
1850 MDT for the complex case (see Figs. 1 0  and 12  in Part I) . However, it 
is weaker than the same downdraft observed two minutes earlier at 1647 MDT 
along the same cross section , see Fig. 7 in Lin et al. (1987) for comparison. 
This finding indicates that the microburst and its parent storm had begun to 
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weaken at 1649 MDT, showing the decaying stage of the storm's life cycle. In 
the shaded area north of M, upward motion dominates with maximum speed 
> 4 m/s. As noted earlier, this updraft is caused by the presence of the GF 
over that area, which dynamically lifts the environmental air upward along the 
frontal surface. A cross-comparison between the w field (Fig. 8a) and reflec
tivity (Fig. 7a) reveals that the downdraft column matches well with strong 
reflectivities, shown the intimate relationship between the downdraft and pre
cipitation loading. A similar feature was also found in Lin et al. (1987} for 
the same case at 164 7 MDT. In order to know the role played by precipitation 
loading in affecting the net vertical acceleration, dw / dt, values of precipitation 
drag (PD = -g qr) in units of 10-2 m/ sf s are plotted in Fig. 8b. Recall in 
Part I Eq. (5), values of PD represent rainwater loading and were empirically 
estimated from radar reflectivities. In the buoyancy equation, the PD term 
always contributes negatively to the vertical acceleration, dw / dt. Examination 
of Fig. 8 reveals that contours of PD match well with isotachs of w in the 
downdraft. It is worth noting that the 2 x 1 0-2 m/ sf s contour for PD is 
equivalent to the rainwater mixing ratio (qr) of 2 g /kg. Conversely, in the weak 
echo region, where the updraft dominates, the effect of rainwater loading is a 
minimum. This result shows that precipitation loading plays an important role 
in affecting the downdraft during the mature and decaying stages of the storm's 
life cycle. 

Fields of P� and T�d along the same cross section are displayed in Fig. 9. 
As noted in Part I, the retrieved fields of pressure and temperature are the 
deviations from their horizontal average instead of the deviations from the en
vironmental means. The unknown area means still vary with height. Hence, 
vertical cross sections of pressure and temperature must be carefully interpreted 
with the unknown means in mind. The pressure calculation (Fig. 9a) reveals 
that high pressure forms inside the microhurst core. It is surrounded by low 
pressure to its left and right in the outskirt of the micro burst. This low pressure 
is associated with the strong microburst outflow seen in Fig. 7a. A pronounced 
horizontal pressure gradient forms across the microburst to balance the accel
erated flow at the lowest levels. Fujita (1985) suggested that there is a close 
relationship between the perturbation pressure and the horizontal wind in a 
microburst. Examination of Figs. 7b and 9a reveals that high pressure occurs 
in the weak wind region inside the microburst core, while low pressure forms in 
the strong outflow regions in the microburst outskirt. This finding is consistent 
with that reported in Fujita (1985). For these reasons, we believe that the pres
sure calculation presented in this study has a high level of confidence and the 
information derived is very useful. The microburst has a warm core as shown 
in Fig. 9b. As noted earlier, such warming is directly attributed to the rapidly 
descending air in the downdraft, which warms up nearly dry-adiabatically in 
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the surrounding with high relative humidity. This result is quite different from 
that for the complex care with much weaker downdrafts (see Figs . 11 and 13 
in Patt I). In the microburst outskirt near the GF, the cooling occurs since 
the downfiow air there reduces its speed to practically zero in the surrounding 
with low relative humidity. As a result, the evaporative cooling overcomes the 
compressional warming over that region, resulting in a pronounced horizontal 
temperature gradient outward from the microburst center. A portion of the 
negatively buoyant air moves toward the north (right side of Fig. 9), interact
ing with the environmental air to sustain the GF over the northern edge of 
the storm. These processed would continue as long as the microburst outflow 
is present. In the area above the GF, the warming occurs inside the updraft. 
A secondary downdraft on the left side of the main downdraft is in the area 
of relative cooling. This weak downdraft has a comparably weak downflow 
(-2 m/s), as compared to the main downdraft (-5 m/s) . As a result, the 
evaporative cooling prevails in that area, resulting in the temperature deficit of 
about -1° C. These results further reveal that the retrieved temperature field is 
closely related to the updraft-downdraft structure with warming in the updraft 
and cooling in the weak downdraft, in agreement with the observation reported 
in the literature. Like the retrieved pressure field, we believe that the retrieved 
temperature field has a high level of confidence as well in areas of high signal
to-noise ratio and small vertical wind shears. Therefore, useful information can 
be extracted from the retrieved fields. 

3.3 Discussion 

In the study by Lee et al. (1988), the evolution of a bow echo/microburst 
event was investigated using the JAWS Doppler data from 1526 to 1566 MST 
(equivalent to 1626 to 1666 MDT) 14 July 1982 .  The horizontal and vertical 
grid spacings were 0.4 and 0.8 km, respectively. Smoothing, vertical velocity 
and thermodynamic retrieval calculations were made in CEDRIC {Mohr et al., 
1986) . Since their method of analysis is different from ours, it is of interest to 
compare their results at 1546 MST (1646 MDT) with ours at the same analysis 
time reported in the study by Lin et al. (1987) , i.e., the simple case in the 
present study. A comparison was made between our lowest level (0.25 km 
AGL) to their lowest level {O ,._, 150 m AGL), see their Fig. 3. It was found 
that the flow and reflectivity fields are very similar between the two studies. In 
the same manner, their vertical velocity (w) profile at heights below 5 km (see 
their Fig. 5fis also comparable to ours at the same heights (after the w-profiles 
in both studies were variationally adjusted to zero at the surface) . 

In regard to retrievals of perturbation pressure, their pressure field at 
0.8 km agrees well with ours at 0. 75 km. Furthermore, the reflectivity pattern 
between the two studies at this level is also comparable. For the retrieved 
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temperature field, our downdraft core at the 2 km level is found to be colder 
than its surrounding (see Figs. lOb and lla in the study by Lin and Hughes , 
1987) . This finding is in agreement with that of Lee et al. (1988) , except our 
temperature magnitude is slightly smaller than theirs. 

The above comparisons reveal that the overall results between the two 
studies are quite consistent despite the fact that two different analysis tech
niques were employed in the studies. These findings further show that the 
structural features presented in both studies for the 14 July 1982 case are rele
vant and important. 
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Fig. 10. A schematic diagram showing the important structural features of a microburst 
under investigation for the (a) 14 July case and (b) 5 August case. These features 
are extracted from the dual-Doppler data considered and are representative of 
the microburst structures at the times when the data were sampled. 
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On the basis of the results presented in Part I and Part II of this study, 
we have hypothesized a microburst conceptual model during either the evolving 
or decaying stage of the storm. It must be pointed out that we are not attempt
ing to show the entire evolution of a microburst due to the limited data sets 
considered in this investigaion. Instead, emphasis is placed on the structure of 
a microburst as revealed by dual-Doppler radars at the times when the data 
were sampled. 

4 .1 The Simple Case: 14 July 1982 

The simple case (Fig. lOa) is characterized by a microburst embedded 
within a descending reflectivity core ( Z < 55 dB Z). The maximum downward 
vertical motion associated with the micro burst was greater than 5 m/ s. A 
bow echo circulation was present in this case with the microburst descending 
from near the head. The horizontal momentum and eddy kinetic energy budgets 
revealed the importance of the downward transport occurring from the subcloud 
layer. This result was also noted by Lin and Condray (1988) for the simple case 
at 1647 MDT. They also noted the presence of a 4 km jet. The strong wind 
shear near the 4 km jet ensures that a very turbulent environment prevails with 
eddy motion interacting with the downdrafts to produce downward transport of 
high-speed air. The dry high-speed air enters the bow echo from the rear, where 
it encounters the concave back edge of the bow echo. Mixing ensues, which 
creates precipitation-cooled air that transports the air downward. No well
organized misocyclone is present, because of the dominance of the larger scale 
winds and the lack of directional shear in the environmental winds. Srivastava 
(1987) has shown that microbursts may be initiated and maintained by dry 
entrainment processes. The key to this type of microburst seems to be the flux 
rate of high-speed, dry environmental air across the concave back edge of the 
bow echo. The greater the flux, the greater the mixing rate, which increases 
the downward transport of air. The rapidly descending air is compressionally 
warmed to create a warm core microburst, because of downward motion of 
6 m/s or larger. This is a sufficiently rapid descent to not allow the saturated 
downdraft to mix with the environmental air. The air descends nearly dry 
adiabatically instead of moist adiabatically. These results were produced or 
observed in a simple one-dimensional model, Srivastava (1985, 1987); PAM 
station observations, Fujita (1985); and in a study using dual-Doppler data, Lin 
and Hughes (1987). The microburst centers were found to be centers of high 
perturbation pressure. The simple case is simple in part, because the larger scale 
flow can dominate the small scale fl.ow; therefore, eddy motions of misocyclone 
circulations are suppressed or are of secondary importance, the microburst is 
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isolated with interactions limited to the outer edges of the microburst, and 
these types of storms can be predicted by techniques based on the presence of 
mid-level moisture and a deep, dry, well-mixed layer, Caracena et al. (1983). 
Of primary interest is what are the driving forces behind the complex case of 
a multiple microburst case that occurs in a microburst-producing storm not 
predicted by present forecasting techniques. 

4.2 The Complex Case: 5 August 1982 

The complex case (Fig. lOb) is characterized by several microbursts within 
a small domain. These storms interact with each other to produce gust fronts, 
rotor circulations, and they distort each other's outflow patterns. There are 
similarities with the simple case. The bow echoes do develop after the onset 
of the surface microburst. These bow echoes are aligned perpendicular to the 
mean environmental, high-speed air, associated with a low-level wind maximum. 
The microbursts are coincident with the high-reflectivity cores. Inflow into the 
bow echo, at levels above 1 km, is mixed with the saturated downdraft. Subse
quently, the high-speed wind is collected above 1 km, then carried down to the 
surface layer of the microburst. The role of transport and buoyancy processes 
seems common to both types of microbursts. The microburst in a general con
ceptual model may be thought of as a mechanism for transporting mass, energy, 
and momentum, between the boundary layer and the subcloud/parent storm, 
which occurs above 1 km. A microburst is simply a very large organized turbu
lent eddy. The structural features responsible for the microburst development, 
and the physical processes that maintain them are not unique. 

The structural features for the complex case feature a turbulent upper 
layer above 1 km, dominated by a misocyclone circulation, a weak divergent 
flow at 0.75 km that was dominated by the mean flow, and a very turbulent 
surface layer below 0. 75 km, which was dominated by the micro bursts and their 
secondary circulations. Of particular interest is the structure and development 
of the misocyclone at upper levels, and the microburst circulation at low levels. 

The structure of the storm can be understood by examining how the mi
cro burst may have developed. The complex case is not conducive to forecasting, 
using techniques based on negative buoyancy from a deep, dry, mixed layer, see 
Caracena et al. (1983) . Dry entrainment and evaporative cooling are not suffi
cient to initiate the microbursts for this type of storm. Precipitation loading is. 
not the likely cause, because tropical and subtropical convection features heavy 
rains with comparatively and subtropical convection features heavy rains with 
comparatively mild horizontal surface winds. Hail has been noted within the 
core of micro bursts, even within thunderstorms occurring in the moist gulf coast 
region. Wakimoto (1988) used dual-polarization data from the CP-2 radar to 
locate a 65 dBZ hail shaft within the microburst core. He suggested that the 
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presence of a hail shaft may be indicative of the presence of a micro burst. Many 
resea�chers, including Hjelmfelt (1984) and Parsons et al . (1985) ,  have noted 
that cyclonic circulations aloft are associated with appendages of very high re
flectivity. Parsons et al. (1985) indicated that for a 3 0  June 1982 JAWS case, 
the microburst downdraft initially formed close to a small core of reflectivity 
embedded within a larger "arm" of reflectivity. An intense cyclonic circulation 
centered about a reflectivity appendage, with continuity to heights above cloud 
base, was noted by Hjelmfelt (1984) .  He also noted that. peak surface reflectivi
ties were attained prior to the maximum microburst divergence intensity. Also, 
evidence of low reflectivity notches in the neighborhood of the microburst down
drafts suggested that melting provides an additional source of energy. From a 
numerical model, Proctor (1988) showed that a warm core may be present. 
Hail is too small to compensate for compressional heating, unless the vertical 
velocity of the downdraft is very small. Since hail plays a rela�ively minor role 
in maintaining the microburst, its role may be in a different capacity. The main 
problem in distilling the answer from the evidence is to determine if the presence · 

of the micro burst is the result of the hail or the hail is the result of the presence 
of micro burst. Hail falling in strong downdrafts has a significant advantage over 
hail that does not, in that it can spend considerably less time in the warm air 
before reaching the ground. A comparison of the 1649 MDT 14 July 1982 and 
the 1845, 1847 and 1850 MDT 5 August 1982 cases shows that cloud base is 
higher for the former case. The lower reflectivities encountered in the simple 
case suggests that the hail was incidental to the microburst. However, the com
plex case occurred in an environment of higher available latent heat for melting. 
Also, the downward motion within the microburst was one-half of the magni
tude experienced in the simple case. This suggests that hail may be responsible 
in part for the micro burst, since a larger volume of hail is necessary to maintain 
the high reflectivity values in the complex case, where the melting rate is higher, 
due to a slower descent of the hail in the microburst downdraft, relative to the 
simple case, and the greater availability of environmental latent heat. If there 
was another causal mechanism present, the reflectivity core should have been 
lower or the same as the simple case. We believe that a main causal mechanism 
for the complex case microburst was hail melt, but dry entrainment processes 
associated with the misocyclone circulation, precipitation drag, and downward 
momentum transport of energy extracted from the mean state to the eddy state 
maintained the microburst at lower levels. New forec�ting techniques, to con
sider the role played by hail, are necessary to forecast microbursts for relatively 
moist soundings. By examining the conceptual model in a temporal sense, the 
microburst synthesis is clearer. 

It is postulated that the evaporative cooling from precipitation initiates 
the downdraft (Srivastava, 1985) ,  but the focus for the microburst is provided 
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by the descending hail shaft. The hail melt contributes the necessary additional 
negative buoyancy, when combined with evaporative cooling, to create a suffi
cient downward flux of mass and momentum to produce the microburst. The 
hail melts below the freezing level , with the maximum contribution of hail melt 
to negative buoyancy occurring at the bottom of the descending microburst. 
At that level, the melting is maximized, as the cool microburst air mixes with 
the warm subcloud layer. A commonly observed event with microbursts is a 
descending reflectivity core, accompanied by a "melting level depression" . The 
contribution from hail melt to the microburst diminishes, once the microburst 
impinges on the surface. The air through the subcloud layer has been cooled; 
therefore, melting slows down with time. This is confirmed by the descending 
reflectivity core and the melting level depression. As the hail shaft becomes 
more insulated, the hail melt contribution to negative buoyancy is limited to 
the outer edge of the reflectivity core. Since hail melt no longer becomes a 
major factor in the microburst's development, some other mechanism must be 
evolving to take its place. 

The misocyclone is not present during the early stages, as confirmed by 
M3 in the 5 August 1982 case. As the downdraft and microburst progress down
ward toward the surface, the atmospheric column, through which the downdraft 
descends, becomes stretched. The stretching occurs in a light wind environment 
of environmental winds less than 1 0  m/ s, but with strong directional shear of 
the w inds backing with height. Since the mesoscale forcing dominates the envi
ronment,  the stretching of the vorticity initiates a cyclonic gyre above 0. 75 km. 
The gyre entrains dry, high-speed, environmental air into the downdraft, where 
it mixes with the cool saturated downdraft. The enhanced dry entrainment with 
evaporative cooling," downward flux of momentum, and enhanced precipitation 
drag due to the precipitation core, become the primary maintainers of the mi
croburst. The weak reflectivity notches, noted in this study, are a manifestation 
of this process. The evolution of the bow echo parallels the deve°lop:rp.ent of the 
misocyclone. In this study, the rotating head of the bow echo (Fujita, 1985) 
was coincident with the 1649 MDT case, and Ml of the 5 August 1982 case. 

The surface microburst is a direct result of the downdraft impinging on a 
horizontal surface. The stretched downdraft becomes compressed as its down
ward velocity is slowed from contact with the ground. The compression results 
in a spin down of the downdraft. The cyclonic circulation undergoes spin down 
to a neutral condition at 0. 75 km. Below that level, a rapid spin down creates 
a highly divergent circulation. The microburst sets up secondary circulations 
on its margins. A cat eye roll vortice forms on the outer edge of the mi
croburst, when the horizontal shear between the microburst outflow opposes 
each other. The higher density flow will determine the sense of rotation. In
terieri et al. (1988} used Doppler lidars to show that uneven flows produce gyres 
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and cat eye circulations. In addition, the gust front and environmental flow com
bine �o create an updraft that stretches the surface vorticity to create a spinning 
updraft. At misocyclone levels, the misocyclone and mesocyclone-like circula
tion interact . The mesocyclone-like circulation facilitates the entrainment of 
environmental air into the misocyclone, thus becoming a feedback mechanism 
within the misocyclone/microburst circulation. 

5. CONCLUSIONS 

In Part II of this study, a comparison and cross-comparison in structure 
and internal dynamics is made between the simple case, which occurred on 14 
July 1982, and the complex case on 5 August 1982. The simple case produced 
only a single microburst during the storm's life time. Conversely, the com
plex case produced at least two microbursts at each time of analysis. In both 
cases, dual-Doppler data collected during the JAWS project ih Colorado were 
employed to derive the detailed wind fields using the same data analysis and 
reduction procedures. Subsequently, fields of deviation perturbation pressure 
and temperature were retrieved from the Doppler derived winds using the three 
momentum equations. 

Results show that there are several similar and different features in struc
ture and internal dynamics between the two cases. Similar features observed 
are: (1) all microbursts being investigated were embedded within the high
reflectivity regions with precipitation occurrence; (2) a wet microburst is ac
companied by the bow echo with the diverging outflow in the direction nearly 
parallel to the maximum radar reflectivity; (3) high pressure occurs inside the 
micro burst core with low pressure in the strongest outflow regions; ( 4) a rotor 
forms in the area near the microburst gust front due to the outflow colliding 
with the buoyant environmental flow; (5) a net transfer of horizontal momen
tum and eddy kinetic energy in the micro burst area is predominantly downward; 
and (6) the pressure and buoyancy effects are two main contributors to the gen
eration/ decay of horizontal momentum fluxes and eddy kinetic energy at the 
microburst levels, having the same order of magnitude but opposite sign. 

Different features between the two cases include: (1 ) each storm case has 
unique environmental ingradients , such as the wind, vertical shear, stability, and 
moisture; (2) the environmental mean flow in the ABL is opposite in direction 
(southest versus northwest) ; (3) a strong downflow (6 ,..., 8 m/s) occurs in the 
main aowndraft for the simple case, while a relatively weak downdraft (about 
3 ,..., 4 m/s) prevails in the complex case; (4) only one microburst occurs in the 
simple case, while two to three microbursts form in the complex case; (5) no 
apparent circulation center is found in the simple case, while the complex case 
has the mesocyclone-like vortex and misocyclones; and (6) a wet microburst 
has a warm core for the simple case and a cold core for the complex case. 
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It must be pointed out that the above conclusions are reached based 
on only two cases of study. Additional studies are needed in the future to 
further understand the structure, internal dynamics, momentum transport, and 
energetics of a mkroburst-producing storm in Colorado and other geographical 
locations. 
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