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3B.1 Impacts of Microphysics, Radiation and Environmental Winds 
on Mid-latitude and Tropical Squall-Line Systems, and their Climatic Implications 

Hung-Neng S. Chin 

Regional Atmospheric Sciences Division 
Lawrence Livermore National Laboratory 

1. INTRODUCTION 

Cloud-radiation feedback has been identified as the 
most important factor limiting general circulation 
models (GCMs) to further progress in climate change 
research (Cess et al., 1989). It is also regarded as a 
major uncertainty in estimating the impact of 
greenhouse gases on climate simulations (Schlesinger 
and Mitchell, 1987). As a result, many GCMs showed 
high sensitivity to the treatment of clouds and cloud 
radiative properties (e.g., Randall et al., 1989; Mitchell 
et al., 1989). Therefore, a better understanding of 
cloud-radiation feedback on the large-scale 
environment is absolutely essential to improve the 
representation of cloud processes in GCMs. 

To this end, a cloud model with enhanced model 
physics is used to study the impact of cloud-radiation 
interactions on mesoscale convective systems (MCSs). 
Case studies representing a variety of convective 
systems are important to generalize the overall effects 
of anvil clouds on the large-scale environment. Our 
primary interesting is limited to the MCSs in an 
environment with substantial wind shear, such as 
squall-line systems, because they have longer lifetime 
and wider coverage to impact the earth radiation 
budget and climate. 

The objective of this study is to investigate the 
impacts of microphysics, radiation and environmental 
winds on mid-latitude continental and tropical oceanic 
squall-line systems. Comparisons between these two 
systems are presented. Recent studies (Chin, 1994; 
Chin et al., 1994) indicated that the vertical shear of 
the environmental wind plays an important role in the 
formation of the anvil cloud through the tilting of 
MCSs. However, this process has not been represented 
in GCMs. A detailed investigation on the formation of 
anvil clouds and their relationship to cumulus portions 
of MCSs would help develop a better cloud 
parameterization for use in GCMs. 

Two important issues are addressed through these 
comparisons. First, what factors cause the differences 
between mid-latitude and tropical anvil clouds? 
Second, do these differences have climatic implications 
to improve our climate forecasting ability? 

2. MODEL AND INITIALIZATION 

Corresponding author address: Dr. H.-N. S. Chin, 
P.O. Box 808 (L-262), Livermore, CA 94551. 

The model used is an extension of Chin and Ogura's 
(1989) two-dimensional cloud model, which is non-
hydrostatic and fully compressible. The major 
improvements include ice microphysics (Lin et al., 
1983), two sets of radiation transfer schemes for long-
and shortwave (Harshvardhan et al., 1987; Fu and 
Liou, 1993), and computational efficiency. The 
modified parameterizations of ice microphysics and 
radiation can simulate mid-latitude and tropical squall-
line systems with prominent anvils and realistic 
mesoscale structures, such as the bright melting band 
and the transition zone in the radar reflectivity (Chin, 
1994; Chin ef al., 1994). The radiation schemes used 
can distinguish the impacts of hydrometeor phase, size, 
and shape on cloud optical properties. 

Model physical modules include a planetary 
boundary layer parameterization, turbulence, a two-
category liquid water scheme (cloud droplet and 
raindrop), a three-category ice-phase scheme (ice 
crystal, snow and hail), and long- (LW) and shortwave 
(SW) radiation. The Coriolis force is ignored in this 
study to avoid the complication with the LW cloud-top 
cooling effect on trapping gravity waves. 

Surface temperature and moisture are fixed to 
eliminate the influence of surface conditions on cloud-
radiation interactions. A sponge damping layer is 
placed above 15 km to minimize the reflection of 
internal gravity waves due to the rigid boundary 
condition, that is imposed at upper and lower 
boundaries. Open boundary conditions are applied at 
the lateral boundaries. The Galilean transformation is 
adopted to keep the modeled squall-line system within 
the central portion of model domain. A time filter is 
used to control the computational instability of the 
leapfrog scheme. The time-splitting scheme (Durran 
and Klemp, 1983) is also included to handle the 
acoustic mode for computational efficiency. 

Vertical grids are stretched to maximize the 
resolution below 3 km. Above 3 km, a uniform 
resolution of 600 m is specified with the domain top at 
20.4 km. In the horizontal, the grid spacing is 2 and 
1.5 km for the mid-latitude and tropical cases, 
respectively, in the central uniform region. The grid 
spacing is then gendy stretched outward from both 
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sides of the central region; this results in the domain 
size of ~ 4000 km wide. 

The initial conditions of the mid-latitude case are 
based on a composite sounding for the broken-line 
squall system (Bluestein and Jain, 1985) with modified 
temperature and moisture profiles to represent a mixed 
layer below 800 mb, as being often observed in pre-
storm conditions at mid-latitudes (Fig. la). The base-
state wind of this composite sounding (Fig. lb) 
increases nearly linearly with height from the surface 
to 8 km. Above 8 km, the wind is modified to have a 
jet profile below 10 km and a constant profile above 10 
km. The convective available potential energy (CAPE) 
and the bulk Richardson number (Rj) of this mid-
latitude sounding (Weisman and Klemp, 1984) are 
2742 J kg - 1 and 74.4, respectively. 

(a) T and Td .-Mid-latitude 

(b)U(ms 1 ): Mid-latitude 

Fig. l.The modified composite sounding for the 
mid-latitude broken-line squall system, (a) T 
and T<j represent temperature and dew-point 
temperature, respectively, (b) The base-state 
wind (normal-line component) profile. 

For the tropical case, the initial conditions are based 
on a pre-storm sounding from the ship Poryv at 0600 
GMT on 4 September 1974 (Fig. 2). The base-state 
wind is shown in the profile I of Fig. 2b, that exhibits a 
strong easterly jet with a maximum speed of 16 m s _ 1 

near the 600-mb level. The CAPE and the R{ of this 
tropical sounding are 1894 m 2 s"2 and 52, respectively. 
This CAPE is much larger uian the typical value of 
tropical MCSs (- 1400 m 2 s"2). 

(a) T and Td :Tropical 

Fig. 2. As in Fig.l, except for a GATE squall-line 
system taken from the ship Poryv at 0600 GMT 
on 4 September 1974. 

The model is initialized by a warm, moist bubble 
and me horizontally homogeneous sounding for mid-
latitude and tropical cases. Maximum perturbations of 
potential temperature and the mixing ratio of water 
vapor are 2 K and 2 g kg"1, respectively. However, the 
tropical case also includes the large-scale ascent, mat is 
horizontally uniform with a maximum of 2 cm s"1 at 
800 mb, and is then reduced to zero at die surface and 
400 mb. Our sensitivity tests indicate that an 
organized tropical oceanic squall-line system cannot 
develop without the imposed large-scale ascent. 

3. RESULTS 

To estimate die degradation in GCM accuracy 
caused by omitting individual processes, we conducted 
a series of simulations for mid-latitude broken-line and 
tropical oceanic squall-line systems. These simulations 
use different combinations of radiation and 
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microphysics complexity, ranging from no radiation 
and only liquid microphysics to bom LW and SW 
radiation with full liquid and ice microphysics. To 
validate our results, we compared the simulations with 
the observations (Smull and Houze, 1987; Houze, 
1977). The general patterns of the dynamic and 
microphysical structures of the simulated mid-latitude 
and tropical squall-line systems were very similar to 
the observed features, that include the upshear tilting of 
convective cores, the broad stratiform precipitation 
region, the strong slant rear-to-front inflow with the 
outflow above and below, a bright melting band and a 
well-defined transition zone in the radar reflectivity. 

Our results show that both ice-phase microphysics 
and radiation have little influence on the multicellular 
character of the modeled mid-latitude and tropical 
squall-line systems. Although tropical and mid-latitude 
squall-line systems exhibit strong similarities in the 
dynamic and microphysical structures, different 
environmental conditions, such as the presence or 
absence of the jet wind profile and thermodynamical 
stability, still cause substantial differences. These 
differences include a weaker upper-level leading and 
stronger upper-level trailing outflow, and a stronger 
and broader trailing anvil cloud in the tropical squall-
line system. 

a. Impact on Microphysical and Dynamical Structure 

Model-derived Radar Reflectivity (dBZ) 
15- T — i — i — i — i — r 

(a) Mid-latitude: Ice + LW 
T T T 1 

IS —i 1 1 1 r 
(b) Tropical: Ice only 

60 90 120 
X(km) 

Fig. 3. Instantaneous model-derived radar reflectivities 
at the mature stage of simulated squall-line 
systems. Shaded area represents the bright 
melting band and T marks the location of the 
transition zone, (a) mid-latitude case, (b) 
tropical case. 

For the modeled mid-latitude broken-line system, 
both the ice phase and LW radiation are important for 
producing a realistic mesoscale structure with a 
prominent melting-level bright band and a well-defined 
transition zone in the radar reflectivity (Fig. 3a). This 
transition zone is primarily caused by the intensified 
mesoscale circulation due to the gravity-wave trapping 
by LW cloud-top cooling (Tripoli and Cotton, 1989b). 
In contrast, the modeled tropical squall-line system 
shows mat this mesoscale structure can exist without 
LW radiation (Fig. 3b). Our results indicate that this 
difference mainly arises from the intensifying effect of 
the tropical mid-level easterly jet on the upper-level 
trailing outflow (Fig. 4a-b). Without this easterly jet 
(see profile II of Fig. 2b), the dynamical structure of 
the modeled tropical squall line (Fig. 4b) is very similar 
to its mid-latitude counterpart without LW radiation 
(not shown), except for its weaker intensity due to (he 
smaller CAPE. 

System-relative Horizontal Velocity (m s ) 
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Fig. 4. Temporally averaged cross-sections of system-
relative horizontal velocities at the mature stage 
of the simulated tropical squall-line system, (a) 
with the jet-wind profile, (b) without the jet-
wind profile. 

b. Impact on Cloud Optical Properties 

Our mid-latitude study shows that the LW optical 
properties of modeled anvils are insensitive to the ice 
phase. This indicates that the predicted total water 
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content from ice-free and ice simulations is large 
enough so that both anvils act as blackbodies. 
However, their visible (SW) cloud optical properties 
depend very strongly upon condensate phase (Fig. 5); 
the ice anvil is characterized by a smaller cloud albedo 
and absorption (- half), and larger transmittance (- ten 
times) than the water anvil. The destabilizing effect of 
LW radiation on anvil clouds due to heating at the 
bottom and cooling at the top supports me earlier 
hypothesis that the anvil cloud acts as a gravity-wave 
duct to enhance the upper-level outflow (Tripoli and 
Cotton, 1989b). The stabilizing effect of SW heating 
causes an overall weakening for both water and ice 
anvils. The wide coverage of anvils and the high 
sensitivity of their SW optical properties to 
microphysics suggest that both cumulus-anvil 
interactions and the ice phase can exert a substantial 
influence on the surface radiation budget and, in turn, 
the corresponding large-scale response. 

Zenith Angle 
Fig. 5. Visible cloud optical properties of modeled 

mid-latitude water and ice anvils using 
temporally and spatially averaged total water 
content, T is the optical depth. 

In the tropical squall-line simulation, both marine 
and anvil stratiform clouds exist in the model domain 
due to the inclusion of large-scale ascent. The cloud 
LW and SW radiative forcings, averaged over the areas 
in different types of stratiform cloud regions, are used 
to assess the impact of stratiform clouds on the 
radiation budget of the local earth-atmosphere system. 
The cloud radiative forcing is defined as 

T t T 
^clear'^cloudy' w n e r e F i s m e upward flux at the top 
of the model atmosphere. 

As shown in Figure 6, the cloud SW radiative 
forcings of all stratiform clouds decrease with solar 
zenith angle, and the tropical anvil cools the local 
earth-atmosphere system more effectively man the 
marine stratus. The total cloud radiative forcing (SW + 
LW), averaged over a diurnal cycle for the marine 
stratus and the anvil cloud, are -247 and -106 W m"2, 

respectively (Table 1). This indicates that the marine 
stratus is more effective at mitigating greenhouse 
warming on die local earth-atmosphere system as a 
result of its much smaller cloud LW radiative forcing. 
Although the anvil cloud has a smaller total cloud 
radiative forcing than me marine stratus, the cloud LW 
and SW radiative forcings of the anvil cloud are much 
larger than their marine-stratus counterparts so that the 
climatic effects of the anvil cloud are significant. 
Therefore, anvil clouds must be appropriately 
represented in GCMs to improve cloud radiative 
feedback on large-scale climate. 

Cloud Solar Radiative Forcing (W m'^) 

Zenith Angle 
Fig. 6. SW cloud forcing averaged over the area of 

different stratiform clouds at varied zenith 
angle. 

Table 1. Cloud radiative forcing (W m ) for different 
stratiform clouds. 

"^-^ -^ l i ad ia t ion 
Cloud type^~"^«^^^^ .LW SW Total 

2 
Tropical AS + 200 -306 -106 

2 
Tropical MS + 20 -267 -247 

MidlatitudeAS3 + 190 -210 -20 
1 overbar represents the mean over a diurnal cycle. 
2 surface albedo = 0.05 and effective size of ice 
crystals = 30 \un. 
3 surface albedo = 0.2 and effective size of ice 
crystals = 75 pm. 
AS: Anvil Stratus, MS: Marine Stratus. 

Comparisons of me cloud LW and SW radiative 
forcing between tropical oceanic and mid-latitude 
continental anvils (Table 1) also show that the tropical 
oceanic anvil plays more important role in reducing the 
effect of SW insolation than the mid-latitude 
continental anvil (-306 vs. -210 W m"2) while they 
have a comparable cloud LW forcing (200 vs. 190 
W m"2). This difference has an important implication 
for climate research. The larger SW radiative forcing 
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of the tropical oceanic anvil is mainly attributed to a 
smaller surface albedo and ice crystal size with both 
factors about equally contributing to this difference. 

c. Impact on water Budget 

The water budget for the mid-latitude case without 
radiation indicates that hydrometeor transport by deep 
convection is the primary contributor to the water 
source of the anvil cloud at the mature stage (66%; 
defined as the ratio of horizontal transport to die sum of 
horizontal transport and microphysical production). 
The rest of the water budget in the mid-latitude anvil 
(34%) is contributed by the mesoscale lifting 
associated with the tilting convective system in the 
sheared environment (Fig. 7a). In contrast, deep 
convection contributes only 40% to the water budget of 
the tropical anvil and becomes a secondary source 
(Fig. 7b). The dominant contribution of the water 
budget in the tropical anvil (60%) comes from 
microphysical production (M) in response to the mid-

level easterly jet, that enhances the mesoscale 
circulation and the resulting lifting. Without the ice 
phase, the contribution of hydrometeor transport by 
deep convection to the water budget of anvil clouds is 
substantially reduced (not shown). In addition, the 
contribution of microphysical production in the tropical 
case without large-scale ascent (shown in the 
parentheses of Fig. 7b) indicates that large-scale ascent 
only makes a trivial contribution to the convective 
region and anvil cloud. However, it does play a 
significant role in maintaining the marine stratus. 

Our results also show that the tropical squall-line 
system is more sensitive to radiation than the mid-
latitude system regarding the water budget (not shown). 
This contrast may arise from weaker deep convection 
and its related weakened mesoscale subsidence in the 
tropical system. Therefore, the secondary circulation, 
as proposed by Gray and Jacobson (1977), may play a 
more important role in influencing the water budget of 
the tropical squall-line system than its mid-latitude 
counterpart. 
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Fig. 7. The water budget for the mature stage of the simulations with ice microphysics and without radiation, 

(a) mid-latitude squall-line system over the central subdomain (200 km), (b) tropical squall-line 
system over the whole domain (3560 km). All quantities are normalized by the total surface 
precipitation (Po). M represents the net microphysical production; S, the storage term; arrows, 
horizontal and vertical transports; LAS and RAS, leading and rear anvil stratus; Conv, the convective 
region; LMS and RMS, leading and rear marine stratus; AS, the anvil stratus. 
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4. SUMMARY AND DISCUSSION 

Our results show that the tilting structure of MCSs 
in an environment with substantial wind shear makes 
an important contribution to the water budget of anvil 
clouds, particularly the tropical anvil due to the impact 
of the mid-level easterly jet on enhancing the 
mesoscale circulation. This implies that the cumulus 
parameterization would considerably underestimate the 
cloud heating and drying effects of the tropical squall-
line system if the mesoscale organization of MCSs in 
an environment with substantial wind shear was not 
considered. Comparisons of water budgets between 
mid-latitude and tropical anvils also have an important 
implication for climate research due to the strong SW 
radiative forcing of the tropical anvil. 

The high sensitivity of the dynamical and 
microphysical structures of the simulated squall-line 
systems to wind-shear profiles (jet or non-jet) suggests 
that momentum transport by clouds in different types 
of sheared environments may provide an important 
physical basis linking GCM-resolvable variables with 
the mesoscale lifting associated with the tilting 
structure of convective systems. Unfortunately, this 
tilting structure cannot be resolved by GCM grids and 
no current cumulus parameterization scheme represents 
these sub-GCM-grid processes and their resulting 
feedback on the large-scale environment. Therefore, 
parameterizing the large-scale effects of these sub-
GCM-grid processes associated with the tilting 
structure of MCSs is a crucial issue that must be 
addressed to improve the representation of cloud-
radiation feedback on large-scale climate. 
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