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THE CLOUD RADIATIVE FEEDBACK OF A M1DLATITUDE SQUALL LINE SYSTEM 
AND IMPLICATION FOR CLIMATE STUDY 

Hung-Neng S. Chin 

Lawrence Livermore National Laboratory, Livermore, CA 94550, U.S.A. 

1. INTRODUCTION 

Increasing effort has been put into improving climate prediction during the past decades. It is, 
however, far from accurate due to uncertainties in the model physics. The largest uncertainty is 
attributed to inadequate understanding of the role of clouds in the climate system. In addition, it is 
well recognized that upper-level cirrus / anvil clouds play an important role on large-scale climate 
through cloud-radiation interactions, and that cloud radiative properties are strongly modulated by 
the microphysical structure of clouds. Small changes in cloud optical properties could have a 
substantial impact on Earth's radiation budget and temperature. A recent modeling study indicated 
that cloud radiative effects combined with unreliable estimates of cloud amount and distribution can 
lead to an uncertainty in the amount of greenhouse warming by a factor of two (Mitchell etal., 
1989). This high sensitivity suggests that further understanding of the impact of microphysics on 
the cloud radiative feedback would improve the representation of cloud processes in the climate 
system. 

In general, the cloud feedback on large-scale systems can be manifest into two aspects; 1) 
thermodynamic effects, such as cloud heating (Qi) and drying (Q2), and 2) radiative effects. The 
strong dependence of deep convection on large-scale fields simplified the development of cumulus 
parameterizations for the thermodynamic aspect. However, the parameterization of anvil clouds in 
large-scale numerical models is still an open research topic. Although the thermodynamic effect of 
anvil clouds is much smaller than their cumulus counterparts, the large coverage and longevity of 
anvil clouds can lead to significant influences on large-scale systems through radiative processes. 

The emphasis of this study is focused on a midlatitude squall line system and assessment of its 
feedback on large-scale systems. The computational requirements of die radiation calculation and 
the necessity of including a larger horizontal domain for capturing an extensive anvil confines the 
cloud model ro be two-dimensional. Among MCSs occurring in many geographic locations, the 
midlatitude broken-line squall system was chosen for this study due to its two-dimensionality in 
nature and the fact that it is the predominant type of convection in Oklahoma springtime severe 
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storms. In addition, the future availability of ARM (Atmospheric Radiation Measurement 
Program) data over the Oklahoma site will allow for verification of the simulated cloud radiative 
properties in future studies. 

The constraint of two-dimensionality liniiis the simulated convective system from replicating all 
the observed features, particularly the dissipated stage. As shown in Ogura and Liou's (1980) 
study, the May 22, 1976, Oklahoma broken-line squall case might dissipate due to unfavorable 
moisture convergence into the storm area associated with the wind directed along the line. 
However, this mechanism was completely neglected in the two-dimensional model. The purpose 
of this study was not focused on replicating the essential dynamics that generated and maintained 
the broken-line squall system; instead, the motivation was to investigate the quantitative impact of 
microphysics on the cloud radiative feedback. Therefore, the two-dimensional cloud model is 
sufficient to explore the dependence of cloud radiative properties on the vertical distribution of 
condensates. 

The main objectives of this study are 1) to study the impact of longwave and shortwave 
radiation on the thermodynamic and kinematic structure of a midlatitude squall line; and 2) to 
explore the influence of specifically including the ice phase in the cloud-radiation feedback 
mechanism for climate models. 

2. MODEL AND INITIALIZATION 

a. Model description 

The model used is an extension of Chin and Ogura's (1989) two-dimensional model. The 
major differences are the inclusion of ice microphysics and radiation. The model is nonhydrostatic 
and fully compressible. The dynamic framework of this model is similar to that of Klemp and 
Wihelmson (1978a). The time-splitting technique significantly improves the computational 
efficiency of the nonhydrostatic model. Model features include an upper-level sponge damping 
layer (Bradley, 1984), a planetary boundary layer (Blackadar, 1979), a two-category liquid water 
scheme (i.e., cloud water (q c) and rain (q r); Kessler, 1969), a three-category ice-phase scheme 
(i.e., cloud ice (q,), snow (q s) and graupel / hail (q g); Lin et al., 1983) and shortwave and 
longwave radiative transfer schemes (Harshvardhan ei al., 1987). 

The Coriolis force was neglected in this study to allow the model to be strictly two-
dimensional. Open boundary conditions (Orlanski, 1976) were used at the lateral boundaries. A 
rigid boundary condition was imposed at the upper and lower boundaries with a sponge damping 
layer placed above 15 km to minimize the reflection of internal gravity waves. The vertical grid 
was stretched below 3.6 km with a spacing ranging from 200 m near the surface to 600 m at 3.6 
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km altitude. Above 3.6 km, a constant spacing of 600 m was employed up to the model top at 
20.4 km. In the horizontal, a uniform grid spacing of 1.5 km was used for the central 375 km of 
the domain. Outward from both sides of central region, the spacing was stretched with a constant 
ratio of 1.15. The horizontal stretching allowed for a larger domain size (3420 km wide) to avoid 
possible influences from the lateral boundaries and to prevent the model convection from decaying 
due to a limited moisture supply in a small model domain. In this study, the main attention is 
focused on the sub-domain with a horizontally uniform grid. As pointed out by Fovell and Ogura 
(1988), horizontally stretched grids have the effect of relaxing the storm-perturbed airflow back to 
the initial states. Therefore, the mature modeled system propagates into the same favorable 
environment that leads to a quasi-equilibrium state without experiencing a dissipating stage. A total 
of 320 x 37 grid points were employed in this study. Model grids were translated with the 
simulated squall line system to keep the main features within the central portion of the model 
domain during the course of the simulation. The speed of translation is 18.5 and 22.0 m " T for 
ice-free and ice runs (elaborated shortly), respectively. 

The shortwave radiation scheme uses the Delta-Eddington two-stream approximation and 
adding-layer method to calculate the scattering from the direct beam and multiple scattering between 
layers (Davies, 1982). The longwave radiation scheme was described by Harshvardhan and 
Corsetti (1974). Modifications were made to distinguish the radiative properties of ice clouds from 
those of water clouds for shortwave (SW) and longwave (LW) radiation, using the 
parameterization schemes of Stephens (1978) and Starr and Cox (1985) for water and ice clouds, 
respectively. The optical properties of mixed-phase clouds were determined by a linear 
combination of the radiative properties of water and ice clouds. There was no partial cloudiness in 
the cloud model; each grid point was either completely cloudy or clear. In addition, clouds were 
treated as gray bodies for the longwave calculation. Cloud optical properties arc functions of 
model predicted condensates. The effect of the size and shape of hydrometeors on optical 
properties was not included in this study. Cloud water and rain were assumed to have the same 
effects on optical properties of water clouds, so do cloud ice, snow and graupel / hail for ice 
clouds. However, the habit of ice particles was partially taken into account by reducing the 
asymmetry parameter from 0.84 to the measured value (0.7). The solar absorption in the clear sky 
is due to H2O and O3, and its counterpart for longwave cooling is caused by H2O, O3 and CO2. 
The effects of aerosols on cloud optical properites were not considered in this study. 

The model top for calculating radiation fluxes was extended to 1 mb by adding six layers above 
the cloud model domain. Moisture and temperature profiles for the radiation calculations above 
sounding levels (150 mb) were given by climatological data from the ICRCCM (Intercomparison 
of Radiation Codes in Climate Models) version of the AFGL atmospheres (McClatchey et al., 
1972). The inclusion of a sponge layer above 15 km also has the effect of smoothing the 



distribution of moisture and temperature near the cloud model top. The mixing ratio of O3 through 
the earth atmosphere was based 011 ciimatoiogical data. The CCb concentration was assumed to be 
320 ppm. The surface albedo was specified as 0.2. The validation of longwave and shortwave 
radiation for clear sky conditions is shown in Table 1; model results exhibited a very good 
agreement with 1CRCCM data. 

The radiation was calculated every 5 minutes in this study since sensitivity tests showed that 
there was no noticeable difference between coarse ( 5 minute) and fine (2.5 minute) resolutions. 
Constant time steps of 12 and 3 seconds (non-sound and sound wave calculation, respectively) 
were used throughout the model integration. A total of 585 and 930 seconds (CRAY-2 CPU time) 
were taken for 8 hour integration of ice-free and ice simulations with radiation, respectively. The 
radiation calculation accounts for 31% of the total CPU time in the ice simulation. 

To distinguish the convective region from the stratiform region in a tilting convective system, 
the partitioning criteria of Churchill and Houze (1984) was used along with two additional 
conditions to identify the convective region associated with tilted updrafts aloft and new cells 
initiated ahead of organized squall lines. A grid column with little or no surface precipitation is 
considered convective if cloud water is present (qc > 0.1 g kg*1) below 4 km (= the melting layer), 
or if the maximum updraft exceeds 3 m s"'. Otherwise, it is included in the stratiform region. 

For the heat budget, the collective heating effect of the cloud ensemble, (Qi), is expressed, in 
units of °C h r 1 , by (Yanai et ai, 1973) 

Ql=7I 
P oz 

+ M e + QR, (1) 

where overbars indicate horizontally averaged values and primes deviations from the horizontal 
mean. Meteorological variables are in conventional notation, JI is the non-dimensional pressure, 
Q R the radiative heating rate. Me the heating rate of microphysic contribution to potential 
temperature (6) and D9 the effect of sub-grid scale turbulence. 

The horizontal sub-domain used for the averaged heat budget was chosen in a way consistent 
with Gallus and Johnson's (1990) observational study; namely, a region with 200 km wide 
upshear (west) from the leading edge (defined by -1 K isotherm of potential temperature deviation 
from the base state at the lowest grid level). 

b. Initialization 
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Initial conditions were based on a composite midlatitude squall line sounding for broken-line 
type systems (Bluestein and Jain, 1985) with temperature and moisture profiles modified to 
represent a mixed layer below 800 mb, as is often observed in pre-storm conditions (Fig. 1). The 
imposed base state wind (normal to the line) was depicted in Fig. 2. A constant wind is specified 
above 5.5 km for simplicity. The CAPE (convective available potential energy) vaiue and bulk 
Richardson number (Weisman and Klemp, 1982) of the initial conditions are 2742 J kg"1 and 69, 
respectively. Surface temperature and vapor mixing ratio were specified as 1 °C and 1 g kg"1 

larger than the initial sounding at the lowest grid (i.e., 33.6 °Cand 13.1 g kg-1). 

The model was initialized with a warm, moist bubble in an otherwise horizontally 
homogeneous sounding. This bubble was 15 km wide and 3.4 km deep, and centered at 1.7 km 
above the ground. Maximum perturbations of potential temperature and vapor mixing ratio were 2 
K and 4 g kg - ! , respectively. 

3. DESIGN OF EXPERIMENTS 

All experiments, which were conducted to examine the effects of microphysics on the cloud 
radiative feedback, were integrated for eiglu hours of physical time. Fixed surface conditions 
(temperature and vapor mixing ratio) were used to eliminate the complication of cloud-ground 
interaction. A total of six model experiments were conducted as listed in Table 2. To identify the 
influence of the phase of condensates on cloud radiative properties, simulations without the ice-
phase (hereafter referred to as ice-free runs; and simulations with both liquid and ice water (ice 
runs) were performed in group A (ice-free) aid B (ice). 

4. RESULTS 

a. Simulation wihww radi'Mion 

Both ice-free and ice runs exhibited quasi-steady solutions with a succession of convective 
cells initiated ahead of the leading edge during the course of simulations. Significant upshear 
(westward) tilting of the convective core occurred after 3.5 hour. 

The influence of the ice phase on thermodynamic feedback is indicated in Fig. 3, where the 
radiation was not considered during the simulation. The ice simulation predicted a maximum cloud 
heating rate (~ 8 °C h r 1 ) comparable to that of the ice-free run, except for the finer structure and 
deeper anvil heating between 8 and 12 km. Both experiments exhibited a similar dynamic structure 
for the simulated squall line system (not shown). The altitude of double-peaked heating maxima 
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for the ice run (between 6 and 9 km) is in good agreement with the observed heating profile of the 
broken-line system during the mature stage (Gallus and Johnson, 1990). 

To diagnose optical properties of water and ice anvils, temporally averaged temperature, 
moisture and condensate distributions were constructed from the model simulated squall line 
system. The ice simulation produced an anvil with a larger vertical and horizontal extent (Fig. 4). 
The optical properties for water and ice anvils (Fig. 5) were calculated using time-space (3 hours 
and 200 km) averaged vertical profiles of anvil structure, located between 8 and 14 km within the 
stratiform region of Fig. 4. The total water content of the ice anvil is about four times its 
counterptirt in the water anvil; the liquid water content within the ice anvil accounts for a negligibly 
small portion (= 0.4 %) of total water. The optical depth (t) of the water anvil is, however, much 
larger than that of the ice anvil. The greater optical thickness of the water anvil produced 
significant differences in solar radiative properties, particularly in the cloud albedo and 
transmittance. The absorption of solar radiation in the water anvil is about twice as large as in the 
ice anvil. 

The time-space averaged structure was also used to calculate radiative heating profiles for 
longwave (LW) and shortwave (SW) radiation (Fig. 6). The longwave heating profiles for both 
water and ice anvils are very similar with the heating near the bottom and cooling near the top of 
anvils. The higher altitude of maximum longwave cooling for the ice anvil (~ 1 km) is consistent 
with the cloud heating profile (Qi). The profile of longwave heating through the anvil is favorable 
for the creation of local instability that would intensify vertical motion and condensational 
deposition. In contrast, the water and ice anvils have distinctly different shortwave heating rates. 
Shortwave healing, particularly for the water anvil, tends to produce a multi-layer structure through 
the anvil due to the more stable stratification in the middle. On the contrary, shortwave heating can 
also provide more buoyancy to counteract its stabilizing effect. The overall feedback of shortwave 
radiation on the squall line system is shown in the next section. 

b. Simulations with radiation 

Further investigation of cloud-radiation feedback for the squall line system is shown in this 
section. Table 3 shows time and space averaged (8 hours and 200 km) surface precipitation rates 
for both ice-free and ice simulations. The stratiform precipitation accounts for a negligibly small 
portion of the total surface precipitation due to the very dry environment below 2 km. The 
relatively larger ratio of stratiform to total precipitation for the ice simulations reflects the fact that 
the ice phase enhances anvils due to the small terminal velocity of snow particles. Further, the 
destabilizing effect of longwave radiation can be seen in not only convective, but also stratiform 
regions of both ice-free (A2) and ice (B2) simulations. The extra heating near the bottom of anvils 
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leads to a larger increase (16 ~ 20%) of surface precipitation over the stratiform region than in the 
convective region (4 ~ (•>%). 

The most interesting feature seen in Table 3 is the distinct feedback of the shortwave radiation 
for both ice-free (A3) and ice (B3) simulations. The stabilizing effect of shortwave radiation is 
seen in the convective regions of both simulations. This consistent result is due to the fact that the 
radiative heating is much smaller than the net cloud heating over the convective region. The 
shortwave heating becomes a dominant process within the anvils (compare Fig. 6 with Table 4), 
particularly in the water anvil. Thus, the buoyancy contribution of shortwave heating suppressed 
the stabilizing effect in the water anvil. This feature is in sharp contrast to the ice anvil. In 
summary, the inclusion of radiation has small influence on the total energy budget and the dynamic 
structure of the simulated squall line system. With fixed surface conditions, the kinematic 
properties of the simulated system, such as cold pool intensity and gust front speed, is altered very 
little by the radiation (Table 5). 

5. Summary and discussion 

Results indicate that the phase of ice panicles has little impact on the thermodynamic feedback 
for simulated squall line systems although it does have the effect of enhancing the intensity of 
anvils. Further, the similar longwave properties of both water and ice clouds lead to a consistent 
feedback that strengthens the modeled convective systems. The distinct contrast of shortwave 
properties between water and ice clouds exhibit an opposite feedback on the stratiform region of 
simulated squall systems. These shortwave differences, however, have a relatively minor effect of 
weakening the modeled convective system in the convective region since the shortwave heating is 
much smaller than thermodynamic heating associated with the phase change. 

These results also suggest that the phase of condensates plays an important role in the cloud 
radiative feedback for upper-level anvils. Condensed moisture representation should be 
appropriately partitioned between liquid and ice in general circulation models to improve the 
radiative processes of clouds on large-scale climate. As a whole, the inclusion of radiation only 
qualitatively altered the intensity of the simulated squall systems without affecting its essential 
dynamic structure. With fixed surface conditions, the kinematic characteristics of squall systems 
were rarely influenced by the radiation. The translucent nature of ice clouds would, however, have 
a different impact on the surface radiation budget than its water-cloud counterpart. Thus, the 
surface heating is expected to be stronger for ice clouds. Further investigation of cloud-ground 
interaction is being undertaken. 
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Table 1. Comparison of LW and S W fluxes with ICRCCM 
data for the clear sky condition. 

Midlat-Summcr 

sfc albedo= 0.2 
CO2: 300 ppm 

Unit W m"2 

L W H S W Midlat-Summcr 

sfc albedo= 0.2 
CO2: 300 ppm 

Unit W m"2 

Surface Top Surface 
zen=30° 

Surface 
zen=75° 

Midlat-Summcr 

sfc albedo= 0.2 
CO2: 300 ppm 

Unit W m"2 Up Down Nel Up Down Down 
Model 1423.5 340.1 83.4 284.6 950.5 231.6 

median* [423 .6 
t+range) 1 (±5-8) 

343.4 
(±41.9) 

80.3 
(±42.2) 

285.7 
(±26.3) 

943.7 
(±5%) 

235.8 
(±10%) 

* ICRCCM considers the absorption due to H2O, O3,02 and 
CO2 in SW calculations, but the SW scheme used herein 
only includes H2O and 63. 

Table 2. Summary of numerical experiments. 
Experiment Microphysics Radiation 

Al ice-free no 
A2 ice-free LW 
A3 ice-free LW + SW 
Bl ice no 
B2 ice LW 
B3 ice SW 

Table 3. Temporally and horizontally averaged surface 
precipitation rate (mm hr 1 ) . 

ice-free ice 
Al A2 A3 Bl B2 B3 

convecuve 9.77 10.34 9.65 11.82 12.25 11.77 
stratiform 0.05 0.06 0.08 0.37 0.43 0.38 

total 9.82 10.40 9.73 12.19 12.68 12.15 

Table 4. Temporally and domain averaged condensation 
rate (°C h r 1 ) within the anvil. 

ice-free ice 
Al A2 A3 Bl B2 B3 

stratiform 0.25 0.27 0.29 0.47 0.49 0.46 

Table5. Numerical simulation statistics 
ice-fire ice 

Ai A2 A3 Bl B2 B3 
maximum 
cooling (K) 

behind mist front 
-12.5 -12.7 -12.6 •15.0 -15.6 -15.4 

gust front speed 
(s nr 1 ) 18.9 18.9 18.7 22.4 23.8 22.5 



Fig. 1. The modified atmospheric sounding for the broken-line 
type of squall line systems. 
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Fig. 2. The base state wind (normal-line component) 
profile used in this study. 



-.10 
E 

-i—i—'—r 
• A l 
•Bl / 
• observed V 

5 — 

Q i C C h 1 ) 
Time: 7-8 h 

-6 -4 

Fig. 3. Temporally-horizontally averaged heating profiles. (Observed 
profile adapted from Gallus and Johnson, 1991) 
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Fig. 4. Time averaged cross-sections of cloud structure, (a) mixing ratio of 
cloud droplets from run Al. (b) total mixing ratio of cloud droplets, 
ice crystals and snow from run Bl. 
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Fig. 5. Cloud albedo, transmittance and absorption of shortwave 
radiation for varied zenith angles. 
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Fig. 6. Heating rates of water and ice anvils, (a) longwave, (b) 
shortwave at 0° zenith angle, (c) sum of (a) and (b). 
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