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Chia-Bo Chang
Atmospheric Science Group
Texas Tech University
Lubbock, Texas

ABSTRACT

This research focuses on the role of radiation-dynamics interaction in
regional numerical weather prediction of severe storm environment and
mesoscale convective systems over the central United States. Based upon
the earlier numerical model simulation experiments, we believe that such
interaction can have profound impact on the dynamics and thermodynamics
of regional weather systems. The research will be carried out using
real-data model forecast experiments performed on the CRAY-X/MP
computer at NASA/MSFC.

The forecasting system to be used in this study is @ comprehensive
mesoscale prediction system which includes analysis and initialization, the
dynamic model, and the post-forecast diagnosis codes. The model physics
are currently undergoing many improvements in parameterizing radiation
processes in the model atmosphere.

The forecast experiments in conjunction with in-depth model
verification and diagnosis are aimed ot a quantitative understanding of the
interaction between atmospheric radiation and regional dynamica}
processes in mesoscale models as well as in nature. Thus, significant
advances in regional numerical weather prediction can be made. Resuilts
shall also provide valuable information for observational designs in the ares
of remote-sensing techniques to study the characteristics of air-lend
thermal interaction and moist processes under various stmospheric
conditions.
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|. INTRODUCTION

One of the central issues in regional numerical weather prediction
(NwP) is the forecasting of mesascale systems driven by latent heating
because of their often severe nature. The present study will focus on the
role of radiation-dynamics interaction in the numericel forecast of
mesoscale convective storms of horizontal scale ranging from S0 km to
50C km in the central United States during severe weather seasons of
spring and early summer.

It is well known theat redietion is the primary energy source for the
generation and maintenance of the dynamic systems in the atmosphere. The
dynemic systems develop within baroclinic patterns as a result of
horizontal differences in radiation budgets. On the other hand, the cloud
and moisture distribution associated with the dynamic systems will
modify the radiation field.

However, in short-range (<36 hours) regional NwP, the atmospheric
radiation is generally regarded as 8 minor diabatic process because the
rate of radiotive warming/cooling in the troposphere is quite small in
comparison with that of latent heating. The mean rate of net temperature
change in the atmosphere under the clear sky condition due to the
absorption of insolation and the emission of infrared irrediance by air is on
the order of -1°C per day. To date, an explicit treatment of radietion
processes in the model atmosphere does not exist in any comprehensive
regional models (Pielke, 1984). And there is still lack of any in-depth
study of the role of radistion-dynamics interaction in the short-renge
numerical forecasting of severe convective storms.

Nevertheless, based on earlier case studies we feel that the
radiation-dynemics interaction maey exert profound impact on the
devrlopment of mesoscale storms over the central United States fror the
standpoint of the following three aspects.

A. Effects of cloudiness associated with mesoscale systems on regional
radiation budget.

B. Surface heating and moisture source.

C. Synamic instability in the pianetary boundary layer (PBL).
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These three aspects will be discussed in some detail in Section {l.

Scientific questions concerning the impact will be addressed using
real-data model simulation experiments followed by detailed model
verificotion and diagnosis. The prediction system to be used in this study
is the Drexel LAMPS (Limited Area and Mesoscale Prediction System) which
is & comprehensive mesoscele prediction system. LAMPS includes analysis
and initialization, the dynamic model, and the post-forecast diagnosis
codes. A detailed description of LAMPS can be found in the papers by
Perkey (1976), Kreitzberg (1978), and Chang &/ 2/ (1981).

The model initial state is obtained from the objective analysis of
ravvinsonde observations based upon the isentropic scheme designed by
Bleck (1975). The dynamic model is a three-dimensional primitive equation
model consisting of 15 terrain following verticel levels and a
longitude-latitude horizontal grid. The model levels ranging from O to 16
km with relatively higher resolution in the PBL. The model physics consist
of essential dry and moist processes for the quantitative study of various
aspects of convective storms under diverse meteorological conditions. A
brief discussion of solving the raciative transfer equations in the model is
included in Section |1l. The numerical experiments and their purpases, and
related hypotheses to be tested are described in Section IV.

f1. RADIATION-DYNAMICS INTERACTION
A. The Effects of Cloudiness on Radiation Budgets

Clouds are the principal modulators of radiation in the atmosphere.
The presence of clouds increases the counter radiation and, hence,
decreases the effective outgoing infrared radiation and incoming solar
redistion. The infrared cooling neer the cloud top con be as high as 5°C per
day (Ketayama, 1966; Stephens and Webster, 1981) which is much greater
than the average cooling rate under the cleer sky conditions, while for the
layers below the cloud the cooling rates are considerably reduced. Thus,
the distribution of horizontal-developing clouds associated with dynamic
systems con have strong influences on the vertical temperature profile
throughout the troposphere and the regional baroclinic patterns (cloudy vs.
cleor sky areas).




The significance of the strong cloud-top cooling may be illustrated by
some results from regional model simulations of a developing cyclone.
Figure 1 shows the 24-h forecast height, tempersature and vector wind
differences oh the 700, 500, and 300 mb pressure surfaces, respectively,
between the wet (with latent heat release) and dry simulations for the 20
May 1977 SESAME case (Chang &7 &7, 1982). The maximum differences
occurred over the regions of intense precipitation. The model used in the
simulations did not include the effects of strong cloud top cooling.

It is conceivable that the temperature differences at 300 mb in the
heavy rain areas over Nebraska and Kansas would have been reduced by &
few degrees if the strong cloud top cooling had been considered in the wet
model. This could greatly modify the upper air circulations and the
development of the surface cyclone.

The substantia reflection of solar radiation takes place at the cloud
top because of its 1irge elbedo which, except for cirrus, is on the order of
0.5 (Stephens and webster, 1981). This depletion process may be
insignificant so far as the absorption of insolation in the atmosphere is
concerned. However, it vill have controlling effects on surface energy
budgets over the 1ard where solar radiation, infrared radiation, and
sensible heat flux rizpresent three major heat exchange processes. The
harizantal differences in surface energy budgets, again cloudy vs. clear sky
conditions, will cortribute to the low-level baroclinicities.

B. Surface Heating and Moisture Source

Because the earth’s surface receives more radiative energy from the
sun than it loses in the form of infrared radiation during the daytime, some
of the excess in radiative energy will be transferred from the ground to the
atmosphere in the form of sensible heat flux. The intensity of sensible
heating is 1argely d=pendent upon the characteristics of the earth’s surface
and the atmospheric conditions. In arid regicns, such as the subtropical
deserts, surface heating plays a vital role in the low-level circulations
(Chang, 1980; Tang and Reiter, 1984).

The moisture sources for the development of convective storm are
closely correlated with the low-level circulations. In the central United
States, a major source is the northward warm moist air streams
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originating over the Gulf of Mexico. During the severe weather seasons of
spring and early summer, one of the major mechanisms contributing
significantly to the maintenance of such northward flows of warm moist
air is believed to be surface heating over the arid regions of Mexico and the
southwestern United States.

Particularly, over the Mexican highlands due to very low moisture
content in the air and the underlying surface, and the near-vertical solar
position at local noon solar radiation works very effectively in heating the
garth’'s surface. The thermal low generated as a result of intense surface
heating enhances the east-west pressure gradient across the Gulf of Mexico
and consequently the northward flows of warm moist air. Hence, surface
heating can have a direct impact on severe storm development in the
central United States. The neglect of such an impact in regional NwP may
result in an underprediction of convection in the model.

Figure 2 shows ) the simulated 24-h 500-mb height and wind speed,
b) the corresponding verification map (NMC analyses), and c) the simulated
24-h 300-mb vortic ty and 500-mb vertical motion for the severe storm
case of 10-11 April 1979. The intensity and patterns of the model systems
are in good agreement with the observations. The structure of the upper air
jet and low suggests strong synoptic-scale forcing over Oklahoma and
Texas where enduring severe convection was observed {(Moore and Fuelberyg,
1981). Despite these well-simulated dynamic systems, the model did not
predict the longevity of the organized convections in the central United
States.

The forecast deficency was primarily attributed to the lack of
moisture supply. Surface temperature verification maps (not shown)
revealed systematically lower model surface temperatures over Mexica
were noted. Consequently, the model failed to generate a surface low over
the Mexican highlands and shifted the streams of warm moist air towerd
the Gulf States instead of Tl-lahoma and Texas as observed.

Also, Carlson &/ &/ {1983) suggested that strong surface heating over
the Mexican plateau in conjunction with synoptic-scale motion was
responsible for the creation of an elevated mixed-layer inversion over
Texas. The inversion prevents the outbreak of thunderstorms over a large
area and restricts convection to regions of relatively weak stability.

vi-4




Lanicci (1984) used numerical experiments to test the influences of soil
moisture on the severe storm environment. He suggested that the diabatic
effects of radiation processes at the land surface were strongly dependent
an the soil moistura and its horizontal gradient, and significantly
influenced the severe-stirm environment including the dryline, Tow-level
jet, 1atent instability, etc.

C.  Dynamic Instability n the Planetary Boundary Layer

Based an linearized perturbation analysis in conjunction with the
numerical experiments, Chang (1957) concluded that in summer over the
tropical North Africa dyramic instability possessing the prominent
characteristics of Africen wave disturbances can occur in the lower
troposphere characterized by relatively marked meridional temperature
gradient {(~ 1°C per 100 km) and near-neutral stability as in the unstable
PEL. The deep near-neutial layer is created by strong surface heating due
to solar radiation. As shown in Fig. 3, the inztability results in the
perturbations of maximum growth rate having a horizontal scale {around
2000 km) very close ta the mean wavelength of African disturbances.
Reduction in the horizontal thermal gradient shifted the most unstable
mode toward the short waves. '

Over the southwestarn deserts of the United States, the short-wave
disturbances of similar harizontal scale as African waves are often
observed in the lower troposphere in summer under relatively weak
synoptic fundisturbed) conditions. Upon encountering a potentially unstable
tropical air mass, the disturbances can trigger heavy convective rainfall.
The disturbances appear to ariginate over the southwestern deserts with a
deep PBL. The environmental coanditions of the southwestern deserts
resemble those of Narth Africa in summer. The short waves may have an
origin similar to African waves. If so, an adequate treatment of radiation
processes in regional-scale models is essential for improving some flash
flood forecasting.

1. RADIATIYE TRANSFER

The physical procesces that differ from those of the LAMPS madel used
in previous case studies are the treatment of radiative transfers and
surface energy balance. In modeling radiative transfers and the vertical
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heat exchanges over land, the usual constraints of a numerical model, ie,
not to be too time-zonsuming, must be considered. For example, an exact
treatment by integrating the radiative transfer equations over wavelength
and optical path in the model atmosphere is nat desirable at this time.
some simplifications and approximations as described below are made in
fmodelimg these dialiatic processes.

To salve the transfer equations for infrared radiation a simplified
method based on an emissivity technique will be used. The capability of
the emissivity techkinique has been studied by many researchers (Rodgers,
1967; Fels and Schwarzkopf, 1975; Chang, 1980). The results indicated
that the technique is an acceptable method for numerical prediction
models. The differences in computed cooling rates between the emissivity
approximation and the Goody (1964) random rodel are on the arder of 0.1°C
per day under a wide variety of atmospheric conditions {Fels and
Schwarzkopf, 1975). For modeling solar radiation, a technigue designed for
the UCLA general circulation model (Haltiner and Williams, 1980) and alsc
use | in the FSU tropical prediction model {Chang, 1980) will be adopted for
thi: study. Only water vapor is considered a5 an optically active gas in the
mot el atmosphere.

The energy balznce at the land surface irvolves solar and infrarad
irrcdiance, and sen=ible and 1atent heat flux, assuming zero soil heat
capacity. The assumption is anticipated to hove little impact on the nature
of surface heating 1n shart-term NwP. Surface heating is well knowr: to be
a strong function ot cloud cover and moisture content in air. The large
change of soil termparature in response to radiation occurs in a layer of few
cm thick ina 12-h ueriod (Sellers, 1967). The specific heat capacity of
most soils is on the order of 0.3 cal gm"K' ' The energy required for a
drastic warming raie, for example 3°C per hour, in the thin layer is less
than 5 percent of the incoming irradiance or *he outgoing heat flux. Also,
he it conduction inside the subsurface layer is neglected.

The sensible and latent heat fluxes are related by 8 ground wetness
parameter which is approximated as a linear function of saturation ratio
predicted in the model surface layer. The parameter resembling the Bowen
ratio ranges from 2 over the dry decert to 0.5 over the wet surface. This
enerqgy balance approach in determining heat {lux over land appesred {o
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produce quite realistic rasults in the model <imulations of the low-level
circulations over North &frica by Chani {1969).

A vnique feature of LAMPS is the explicit forecast of cloud water
which is treated as an important component of moisture conservation in
the moiel atmosphere. In comparison with the parameterization
approach,this represents a more dynamically consistent way in determining
the location of model cloud tayers. Thus, the influences of cloudiness on
radiation field and surface energy balance, and the resultant effects on the
dynamical systems can be better resolved.

IY. OBJECTIVES

The purpose of the research is to obtain & guantitative assessment of
the impact of radiation-dynamics interaction on the regional NWP of
mesoscale storms. For this purpose, we will carry out in-depth model
forecast experiments on the severe weather events occurring on 2 April
1982. The experiments to be conducted on the NASA CRAY-X/MP computer
for the case study and the related scientific questions to be stressed are
summarized below.

17 A 24-h fine-mesh forecast with the complete model physics.

2) Similar to 1), except without the effects of cloudiness in radiative
warming/cooling computation.

3) Similar to 1), except without strong surface heating over arid iand.

The fine-mesh model {ax=140 km) is intended for creating the severe
storm environment. The first experiment is also reqarded as a controt run.
The simulated results will be compared with observations for evaluating
the model performance. Experiment 2 i= designed to test the hypothesis
that the efects of cloudiness on radiative temperature changes over the
areas of heavy precipitation will cause significant dynamic responses and
thus alter the storm's structure. Experiment 3 is designed to test the
hypothesis that surface heating over the arid land, for example the Mexican
hichlands, can affect the moisture availability for storm development in
the south-central United States. The case study chosen represents @
strongly disturbed situation. Thus, the question concerning the PBL
dynamic instability as mentioned in I1.c may not be addressed with this
case study.
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GEOPOTENTIAL TEMPERATURE VECTOR WIND

700 mb

Figure 1. Simulated 24-h difference fields (wet - dry run) at 1200 GMT
21 May 1977. The geopotential height, interval is 10 m on both
700- and 500-mb levels and 20 m on the 300-mb level, the
temperature interval is 1°C and the isotach interval isSm sl
for all three levels. The dashed contours denote negative velues.
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120W  110W  100W_ 90w 80w
, (o) S
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—

120W  110W _100W _ SOW  80W

{b)
Figure 2. {a) Simulated 24-h S00-mb height (solid lines in km) and wind
speed (dashed lines in m s™!) at 1200 GMT 11 April 1979, and (b)
observed conditions.
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V. RESULTS

Some preliminary results of the proposed numerical model experiments
performed on 2 April 1982 case are presented. We find thet although the
etmospheric radistion has shown consistently cooling effects, the mean
temperature of the model atmosphere has actually increased due to the
increase in latent heating in this case. Figures 3e and 4a show,
respectively, the simulated 12-h and 24-h accumulation of convective
precipitation for the reference run. The corresponding results for the
model with the improved radiative transfer computation including the
effects of cloudiness ore presented in Figs. 3b oand 4b. The differences
between the two simulations are quite striking.

The12-h simulations indicate that the improved radiation computation
increases the maximum precipitation by about helf inch in southeastern
Missouri and generates a center of convection off the coast of Florida (Fig.
3b). For the 24-h simulations, Fig. 4a shows one major center with intense
convection confined to the central mid-west states oand a relatively week
maximum off the coost, while Fig. 4b shows multi-center structure with
wide-spread convection over the nation. The former has no convective but
substantial non-convective rainfalls {(not shown) over Montana.
Unfortunately, ot this time we do not have adequate precipitation
information for a quantitative model verification.

VI. CONCLUSIONS AND RECOMMENDATION

The impact of radiation-dynemics interaction on the regional model
simulations is obvious. It appears that radietive transfer results in the
destabilization of the model atmosphere. The model convective activities
are enhanced end the model spin-up processes may be altered.

We will carry out more numerical experiments in additional to those
proposed earlier and engage in the in-depth diagnoses of model output. This
will include other case studies and followed by energy diagnosis, the
analysis of relevant thermodynamic and dynamic veriables, and the
boundary layer convergence of moisture. After some quantitative
assessment, we shall next investigate the radiation-dynamics interaction
in a finer mesh model (e.g., 70 km grid size).
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It is believed that regional models with a realistic treatment of
atmospheric radiation provide a tool for testing the usefulness of setellite
observations in studying moist processes in the atmosphere. It is also
desizable to compare, if possible, the vertical profiles of model-generated
with those of satellite-observed irradiance for further improvement in
pareameterizing model radistive transfer.

The ultimate goal of this effort is to achieve a better understanding of

the diabatic effects of rediation on the regionel weather systems ond to
improve regional-scale NwP.
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(a)

12065}? z}' 4/1082

‘MAX= - 25.168 MIN=  0.000 INT= 5.000 ,‘

(b)
Figure 3. Simulated 12-h accumulated convective precipitation for the
case of 2 April 1982. (a) without and (b) with improved radiative
transfer. Contour interval is S mm.
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(b)
Figure 4. Similar to Fig. 3 except for the 24-h simulations.
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