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19, ABSTRACT (Continued)

In the case of Task 1 we show that supercooled liquid weter in
winter orographic clouds varies with the passage of cycloric storms, the
depth of the cloud system, and proximity to mountain slopes. Liquic
water 1s also found near the tops of the cloud system and at
temperatures between -10 and -12°C wrere liquid water depletion
8 processes are not very efficient. There is also eviderce of multiple
layering of liquid water in orographic clouds.

Sensitivity studies with the RAMS cloud microphysical module
reveals the extreme nonlinearity of the microphysical system. A
seemingly innocent adjustment in crystal ccncentration prediction can
lead to a large response in aggregation rates. Large changes in
aggregation rates, in turn, affect liquid water content since liquid
water is the residual between production of conrndensate by wet adiabatic
ascent (as radiational cooling) and loss by vapor deposition and
accretional growth of ice crystals. Aggregation plays an indirect,
though important, role in tipping that balance. We hLave made
substartial leaps toward the understanding of what factors and
parameterizations are of significance to the prcdiction of supercoclec
liquid water content. At this time, however, we do not Lave the
capability of skillfully predicting supercooled liquic water in a
variety of cloud situations. We also note that it may be recessary t¢
rredict liquid water ir the size-range 50-100 um in order to predict
aircraft icing conditions reliatly.

Mmoo e ame - ann o

In the case of Tesk 2, a 1D higher order closure mocel hLas been
developed and we have reviewed the literature regarding the propertiec
of upper-level clouds, A major focuse in the recent work has been crn
formulating a new radiation parameterization suitable for ice-phase,
high-level clouds. The rcicrophysical module has zlso been modified tc
accomodate the unique properties of cirrus clouds. As « first ster ir
this direction the microphysical model has been formulzted irn a unified
1 approach which allows the use of a number of different basic functicns
for the size-distributions of drops and ice particles and well as
predict the concentrations of hydrometeor species.

Ir. the case of Task 3, we have identified two convective storm
dcewndraft brarches which contribute to strong low-level shears anc
turbulence. One branch called the mid-level branch is predcminant
during the mature storm phase. The strength of the latter brarch is
controlled by the stability of the atmospheric boundary layer air aheag
of the storm. Other factors, such as precipitaticn size znd phace,
exert a strong control on downdraft strengths. 1In scme environments,

j melting can account for 60% of the cooling of downdraft air. We have
! also found that as much as 30% of all MCC events procuce severe winds
with the strongest events exceeding 45 ms .

In Task 4, we describe major changes ir “%e 7SU RAMS. Some of the
most significant changes include implementation of flexible
irteractive-nested grid scheme allowing an indefinite number of nests,
implementation of bvdrostatic option, revisir: ¢l the preprucessor incu
Fortran 77 standard allowing greater model portability, and alteration
of the vectorization permitting faster execution time on computers
requiring long vectors. The application of the hydrostatic version of
RAMS to mesoscale convective complexes is also described.
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1.0 INTRCDUCTION

Ir. this report we summarize research accorplishments supported by
LFCL urder cortract # F19628-84-C-0005. Tre report summarizes research
accorplishrerts in the followirg areas:

8 Tesk 1: A 2D and/or 3L model study to defire pctential for aircraft

icing.

¢ Tesk 2 £ 1T versicn of the turbulence closure nodel and develcrment
of & cirrus cloud mocel,

& Teek 3 Ferecasting and diagrosis of extrerme wirdshezr arnd turbtulernce

ated with thtunderstorms.

(o8

ascce
% Tzow 4 Sunrnary of CSU PAMS developmernt.

Surirg the course of this contract, emphacis wes shifted from cre
“ntk tc anctrer in respense to changes in Air Ferce needs, changes in
froject staff, and charges ir ctaffing resclting from a slow-down ir
prciect spercing. Irnitially Teck 1 was perceived as a high priority
Iter. tut 22 we pregresced through our research, this arez was perceived
tc te of lezcer irportance to tre fir Force tharn cther tasks. Likewise

Task 3 was a rzjor fecus of thic resezarch during Xevin Krupp's

Ciscertatior ¢tudy. Since cemplieting his tresis this task has received

[
1N
S
€
™
~
@

mphasis, though our analysis of Derecho-type events associcted
with MCCs suggests that it should remain arn azrea of concern to the Air
Force. Task 2 has undergone considerable evolution during this project.
It initially started out with tke intent of develoring a simplifiec 1D
rocel to predict cumulus cloud cover and middle and high clouds. The
errhasis hars stifted more to the physics (radiative prcperties and
ricrcphysics) of cirrus-type clcuds and middle-level stratiferm clcud

Yo L

.sirg FAIC - the dynamic model. Tre shift in emphasis in Task 2 was ir
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response to a perceived change ir Air Force interestc and also the

change in focus of Piotr Flatau’s research interests. hWe hope tc
continue a focus in Task 2 under 4ir Force support. Task 4 Ig only
briefly summarized here as the objective of this task was to keep AFGL
personnel infcrmed about changes and developments in RAMS on a reguler
basis. This has been accomplished through regular quarterly reports arnc

personal discussions.

2.0 MCDEL AND OBSERVATIONAL STUPIES FELATED TO DEFINING PCTENTIAL

AIRCRAFT ICING CONDITICNS
2.1 Introduction

As part cf several ongoing research rrojects, vsing the FAMS
mocdelling system as ar irvestigatior tool, we have studied
microphysical cdevelcpment cof cevera. cdifferert classes c¢f cleud forrmec.
£s 4 result, we have teer led tc greatly ilmprcve cur buik microprysics
rarareterizaticn end beccre aware ¢f =orme of the more fundzrmertzl iccuec
concerning aircraft icing. Ir this recticn, we review the [rogresrs we
have mace.

Our *est ted for microphysics studies are cbservec crogrephic
clouds. In particular, we have uced results of the COSE (Ccloradc
Orographic Seedirg Experiment) run by Dr. L. C. Grart, of Cclcradc State
Uriversity. This orngoing observational prograrn has provided ug with =
substantial date base agzinst which we can test our ricrorhysics
Fypotheses. The cverwhelming advartage of studyicg orogrezphic clouds i
that their dynamics are relatively stationary and determiristic; a
cirple function of the mean ambient wind. Parcel history can te
observed spatially, varying as distance from the orographic barrier.

With minimum unc~rtainty, we are thus able to compare our nmodel




rredicticns 2irectly to observaticns. This task is rather elusive wher
cre concsiders the case of non—-steady convective clouds.
2.2 Fkeview cf Previocus Kesearch

Trhe liquic water content at any location ir a clcud is the
integrated ccrsequence of several liquid water production prccesses (FP)
and liquic water cepletion processes (FD). Liquid water producticn ic
detercined ty the cooling rate of the air as it rises. The cooling
rate, ir turr, is primarily due to adiabatic ascent. Net radiative
coolirg is alsc 2 factor, at least in weaker wind situaticns in tre
rcuntains end Ir tre rmeore stratiform cloud systems. Tre major liquid
wzter depleticr prccesses belcw OC are vapor depcsitionzl growth of ice
erystels ard ricirg ty cleoud drerlets. Thre depletior rates are
therefore a furction cf the ceorcentration of ice particles, the
terrerature «rcd harite nf the ice particles, the cloud supersaturaticn
ard liguic water ccrnternt.

Wrerever FF > FD, liquid water will accumulate in the cloud to
levels that car te collected on airframe surfaces. If, however, FP <
FTP. liquid wa"er will be derleted so raridly that cnly sclid
rrecipitatiocn elements will be cdetectable. As a simprle example of tre
competition betweer. FP and FD, consider the diagram shown ir Fig. 2.1
obtzired by Crappell (1970) for orographic clouds. The figure
illustrates ecstimated water production rates for airflow over the
Clirax, Colorado mountzin barrier as a function c¢f the 500 mb
ter.perature Irn that region. Chappell used the 500 wt temperature as a
2rude irdex of thre cloud top temperature in that regior. As the clcud

top terperatures and also cloud tases (because the bases are limited by

the terrain height) become colder, saturation mixing ratios diminish,
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thereby decrez=ing FP. The lcng-dashed curve illustrates Chaprell’'s
estimate of FD. Chappell acssured that the major derletior process was
vijor cepositicn growth of ice particles. Fe zlsc assumed that tlre
corcertraticn of Ice crystals coulcd be determined bty the Fletcher ice
rrucieus spectrur.. This figure illustrates that at terperatures warrmer
than -20 C, FP >> FD, thus the opportunities for sigrificant liquic
water frocduction azre large., At terperatures colder than -20 C, the more
nurerous Ice crystals are able to deplete liquid weter at a rate faster
thar. it ic beirg rroduced. Also shown ir Fig. 2.1 zre the cbservec
surface precipitation rates., ~t terperatures cclder than -20 C, the
cbeerved precipitaticr is comparatlie ir magritude tc the calculated FP.
This girply skeows that at colder lermperatures, FD is limited by FP anc
little excess liquid water is procduced. At termperatures warmer than -20
C, t“he otscrved rrecipitaticn rete Is censiderably loss than Chappell's
ectimate of FP, shewing arn opportunity for rroduction of consideratle
igquid weter. Ncte that the otcerved rrecipitatior rate exceeds
Chappell's estimate of FP., This is probatly because Charpell assumec
crly varor deposition contributed to FD whereas riming growth of ice

cryctals could have beer significant at these warmer temperatures where

<

tigh uid water contents are likely. Alsc Crappell used the Fletclrer

b
[
L

ice ruclieus curve which, as dicnusced below, is frequently a poor
estimate of otserved ice crystal concentrations azt warmer temperatures
tecause it deces rot consider the effects of ice multiplicaticn.

Tre otserved structure of the supercocled liquid wzter regior ir
crographic clcuds is quite varieble ard depends on the particular

dynamical prorerties of the cloud system. As we shall see, the

detection of supercooled water zlsc depends on the particular water




sensing syster.

Stable orograhic clouds

The simplest clcud system ir. which to interpret the belavicr ¢f
supercooled water, is the ''pure’’ orographic cloud system. Thisc clcuz
system occurs over mountainous regicns during pericds whe: large-scele
frontal activity is absent. They tyrically occur wrnen a strong crosc-
barrier pressure gracient is precent driving strcrg barrier-rncrmal wirdcs
containing moist air. These are the cloud systems thet are ofter weil
simulated by linear orograrhic flow mcdels. As found bty Hobbs (1973
cver the Cascade Mountains of Wastington, and Fauker (198S5) over the
Fark Range of nortrern Colcrado, supercocled liquic water i< largest ir
regiors of strorg crographic forcing or the windwaerd sicde of steep ricec
ir. topograghy. Rauber aliso noted that in some cases ligquic water wac
ctserved to vary uriforely through the deprth cof the orograpric clouc
layer without ary discerratle changec ir the dyranical properties cf tre
cloud system, The orly detectable clange in clcud structure wze &
reduction in precipitaticn rete whi:-h indicated that varisticns ir ice
crystal concentratiors mey te responcsible. The causes of such
concentration variations are rct well known, but the evicdence Lrecentec
ty DeMott et al. (1986) suggests thet erkarced rucleaticrn of ice
particles occurs ir lccalized regicr: of Ligh cuperseturctions
associated with upwerd moticrs rezr cloud top.

Supercooled ligquid water in orcgrahically-modified cyclonic sterxe

Variatiorns in the distributicr c¢f liquid water ir crcgrapric cloucs
are frequently asscciated with veriations in therrccyraric
stratification, flow and vertical motion as cyclornic sterm systems pass

over the mourtain barrier. bBased cor aircraft observaticns of liquic




water and microphysicel structure of orographic clouds over the Sar Juan
rountains of southerr Colorado, Marwitz (1980) and Cooper and Marwitz
(198C¢) identifiecd four stages in thermcdyramic stratificatiorn of a
racsirg storm systen. Unfortunately they did nect identify these regires
witk frontal bourdaries cr features of the Norwegian Cyclone mcdel.

This may te cdue to the fact that extra-tropicel cyclcnes are sc strorgly
altere’ ir structure by the terrein features trzt classicel warn fronts
2rc¢ colc frornte could rot be urambiguously identified.

Keretheless, trey identified four stzges in the evclution of the
“rermedyraric structure cf the storn syster shewr in Fig. 2.2, which can
rouglhly be idertified with the passage c¢f a cycloric sterm. Fig. 2.3
illustrates o corncertual model of the liquic water distributicn for
“tree ¢f tte four stages. DTurirg the ''stable stzge' which gererally
rorrecpords to the pre-frorntal ctage ¢f a cyclonic storm, molsture
~rveycr belt'' corntributes to a deer
ablz clcud layer with cold tepc. The clcud syster 1ic rearly
completely placizted, owing to the high ice crystzl concerirations
corceiated with the very cold cicud teps, Liguil water was observel
crly ir stort-lived patches where gravity weves jenetrate transient
regicns of rapid ascert. Any liquicd water that is produced Is small,
beirg less than 0.1 g/m3. A3 can be seen frem Fig. 2.3a, substantial
tlcekirg of tre lcw-level flow is incicated during this pericd. £2s a
cycloric storm advarces acrcss the mountain btarrier, the atmosphere
srarsforms to rear neutral stabtility through muchk of the depth of the
‘ropeephere. Liguid water conternts rise tc values or the order of 0.3
gied (cee Fig. 2.3b). Follewirg the rassage of the 500 mb level trough

ard irn scme czses & diccernable {cnt, the aztmosphere trarsformed to te
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terminal velocity of 1 m s~1, [Frem Cooper and Marwitz,
1980.]




convectively unstable at lower levels upwind of tre rmountezirs where &
surface zone of convergence wacs observed. Cooper ard Marwitz reported
that liquid water contents were highest during this stage of the storr
system, approachirg 1.0 g/m3 in the upper cloud levels. Hobbs (197%5)

and Heggli et al. (1983) also found the highest liguid weter contert:s ir

post—-frontal convective clouds observed over the Cascade mountains cf
the state of Washington and the Calirforria Sierras, respectively. Like
Cooper and Marwitz, their observations were primarily obtained by
aircraft penetrations. COne deficiency of aircraft observations is thet
for safety reasons, eircraft are liimited to flying at heights 600 o tc
1000 o above mountain tops. Also irn the case of corvective cells
imbedded in stratiform cloud, time continuity of tre corvective cellc
cannot be obtained. PRecently remote rrobing systers suck as microwave
raciometers (Hogg, et al., 1983) and polarization diversity lider
(Sassen, 1984) are rroviding an opportunity to serse thre precserce ¢f
liquicd water in regions previously iraccessible by zircraft. We shall
see that data obtained with these new observaticnal systems is
substantially altering our view of the distribution of liquid water ir
crographic clcuds.

Using a combiration of aircraft observations and passive cicrowave
radar observations, Rauber (1985), Rauber et al. (1986€) and Kavber anc
Grant (1986) have descrited the distribution of superccoled liguid water
observed in the Park Range of northern Colorado during passage cf
extra-tropical cyclones. They noted that in the regicn just zheza cf
and during frontal passage, clouds are characterized by wide zrec
stratiform regions with frequently superimposed deeper clouds and

heavier precipitation, Many of the heavier precipitating regiors zre




convective but scme occur ir a statly stratified or neutral atmosthere.
Liquid water production in thre more stratiform region of the pre-frontzal
ervironment is strongly influerced by the crientaticn of the approaclirg
frort relative to the orientaticen of the mourtein tarrier. 1In the case
cf the Park Fange, mid-level flcw with a strong westerly component
gererates strang orcgraphic lifting and is generzlly of higher mecisture
certert, Convecticn was often cbserved in the pre-frontal environment.
It was scoetimes orgarized intc 2 btanded structure. Liquic water was
found in the convective clouds durirg their initial stages cof
development. However, the liguid water was raricly depleted by very
efficiert precipitation processes. In general, liquic¢ water amourts
reacrted a miricum within 15-20 rinutes after the ornset of ccrnvection.
The post-frontal clouds over the Park Range were also characterized
ty wide area stratiform regions. Orcgraphic forcing is particular.y
strorg tecause the tyrically strong westerly to ncrthwesterly mid-level
winds are normal tc the barrier orientztiorn. The highest liquid water
amounts were founrd 10-15 km urwird of the barrier crest and reach a
maximum over the windward slopes where the condensation supply rztes are
at raximum due to orographic liftirg. Two regions of convective
instability were observed in thre post-frontel region. The first
cccurred just after frontal passage, and the second during the passage
of the 500 mb level trough as the system dissipzted. The distribution
of liquid water in the post-frontal zone was corplicated by the fact
that cuperimposed on steady orographic precduction of liquid water was
tre mere trarsient convective activity. Again the convecticn produced
liquid water early in its lifecycle but rapidly produced substantial

runters of ice c¢rystals that depleted liquicd water in the convective
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regions as well as the lcwer-level feeder regions.

Fig. 2.4 is a schematic illustration of the cbeserved cistritution
of supercooled liquid water in (a) shallow orographic clouds, (t) ceep
stratiform cloud systems, and (c) corvective regicn imbecded ir &
shallow stratiform cloud system. In all cloud systems liquicd water was
observed in the ''feeder’' zone directly upwind and over the tarrier
crest, A second region of liquid water was inferred between cloud tase
and the -10 C level. In this regior, planar crystels falling into it do
not grow rapidly by vapor depositicn growth. Also the more rapicly
growing needles and columnar form of crystzls were craracteristically
absent. Thus the liguicd water depleticn mecharisms (FD) were at a
rinimum, yet water production (FP) zt these warmer temperatures was
guite high. A third region near the tops of the clcuds illustrated ir
Fig. 2.4 is alsc a region of frequent liquid water occurrerce. FRauter
ard Grart (1986) arguec that this zone of liquicd water is a result cf ar
imbalance betweer liquid water production by adiabatic coolirg and
depletion by vapor deposition. They argued that large ice crystels
capable of extracting large quantities of vapor as they grow (and rerce
derletirg liquic water by the Bergeron-Feindeisen prccess) rapicdly
settle out of the cloud top layer. Left behind are nurercus smzll ice
crystals which are incapable of extracting water substance at the rates
being supplied ty adiabatic ascent. Another possitle contributior to
the cobserved liquid water near cloud top is thet liquic water grcducticn
could be intensified by radiative cocling. FRadiative cooling rates
estimated with the Chern and Cotton (1986) stratcocurulus rodel suggest
that it can approach 200°C/day in a leyer of § mb thickness near cloud

top. For moist adiabatic ascent, the cooling rate (CR) is
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CR = 665w ©C/cday,
where w is the vertical motion ir meters per seccnd. Thusg ar updreft of
0.3 m/s is required to produce the sazme amount of coolirg arc liguic
water as cloud top radiation. Cloud top radiative coclirg carn tlerefcecre
contritute to an imbzlance between FP and FD. Radiative cooling it
probably relatively more important ir. the more stratiferr clcoud regicn

that blankets the upwind =ide of the barrier.

Cbservations of supercooled liguid water over the Sierre Nevads

Aircraft observations of supercooled liquid weter in winter cloud
systerms over the Sierrz lievada (Feggli et al., 1983, Larkt et al., 1976)
suggested that the largest amounts of supercoclec liquicd weter resided
ir convective towers., Mcre recent chservations using pacscive microweve
raciometers zc well as observaticns ¢f heavily rimed ice crystels frecr
chellow orograrhic clouds led Reyrolcds and Dennis (1986) to corcliude
that the shallcw non-convective cloucds contairn substarntizl arcunts c¢f
superccooled liquid weter. VFHeggli (1$86) roted that about 75% of tte
time saturated clouds, possibly corteiring liguid water, existec belcow
mirimum aircraft flight altitudes. Heggli noted thet the vertical
distribution of liquid water was bti-modal. & lcow-level raxirur was
observed betweer -2 and -4 C and a secordary maximum similar to tret
observed by Rauber and Grant (1986) occurred between -10 and -12 C.
Feggli also ncted that supercooled liguid water dic nct always c¢.cur ir
single layers. They often observecd that supercooled liquid water
occurred in multiple layers which were separated by 100z or pcre cof
unsaturated air. The mechanisrs recponsitle for such layering of tre
liquid water zones, however, have noc!: been identified.

Heggli and Reynolds (1985) and Feynolds and Dennis (1986)




irterpreted the bekavior of liquid water variations during the rassage
¢f cycloric storms over the Sierrz Nevada in terms of Browring and
Mork's (1982) split-front model showr ir Fig. 2.5. Following the
rassage of the frontel rainbandé where the heaviest precipitation was
observed, a shallow orographic cloud, ofter cf the form of &
stratocumulus cloud, prevails., It is in the shallow orograpric cloud
layer that the rigrest sustzired liquid water contents are cbserved.
Reynolds (1986) attributed this rise ir supercccled liquid water to the
dicappearance c¢f ice crystals settling from higher clcuds. In terms cof
trhe '"seeder-feecer’'' mechanism, the cdeep clcuds which prevail durirg
the rassage of the elevated frontal band yield an ervironment that is
very fevoratble for the operaticn of the ceeder-~feeder process. Figh-
level feeder cryctals readily deplete liquid water being generated by
tre lcwer-level, imbedded orographic feeder clouds. Following the
rassage of the frontal rainbard, only shallow cloud layers prevail thus
essentially shutting down the ceeder-feeder process, This is consistent
with Fucizuskas’ (1986) cbservaticn that substertizl supercocled liquid
water contert amounts occurrecd ceveral hcurs following the passage cf
the elevated clcud layer,

In summary, we have seen ir this secticrn, that supercooled 1liquid
water in winter c¢rographic clouds is quite variable in its spatial and
temporal distribution. It varies with the passage of cyclonic storo
systems, the depth of the cloud system, and proximity to mountain
slopes. Liquid water is also found near the tops of the cloud system
and at temperatures between -10 and -12 C where liquid water derletiorn
rrocesses are not very efficient., There is also evidence of multiple

layering of liquid water in some orographic clouds. The mechanisms
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[Adapted from Browning and Monk, 1982, Browning, 1985, and
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recsporsible for such layering of liquid wzter are rnot knowh at the
present time, however.,
2.3 RAMS Model Develcpment Appropriate to Aircraft Icing Studies

Ir the past ceveral years, we have centered our microphysical work
zround the investigation of the aggregation process. Rauber (198S5)
concludec in his study of COSE data that aggregation was a highly
r.isunderstood but extremely important phercorena which greatly modulates
the precipitatior. process., Our work investigating MCCs (Mesosczle
Convective Complexes) also reveals & great importance of aggregation in
extensive stratiform anvil-like clouds to the cverall grecipitation
rrocess (Yeh et el., 1987).

Our neecd to mcdel the aggregation process led us tc develop 2
crystel concentratior and aggregation predictior scheme published by
Cotton et el, (1986)., Our attempt tc adjust the precdiction scheme tc
ratch observations preved difficult., As part of this irvestigation, we
rarticipated in the International Cloud Modeling VWcrkshop, held in
‘rsee, F.G.F. ir 1985. As rart of that workshop we attempted to
sirulate a ''blird’'’ observed orographic seeding case in order to
deronstrate the true skill of cur predicticn scheme. PRauber selected a
tlind case where aggregates did not form in order toc see if we could
properly sense the conditions for aggregation. Although we were able tc
adjust the model to match an open case study, our attempts at the blind
case study met with failure in that aggregates were predicted. At this
tinme, we are attempting to learn more about aggregation so that we can
build the needed skill into our rparameterization.

This ongoing study has illustrated the great non-linearity of this

microphysical process. A seemirgly innocent adjustment in crystal
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concentration prediction can lead tc a large response in aggregation.
The reactions to the changes we make are seldom intuitively obvious
until investigated ir detail. As was shown in secticn 2.2, liguicd weter
content is a residual between production of condensate cooling of rcist
air and loss by depositional and accretional growth of ice crystals.
Aggregation plays an indirect but significant role in tipping that
balance. We find that aggregation rapidly depletes the nurber of ice
crystals so that despite increased riming, less depositional ice growth
leads to the existence of greater liquid water. From observations,
Rauber (1985) demonstrated that liquid water tends tc form at cloud top.
KHe hypothesized tris may bte due to tre depletion of ice crystals by
precipitation at cloud top again tiprirg the balance toward growth of
cloud water, More recently, Cottor (see Cottor and Anthes, 1987)
suggested that lorgwave radiation cdivergence at cloud top may also
assist in tipping the balarnce toward production of liquid water trere,
This is currently being irnvestigated.

Our recent observational studiezs cof MCC stretiforc rain have
suggested that aggregation may be occurring far more frequently than we
Lave yet realized. Yeh et al. (1987) have found a significant
aggregation process at temperaturec colder than -12C. Passarelli (1978)
and later Rauber (1985) suggested mechanical interaction of dendrite
crystals to be the domirant producticn mechanism, confirirg the process
to the dentritic zone between -12 and -15 C. "However, FRauber pcinted
out an important contribution by spatial dendrites at temperatures below

=12 C in initiating the process.




We have become convinced that aggregation is a key element needed
to predict all facets of microphysical structure. Ferhaps supercooled
liquid water content is the most sensitive to its prediction. The
precdiction c¢f aggregation itself is highly sensitive to two primary
factors. The first is the aggregation efficiency. The secord is the
distribution and number of crystals. This brings the ice crystal
nucleation into the problem in a tig way. Our best guess on
sorption/depositional nucleatior rztes is an assured movement along the
enpirically-derived Fletcher curve, which is only a functicrn of
terperature. Ve know little zbout how the nucleation rates vary with
fressure, aititude, air mass, surersaturation, etc. Crant (perscral
comrunication) has poirted out thrat ice nucleus measurements during the
CLIMAX experiment generally defarted significantly frow the Fletcher
curve, being substantially less at temperatures cclder than ~20 C.
Contact nucleation at least using Young's (1974) rodel also does rnot
appear to be adequate. Thus, cre of the centrz! most important
ferameters to the aggregatiorn prccess, i.e. crystal production by
nucleation, still cannot be precdicted within several orders of magnitude
routinely. We suggest that more resources be placed toward the
formation of theoretical and laboratory studies of models for all
microprysical processes and, in particular, primary and seccndary ice
crystal production.

In studying our crystal corcentration parameterization, we have
selected severzl major problems in need of immediate attention. The
most important is that we assume 2 single category for all pristine
crystals. Because of the non-lirear production rates with temperature

suggested by the Fletcher curve, a numerical mcdel rapidly becomes




dominated by the large numbers of small ice crystals initiated at
temperatures colder than -25 C. Irn an updraft this essentially shrinks
crystals which should be growing, ultimately inhibiting precipiteticr
sedimentaticn back irnto lower levels, We have decided to imprcve the
parameterizaticn by further subdividing pristine crystals irto csrow-like
crystals of relatively large size and terminzl velocity and very smell
pristine crystals. This allows the coexistence of small and large
crystals at ccld terperatures, erabling the continuous growth of
crystais in the updraft. Also, irstead of z constart cize distributicr,
we will assure & variable size dictritution for the crow. Hence, we are
row plernning to corsider crystals ir their pristire form, mature
precipitating form, aggregated forms ac well ac graupel particles,

At this point in thre develcpment of cur microrhysical rodel, we
t.ave found that the formulation has ratured to tre pcint where we zre ir
reed of a tctally new epproach tc¢ the code erphasizirg user-
fr_.endliness, flexitility, and parallels between al. of the
formulations., ¥e alisc feound a need for trarnsportability so that the
code can be used with other dyrnamicz. models outside ¢f cur syster. e
are therefeore now corpleting the development cf & rnew gererzlized
wicrophysical code capable of quick and sigrificant chrarges ir the
scheme, and incorpcrating the newer physics descrited above. This
parameterization will be defaulted to the originzl parzmeterizaticr
reported by Cotton et al. (1986), but is capatle cf irstant
medifications ty the addition of new hydrometeor cztegories, alterrate
size distribution assumptions, alternate diagnostic and prognostic

scremes for distribution parameters, and other physics modules. This




cocde becarme ofperational during the fall of 1987, We expect that it will
greatly accelerzte our rate of develcpment.

Ir summary, our work in microphysics over the past several years
ras demonstrated that the existerce of supercooled weter and thus the
rotential for zircraft icing is perhaps one of the most difficult of all
micrcphysical paramters to precdict, primarily because it tends to exist
as a residual of large rates of water production and large rates of
precifitaticr removal processes. We have made substantial leaps tcoward
tre urnderstandirg of what tactcis are of significance. At this time, we
do not have the capability to skillfully predict supercooled water,
rowever we are continuing to work, both tanrough observation and
rodelling, to acrkieve that gcal. We zalso recogrize that precictiern of
the amount cof supercocled water is not the only requirement for aircraft
icing conditicns. Tre droplet spectra, particulariy the presence of
croglets ir the size range 50-100 um greatly aggrevates aircraft icirg
conditions. Urforturately, tris is precisely the size range that our
rccel has the least skill ir ypredicting the amounts of supercooled
water., Anctrer azprroach such as the multirle log-normal basis functiecn

argroach cof Clerk ard Hall (1983) ray be required,

3.0 A 1D VEKSION OF THE TURBULENCE CLOSURE MODEL AND DEVELCFMENT CF A
~IRRUS CLOUD MODEL
3.1 Irtroduction
Research in this section brngar as an extersion of the Chen and
Ccettor (1983) closure model tco middle and high-level cloud systems. Acg
& first step Flatau (1985) attempted to develop a level 2 or level 2.5
vercion of the medel so that thre ructer of predictive equations in a

rixed-phase clcud system could be mirimized. A paper entitled
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“"Commerits on Realizability Conditions for the Mellor and Yamada Level
2.5 and 3.0 Model’s’ by Flatau anc Totton, has been accepied 1or
publication (see Appendix 1).

Since this stage of research, the work has shifted more to
refinements in the microphysics and radiatior schemes in RAMS to make i<
more suitable for simulating cirrus clouds. The results of that wcrk
are described below.

3.2 Introduction and Background

Upper level clouds and large scale dyvnamics

Clouds composed of ice crystals (cirrus) cccur frequently ir the
upper troposphere. They are relazted to a large sccpe of atmospheric
phenomena, These phenomena include systems of convective origin such ac
Mesoscale Convective Systems (Chen, 1984; Maddox, 1981, 1983; ketzel et
al., 1983), anvile of severe thunderstorms in mic-latitudes (Eeymsfield,
1986; Beretts and Ouldridge, 1984), and tropicel anvils (Ackerman et
al., 1987).

Cirrus clouds related to large scale syroptic-type situaticns zre
well-krncwr to occur in & variety of situations. Jet-stream cirrus lLave
teer investigated (Conover, 1960), ana the classical pre-frorntal ice
cloud conditiors were studied by mary (Starr and Cox, 1980; Feymsfield,
1977). A summary ¢f such extratropical cyclone clcud systems is giver
ir Cotton and Anthes (1987}).

Morphology

Not only are high-level clouds related to differert synoptic scalec
of motion, but they exhibit a wide range of morphological
characteristics. Stratiform ice clouds associated with Mesoscale

Convective Systems are quite common, but they are often inhomogeneous irn




both the vertical and horizontal (Yeh et al., 1986), with varying

degrees of embedded convection. Such embedded convective cells are
probably most strikingly exhibited in cirrus uncinus, clouds which were
subject of several studies (Heymsfield, 1972; 1975a,b). The convective
nature of some high level clouds makes description of their bulk
properties more complex, requiring modelling of smaller scale phenomena
within an otherwise uniform, stratified system (e.g., Starr and Cox,
1985a,b)., Idealized cases of stratified and uniform upper level clouds
were modeled by Ramaswamy and Detwiler, 1986.

Microphysics

Variations in morphological characteristics are closely related te
the microphysical constitution of such clouds. Cotton and Anthes (1987)
ir their forthcoming book on cloud physics summarized the microphysical
properties as found by different authors. This is presented in Table I.

As summarized in Table I, cirrus clouds contain ice crystals of
typical length 0.5 mm and in concentrations which vary widely from 104
to 106 m_3. The terminal velocity of the ice crystals is about 50 cm
s—l, which is of the same order of magnitude as the updraft speeds. The
ice water content of cirrus clouds is typically 0.2 g m—3.

Just how representative these properties are of a typical cirrus
cloud is uncertain as there is much natural variability in ice cloud
structure. For example, it appears now that ice clouds exhibit quite
complex structure as far as ice crystal spectrum: Platt (1987)
investigated cirrus crystals in the 2.5 um to 200 pan size range and
showed that there is an abundance of the smaller particles. Heymsfield
and Platt (1984) attribute up to 50% of cirrus extinction to very small

particles (Fig. 3.1)., The increasing c.undance of remote sensing and in
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situ measurements suggest that sub-visible ice elements may play a more

important role than previously thought (Radke and Hall, 1983).

Table 1.

Property or variable

Concentration of ice
crystals [m~3]

Length of crystals

Terminal velocity of
crystals

Ice water content
(g m=3)

Frecipitation rate

Updraft velocity

Lifetime ¢f irdividual
cloud

Value
105 - 106

2x105 - 5x10°5
1.0x104 - 2.5 x 104

6.0x105 - 38,0 x 105
2.0x104 - 8,0 x 104

up to 0.17 mm
0.6-1.0 mm
length 0.35-0.9 mm

Typically S0 cm s-1
Max 120 cm s-1

0.15-0.25

0.15-0.30
0.20-0.5¢0

0.5-0.7 o/t
0.1-1.0 mm/hkr
1.0-1.5 m s-1

(in cirrus uncinus)
2.0-10.0 cr =-1

(warm frent overrunnirng)

20 cm s-1

(warm frornt ccclusion)
25-50 co s-1

(closed low aloft)

15-25 min

Barres

Microphysical characteristics of middle and high clcuds.

Reference

Eraham and P.
Spyers-Duran (1967)
Heymsfield (1975z)
Eeymsfield and
Knollenberg (1972)
Ryan et al. (1972)
Houze et al. (1981)

Eraham and P.
Spyers-Duran (1967)
Heymsfield and
Krollenberg (1972)
Feymsfield (1975a)

Feymsfield (1975z)
Heymsfield and
Knollenberg (1972)
Heyrsfield (1975z)
hosirski et al. (1§70}
Feymsfield and
Kncllenberg (1972)
Heymsfield (1975a)
Feymsfield (1975a)
Feynsfielc (1977)
Yeyosfield (1977)

Feymsfield (1977)

Heyrsfielcd (1975a)

(1982) finds twec distinct types cf thin cirrus at mid- and upper-

tropospheric levels,

concentrations of 103 -

104 m3

The first type is very commor and consists of

and no particles larger than 100 um. Fe

found this type of size distribution 70% of the time while flying in
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'"clear’’ air at cirrus altitudes. Figure 3.2 shows large
concentrations of small ice crystals ir the cirrus clouds. Liquid water
contents in thin cirrus can be expected to be about an order of
negnitude less than those in Table I,

The crystal habits are of complex structure (Hemysfield and
Knollenberg, 1972), with columnar, bullet-like crystal and bullet
rcsettes dominant. In the small crystal range, Platt (1987) notices
that ''there are suprisingly few differences betweer individual flights
and between tropical and midlatitude cirrus, considering the wide range
ir. locations and temperatures in which sampling took place.’'' He
cbserved Shimizu (1963) columrs, needles, bullets and 'rimed' group
crystals. Although there is much similarity between crystals shapes,
the existing diversity poses formidable difficulty as far as calculating
their single scattering radiative properties (see Section 2.2 for more
details).

Despite the difficulty invelved, some microphysical
paerameterizations of ice clouds lave been atten,.ted. For example,
Cotton and hic collaborators ir the series of papers (Stephens, 1979;
Tripoli and Cotton, 1982; Cotton et al., 1982; Cotton et al., 1986;)
developed a perameterization scheme for ice processes which is ir
routine use in the RAMS cloud/mesoscale model., Other groups use a

similar bulk microphysics approach (Hsie et al., 1980C; Lin et al.,

1980), This subject is discussed in detail in Cotton and Anthes (1987).
Feyrsfield (personal communication) developed a technique for diagnosing
the ice water content and precipitation rate of stratiform clouds from
radiosonde data., Such a scheme is currently being tested for use in

NCAR’s Commurity Climate Model.
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instrumentation had good sensitivity for particles > 100 um,
but none were found. (After Barnes, 1982).
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Figure 3.3 is a schematic of the complex microphysical interactions
that come into play between different water classes. This interaction
diagram is froom Cotton and Anthes (1987) and shows how aggregates,
graupel, ice, cloud droplets, and rain droplets interact through varicus
rhysical rrocesses. Recently, Tripoli et al. (1987) attempted to
formulate a more general microphysical parameterization scheme for use
ir. the new RAMS structure where all these interactions coulc be
considered in a consistent way.

Padiative characteristics

Cirrus radiative properties influence incomirng solar and outgoing
tlanetary radiatior (Freeman and Liou, 1979; Ou and Liou, 1984;

Steprens, 1980a,b; Ramanathan et _al., 1983), thus influencing the eartth

climate., It is recogrized that a change in cloud ccver will have a
drarcatic effect or the Earth’s radiative budget. Ever changes in
atmospheric gases influence the radiative budget mostly through cloud
feedback (Ramanathan et al., 1983).

Pacdiation plays an important role irn clouds, and coupled with
turtulence ard microphysics, influences the dynamics of cloud systems.
Tris was clearly estnablished for stratocumulus clouds. Flatau (1985)
and Cher. and Cotton (1983), as well as other investigators, simulzted
of f-shore Californie stratus with the coupled radiative, turbulence, and
microphysical model, and they rave shown radiation influences on heat
and momentum fluxes. In another modelling study by Cotton’'s group, Chen
({1984) and Chen and Cotton (1987) analyzed the iﬁstability on the top of
the stratiform cloud and linked it with strong radiative forcing. It
was found that cloud top entrainment is triggered by the vertical

transport of turbulence kinetic energy and is further enhanced by
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evaporative cooling. The energy driving the entrairment was initially
produced by cloud-top destabilization caused by long-wave radiative
cooling. In addition, it was found that the competition between shear
and radiative cocling is the key to determining whether the cloud layer
is shear-driver. or buoyancy-driven. For the case with strong shear, the
cloud top radiztive cooling was found to be balanced by entrainment
reating. Furthermore, the effect cof shear may become important when the
cloud top radiative cooling is weakened by large scale subsicdence, the
rresence of high level clouds, or & moist layer zbtcve the capping
inversion.

Fadiation was also linked with strong dynamical effects in
Mesoscale Ccnvective Systems thrrough interaction with its extensive,
stratiform anvil (Chen, 1986; Chen and Cotton, 1987). Recently, Tripoli
(1986, Tripoli anc Cotton, 1987) has proposed that cloud-tor radiative
cooling treaps gravity wave erergy berieath the cirrus canopy of ar MCS.
The resultant trapred waves pleay a crucizl reole in the up-scale
cevelcpment cf a MCS into a mesoscale convective comrlex.

Clouds zlso provide a large atmospheric target for backscattering
to lidar systems (Radke and Hzall, 198) and will therefore generally
play a bereficizal rcle in the operation of wind sensing lidars unless
the signal is too strongly attenuated.

Numerical modelling

(a) Radiation models

Up to ricw, most (but not all) of the cirrus gloud models
corcentrated or. the radiative part of the problem without much
consideration to dynamics and microphysics. For example, Stephens

(19802,t) used a doubling and adding model to solve the Radiative
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Transfer Equation (RTE) and presented results of radiative properties cof
cirrus clouds in the IR region. He considered two types of ice
particles, cylinders and spheres, but assumed a mono-disperse cspectrur
for the broad-band calculations. His results indicate thet reflectzance
of cirrus clouds is small, but strongly influence cloud heating
profiles. The reflectance itself is governed by cloud wicrophysics.

Roewe (1977) and Roewe and Licu (1978) used the discrete-cordirate
method (DOM, to solve the RTE in cirrus clouds. In their study, the
impact of high level cirrus clouds upon the infrared cooiing of the
atmosphere was investigated. Band ty band cooling was calculzted for
all major gaseous absorption bands ircluding water continuum. In
addition, the influence of a low level cloud on the infrared cooling was
investigated in the precence of cirrus clouds of varyirg thickness, DOV
is applied to non-iscthermal, inhomogeneous cloudy atmospheres. They
assumed that cirrus clouds contain a riono-disperse spectrum of randcmly
oriented crystals in & horizortal plane. The crystals are long circtler
cylinders with a mear length of 200 um, 30 um in radius, and 0.05 cr 3
mean concentration.

Liou (1972) used a sinple twe-stream model to calculate reflecticr,
transmission, and atsorptior. cof several cirrus cloud layers as a
function of the sclar zenith angle ir the visible and near infrarec
portion of the sclar spectrum. Fe uced single scatterirg properties cf
ice as determined by his earlier wcrks (Liou, 1972a,bt).

Welch et al. (1980a,b) used & two-stream model to calculate the
variability of ice cloud radiative properties at selected solar

wavelengths., The modified gamma distribution
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was used for crystal size distrituticn. Several crystal shapes were
assumed, but the treatment of non-sphericity was rather approximate in
the calculations. One of the conclusions was that the particle size
distribution may strongly influence reflectance, transmittance, and
abscorptance for wavelengths betweer 1.3 uym and 2.0 pm. They suggest
that measuremerts of reflectance ratios may provide information about

cize spectra. Welch et al. (1980b) notice that radiative

characteristics are extremely sensitive to the asymmetry factor g.

Ir addition tc these deteailed radiative studies, high level clcuds
were studiec in relaticn to climate (Schrneider et al., 1978; Stephens
ard Wekbtster, 1979; Ramanathan et _al., 198).

(t) Coupled Radistive-Dynamical model

Te our krowledge, there are two recent models where upper level
cloud dynamics and radiation are considered. Trese are described in
papers by Starr and Cox (1985a,b) and Ramaswamy and Detwiler (1986).
Ramaswemy and Detwiler (1986) used a 1D model of monodispersed, randomly
oriented ice crystals. Transfer cf radiation is modeled with the two
stream model. Fifty-six spectral intervals are considered. The
equivalent sphere assumption was made to obtain single scattering
albedo. The cloud is located between 10 and 11 km in a model
atmwosghere. Simplified thermcdynamics was considered with evapcration
and condensation processes influencing crystal evolution. Cne of the
firdings was that radiative properties are dependent cn crystal
concentrations and crystal length. The simulated cloud resembles

cirrostratus, but the authors rncte ''comprehensive understanding of
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cirrus cloud will require detailed treatments of bcth aicrophysics and
convection,’’

A two-part paper by Starr and Cox (1985a,b) is probatly the rost
comprehensive to date. The model has four prognostic equations: 1)
potential temperature, 2) water vapcr specific humicdity, 3) ice water
content, and 4) vorticity. Phase changes are evaluzted every five
minutes. Bulk microphysics parameterization is used with only one cleass
of ice. Depending on ice water corntent this ice class changes its
characteristics (termiral fall speed, etc.). Radiaticn is represertec
ty broadband infrared and broadbanc shortwave. The environmental
vertical velocity can be imposed arnd different envirommental conditicrncs
(thermodynamics) are possible. The cdiurnzl cycle is stucied. This 2L
rodel with a 100 n gricd predicts generating zones for cirrus, and
dynamwics of gererating zones car be guantitatively stucied. Crystel
habit and size distribution are found tc be quite importart in
determiring the cverall wzter budget.

3.3 Summary of Work Accomplishec Usirg RAMS

In this cecticn we sumrarize wcecrk accomplished using RFAMS and
supported by the AFGL. Two modulies, racdieaticn and microphysics, and the
work related to their “'fire tunirg’'', are described here. First we
describe the current radiation module (Secticr 3.3.1). Next we
sumparize currert work on establishing more reliable reflectance and
transmittarce information for upper level clouds from krowledge of
single-scattering albedc (Section 3.3.2). Subsequently new developments
into multiscattering code zre described (Section 3.3.3). Finally, the
generalized microphysics package (Section 3.3.4),

3.3.1 Current radiation scheme




Details of the present radiation employed ir RAMS has been
desc,ibed elsewhere (Cher and Cotton, 1983). We present cnly a brief
outline of that scheme with particular emphasis on how radiation-cloud
irteracticns are treated and on the impreoverents 1 ~quired toc arrly the
parameterization tc ice crystals.

The current racdiation scheme is based on the addirg method for
shortwave and tre emissivity approach for longwave racdiatior. Both
molecular gases and water abscrrticn are considerec. The reflectance
and transmittarce parameterization is based on the twc—stream solutiorn
with empirical modificetions (Stephens, 1978b).

(a) Shortwave parameterizatior
Tre shortwave radiaticn parareterization is baced or the addirg
rethod. Crly the ret upward F* zrd downward F+ compcrerts of radiation
are considerecd, irdeperdent of wevelergths, Fig. 3.4 illustrates a
simple layerecd two-cstream model tacsed on & medel develcped by Stephens
ard Webster (1979) and Stephers (1978a,b). For cuch a model, the fluxes

cen be writter as

Fi(n+1)

Re(1,r+1) F4(n+1) + V+(n-1/2) (3.1)

Ft(n)

Trt(r) Ftin+1
T-Re(1,m)Relr) * Vt(n+1/2)

! (3.2)
where n reprecents the layer uncder consideratior. The convention that
ic used has n increasing downward with greater optical depth. FRe(r),
A(r) and Tr(r) represent, respectively, the reflectance, absorptance and

transmittance in the nth layer., The reflectance ne(l,n-1) represents
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The short-wave radietive rodel, F¢ anc F* cerocte downward arc
upwarcd fluxes. FRe(r) and A(r) represent resrectively the
reflectance, zbsorptance =t the nth leyer. Re(l,n+1) is the
multiple reflectarnce frow ell layers abcve the (r+1)th leyer.
(From Stephens and Wetster, 1979).
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the combired multiple reflectance contributed by all layers above the
(n+1)th layer and the additive terms vt(n+1/2) represent the
contrituticns of scurces of radiation multinly =cattered by each lezyer.
Petails of tre algorithms that generate these multiple scattering
factors can be found in Stephens and Webster (1979),

The major aspect of the shortwave parameterization is tne
specificaticn of the individual layer reflectances and transmittarces.
Tris is a fairly strezightforward task for the clear sky (e.g., Stephens
and Webster, 1979), but is more complicated for z cloud layer. The
apprecached used for cloud is tased on that of Stephens (1978t) who
erzicyed 2 twe ctream rodel zs z basis for determinirg Re(n) and Tr(r).

The most impcrtarnt parzmeter ir such & model is the optical
thickress T, of the cloud layer. Fstimates of ty range from 5 < ty <

500, Formelly, the cptical thickness varies with wavelength. Thus,

Az s 2
Tylx) = f / fl{r) C(x)nr“drdz ,
o) o (3.3)

where x = 2nr/A, f(r) represents the crorlet spectral density function
ard Q(x) is an efficiency factcr for extinction which car be determined
from Mie theory. Stephens concluded from tis model calculations that
the primary factor controlling <, is the liquid water content (LWC) of
the cloud. Charges ir the drop-size distribution were masked by the

large variations in LWC. He thus approximated Ty as

Ty =3/2 W/rg o, (3.4)

where re (micrometers) is an effective radius of the droplet
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distribution defined as

<

3
f r r(ridr

r S o X
e © (3.5)
S rzf(r)dr
o
and W is the liquic water path LWP (gm—z). The LWP is defined as
Ag
WP = W= [ pr dz .

o °F€ (3.6)

where Fc is the cloud water mixirg ratio. Two other optical properties

(in addition to optical thickness) are requirec tc conplete thre
specification of Re ard Tr. They are the single scatter albeco Eo and

backscatter factor. These are also reiated to cloud liquic water
content in the scheme of Stephens (1978b). Trerefore the shortwave
characteristics of the clcud layer are completely specified by cloud LWwC
and solar geometry.
(b) Longwave =scheme

The longwave scheme is based on the emissivity apprcach. This
method is scmewhat traditional for clear sky calculaticrns ancd the
approach used follews that of Rodgers (1967) with the modificaticon
suggested by Stephens and Webster (1979) to account for the effects of
water-vapor-pressure-dependent abscrption in the srectral region 8um < A
< 13 ym. Clouds in the longwave region are treated in the sare marrer
Lsing the concept of effective erissivity. This quantity treats the

scattering process as if it were an absorbing process thus providirg a
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rodification to the true emittance of the cloud. Using detailed
spectral model calculations of IR transfer through low-level clouds,

Stephens (1978) parameterized the effective emissivity as

ety = 1 - exp (—aof$W) , (3.7)

wkere W is the liquid water path W = [ Po Iy dz. and ry represents the

mizing ratic of all condensed water. He evaluated the coefficients for

upward and dowrward emissivity zs

1 1

agt = 0.13m2g— and a4 = 0.158m28_

The ccefficients a_+ and a 4 correspord to a mass absorption coefficient
which may te compared to the values of ar used by Cliver et al. (1978).
As mentioned previously, Stephens found little variation irn aof and ag¢
with changes ir drop size distribtutions.

Tr.e combtined long~ and short-wave radiative properties of clouds
are thus jointly derived in this scheme from cloud LWP. Therefore both
trhe long- ancd short-wave radiative properties charge in a related manner
wher. LWP is varied. Thkis couplirg of the cloud radiative properties
through the LWP is an important feature of the scheme enabling the
proper evaluaticn of the totzl radiative budget cf any given cloud layer
and the variation of this energy budget with changing cloud properties.

There are 2 number of complicaticns and uncertzinties that arise

when applying this scheme to ice clouds. These are:
(1) The relationship of optical thickness and Eo to ice water path

(IWP) has not been established and simple application of these

relationships based on liquid wzter cloud is not appropriate.




(2) The coefficients appearing in the emissivity parameterization (3.7)
are uncertain for ice clouds. This uncertainty is aggravated ty
ronr-negligible effects of scattering by ice particles ir the IF
region.

(3) It is not possibie to use wore complex theory unambiguously to
provide the required parameteric relationships as was the case for
water clcuds. The intrinsic scattering prorerties of ice crystals
in the atmosphere remains uncertain due to complexities ir shape,
orientation, density, size and concentrations. We thus reed to
rely more heavily on observations in cirrus and ice clouds (sucl as
will be provided by the FIRE cata set) to establish corfidence in
the schemne.

3.3.2 Single scattering for hexagonal ice crystals
In the previous section we described the radiative coce currently
used in RAMS and the aspects of the scheme that need to be re-addressec.

The vast majority of scattering particles in the upper level clouds ere

not spherical, most of the current radiation calculations for ice clcuds

are based on the assumption that the ice particle is z homogeneouls
sphere. This is not realistic as a wide variety of shapes and sizec
have been observed (Heymsfield and Knollenterg, 1972). Plate crystals
and columnar crystals of hexagonal cross sections are quite commcr, Ir
addition, the orientation is not necessarily random, with preferred
directions of falling governed by the hydrodynamics of the particle.
Some account of these complexities need consideration in developing
the radiation parameterization. In this section we discuss how this
problem can be approached using anomalous diffraction theory. A brief

account of this approach with the new developments that we have made




will now be presented. The calculations discussed here have direct
application to use in more sophisticated radiation mcdels (such as
discussed below) which are to te tested using observational data and
which provide the ultimate framewcrk for the parameterization.

Until now & rigorous electrormagnetic wave sclution has not been
obtained for hexagonal cylinders. Approximate methods are bacsed con
geometrical optics (Cai and Liou, 1982; Jacobowitz, 1971), semi-
enpirical techniques (Senior and Weill, 1977), and approximate and
expencive Extended Boundary Condition Method (EPTM) (Mugnai and
Wiscombe, 1980).

The alterrative but still approximate thecry is vased on the
principles of gecmetrical optice and diffraction. Thig anormalous
diffraction theory (ALT) (e.g.. Stephens, 1984) holds for particles with
a refractive index close to unity

(m - 1) << 1
and ratio of particle size and wavelength a/A >> 1 . Since the irdex of
refraction is close tc 1, the problem of tctal scattering ir the ADT
theory reduces to calculations of the interference between the almost
straeight trarsmiscsion ernd the light diffracted accorcirg to Huygens’
principle.

Thus, ir the anomalous diffraction approximation, the forward
scattering amplitude S(0) is given by (Bryant and Latimer 1969)

2 .
S =% (- )
A (3.8)

where @¢ = kd(m - 1), d is the particle thickness, and m is the complex

refraction: m = n - in’., The quantity ¢* is the complex phase shift of




light passing through the particle relative to that passing around it.
The kdn’' term contributes to absorptive attenuation.

The extinction and absorption coefficients are defined as

®
2 -ig
% Re IA (1-e ) da

Cext = (3.9)
and
Cops = 3 [ (1 - &72KdN) gy
A (3.10)
The single scattering albedo
. = Cegt :,Eabs
Cabs (3.11)

represents the probability that, if a photon interacts with an elemental
velume, it will be scattered rather thzn truly abscrbec.

Here we present calculztions of Ce C

xt’ Cabs’ and w for hexagonal
crystals.

The geometry of the problem is illustrated in Fig. 3.5.

The sun’'s rays are coming perpendicular to tke 2-3 face (= = 909)
irn case 1 (Fig. 3.6) and perpendiculer to face 1-2 (« = 60%) ip case 2.
Only two cases are considered, but they represent extreme situaticns.
The length cof crystal is ¢ and the length of diséance 1-2 is a.

Scatterirg geometry for Case 1 is presented in Fig. 3.6. We have

d(y) = 2\| 3y on dody

(3.12)




Fig. 3.5.

Hexagonal crystal-geometry of light inciderce.




| \
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d(y) = 2a on dldz

Extinction efficiency is given by
4z

2¢ [ fly) dy ,
do (3.13)

o
1t
x>t

ext

where f(y) = l—e_kn'd(y)cosk(n—l)d(y) . The factor 2 appears bLecause
of symmetry, and the real part of (2) is taken, A = 2ac. Length d(y) is

one when the sun ray travels irnside the crystal.

For cace 2 geometry we have on dodl
Ely) = a+ 2y
\| 3 (3.14)
and extinction efficiency is given by
) dl
- = f
Cext =1 2c é fly) dy
0 (3.1%)

After some algebra, it can be showrn that the extinction efficiency

factor for case 1 is

-ptan 2
2tanp _e?f P - e”ptanﬁcos(p)Lan—ﬁ

st 21z
ex o\ | 3seczﬁ seczﬁ sec”p

~1/2ptanp\| 3 1= I s
- “—-—”“‘[tanﬂcos(ip\l 3 - Si”(fp\' 3)]

seczﬁp\|_§ (3.16)
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The absorption ccefficient (case 1) is

Qabs -1 - %e—ZptanB _ ; 1_~::+ %e—ptanﬁ\| 3 1 — .
ptarf\| 3 ptarB\| 3  (3.17)

Similarly, for case 2, we have

-1/2ptanf -1/2ptan
- a2 1 _2e " 7 1
Qext = 2[ 5 sinzp 5 cosiptana
-ptanpg -ptanpg ]
- 22————*“sinp + 2'e--———'——cos;n:anp + tanzﬁ + 1 /(tan25+1) ,
P p J (3.18)
and
~-ptan -2ptarf
C — prary + & - +1 .,
abs ptanp ptanp (3.19)

The results are cshown in Figs, 3.7-3.10., 1In Fig. 3.7, Oext (curves
which for large values of p converge or oscillate around 2) and Qabs are
shown for different values of complex parts of the refractive index. Ir
Fig. 3.8 we compare extinction for bcth cases and Fig. 3.9 shows
averaged coefficients. Fig. 3.10 shows single scattering albedo zc &
function of phase shift for differert values of refractive index.

3.3.3 Multiple scattering code - matrix-exponential method

We now outline the sophisticzted method of sglving the radiative
transfer equaticn. This method has many advantages over other
techniques. On the one hand, it will te employed in its full
sophistication to test the appropriateness of the scattering theories
against observations. On the other hand and because of the analytic

nature of the method, the theory carn be simplified down to the level of
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& two strear model as used in the original RAMS scheme. We now outline

the method.

Intreduction

Recently Flatau and Stephens (1987) reviewed and extended the

matrix-exponential technique for solution of the radiative transfer

equation (Aronson, 1972; Karp et al., 1980; Waterman, 1981). The

matrix-exporential technique

radiative transfer equations

T(z) = efT T(o) + TV

allcows one to write the solution of

for tre homogeneous layer as

h (3.20)

In this paper Fletau and Stephens (1987) show how eht can be solved

using eigenvector expansion.

and Weaver, 1980), one-level

eAt is given using bi-linear

linear expansion of A can be

This allows us to fornmulate,

for fnh for arbitrary source
considered
—t/po
e
and
s (bO + blt)

Petailed analysis of a two-stream (Meador

model is provided and the explicit form of
expansion of A. It is shown how the bi-

used to find the inhomogereous part b

in a fast and an elegart way, the solution

functicen. Two cases of scurce functicn are

(3.21)

(3.22)
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but the technique is very general. Two-point boundary conditiors are
considered using, as an example, the two-stream, one-level model. An
algorithm is proposed to solve RTE in terms of matrix multiplication

A, At A, AT A _Ax
1 1 € 2 2 ve.e R, (3.23)

e
Such a method avoids finding ‘'continuity’’ constants, thus saving tirme
and computer memory.

We show that the comutator

[A,B) = AB - BA (3.24)

plays an importart role in RT and that it expresses the fact that the
two layers interact (add) in a non-linear way. The coubling technique
(Grant, 196%a,b,c) is a2lso discussed, and the identity

AZrN

At
e = (e N

)2 (3.25)

is used to formulate the doubling scheme.
The star product is shown to be equivalent toc standard matrix

multiplication of the form

Ayt ALt
e 11 272 (3.26)

We also hypothesize about the role of matrix operators

T
exp(f A(x)dt)
o]




and

T
exp(A_ [ w_(r)dt)
°s ° (3.27)

for inhomogeneous layers. It is suggested that they may play an
important role ir. the acproximate solution of RTE or ETE's theoretical
stucdies,

Instead we formulate the problem in the short sub-section below.

Matrix-exponential scheme - formulation of the problem

The equatiorn cdescribing the transfer of menochromeatic radiation
through a rlarne farallel homogeneous atmosprere is given by (Stamnes,
1986)

dlr,p,2) _
u e I(t,p,9) - Jlr,p,0), (3.28)

where I(t,u,9) is the specific intensity at level v ir a cone of unit
solid angle along the direction p,9, ¢ is the optical depth, ¢ the
azimuthal angle, p the cosine of the polar angle, and J is a source
terr.

Tre discrete ordirate approximation to the zerc—corder Fourier

component of (3,28) can be written as (Stamnes and Swanson, 1981)

+ Ci-I ) - Ql(T)’

b = oI

(3.29)

where I.(7) = I(t,ug), Qi) = Clx,py), and




2n-1

(3.30)

The system (3.29) of 2n coupled differential equations car be

written in metrix form as

I(t,+p.)

where the elements of thke n x n matrices a and B are given by
LI - .. n . . S, .
ij i i3 ij i -1,-J ij
(3.31)

5. .
15

1if i=jand 8;, = 0 if 1 4 J.
V]

We wish to solve the radiative transfer problem for & plane parallel,
planetary atmosphere having all its inhomogeneities confined to the

vertical direction. Figure 3.4 illustrates the probler and introduces




some of the notation conventions to be used. Each layer in the

atmosrhere is assumed to be homogeneous but may hkave an arbitrary

cptical thickness, At, - Ty - Ty_q. Our goal is to compute the angle-

deperdent, specific intensity at all points in the atmosphere,
I (x; u,9), where p is the consine of the zenith angle, and ¢ is the
azimuth angle measured from the sun’s meridian.

We nay write the discrete ordinate equations (2.23) as

&E
It
el
+
nl

(3.32)

where S is the source vector. The form of the matrices appearing in
these equaticns is not importart for the current discussion. Writing

Eq. (3.32) ir. the forc

Ax

and multiplying by e °%, we obtain

d . -tr7, _ _—Atg
dt(e I) = e S.

(3.33)
Integrating betweer 0 and t, the above becomes
-A = T oA
e TI(7) = T(0) + [ e "TS(r)dt
0 ’ (3.34)

Finally,
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t —
T(v) = A™T(0) + [P Y) S(trat
o} (3.35)

Here we assumed that A is constant. In more specific form the general

solution (3.35) can be written for one homogeneous layer as

A AT

F h B = -nh
T =
T(ry) = e ey )+ I,
where
T
_ i A (. ¢ - t) _
Igh = f et 11 S(t) dt
Ti-1 (3.36)

If we are not interestec in the interior radiation, the system of Egq.

(3.35) can be simplified immediately to

AyAry eAN—lA‘N—l AgdTy _ 7oh

T<r=zN) = e c..e 1(0) +

From the solution (3.35) we can form the matrix equation

T(r) = QT(0) + 1™

where

¢ = eht, (3.37)

Using definition (3.37) of transfer array Q we can introduce Q-matrix

for the entire atmosphere as




Q=0 ....0 ¢ . (3.38)

where

(3.39)

A most aggravating property of the matrix exponential is that the
familiar additive law fails unless we have commutativity (Moler and van
Loan, 1978), i.e.,

eTFeTE o oT(A+B)

if and only if

[A,B] = AB - BA = 0.

t 1s evident that if
i & (3.40)

for every combination of 1,j then Q in Eq. (3.38) could be expressed by

N
f A dt
G=¢€e° ) (3.41)

Eecause (3.40) is not satisfied it is equally evident that commutators
will play an important role in the solution to RTE. ' Indeed it is knownh
that adding slab reflectances and transmittances does not follow linear
law, which gives a physical meaning to non-commutativity.

It should be emphasized thet equation (3.37) is only a formal

solution, since we are dealing with a two-point boundary value problem
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in which T (0) and T+(1N) are to be determined. However, we can

overcome this problem and show equivalence of the matrix-exponentiel
technique with the doubling and adding scheme.

3.3.4 Unified approach to microprhysics scheme

Radiation properties as described in Section 3.3.2 &are related to
single crystals only. To use it in the RAMS model we have to weight the
single scattering albedo with the crystal size distribution to obtein
the bulk radiation characteristics. Currently the microphysics scheme
is based on the Marshall-Palmer distribution, but we expect that some
other distributions may fit the experimental results better. For
example recent experimental results (FIRE data) as well as new analysis
by Heymsfield and Platt (1984) indicate that small crystals may
contribute up to 50% of cverall radiative characteristics of ice clcuds.
It strongly indicates the necessity of irtroducing a twc-modal
distribution function with the prirary mode describing small ice
crystals, numercus in concentraticr. but small in water contert, and a
secondary mode, containing large crystals with small concentrations tut
large ice water content. Below we summarize a new, unified approach to
the bulk microphysics scheme. We give examples how to efficiently
calculate the generalized moments for four different distributions. It
is then easy to obtain a formal solution for the ti-modal
parameterization.

This summary is an outgrowth of several previcus works by Cotton
and his co-workers. These include rain parameterizatior from Mantor and
Cotton (1977) and Tripoli and Cotton (1980); ice parameterization from
Cotton et al, (1982) and Stephens (1979); and aggregation

parameterization from Cotton et al. (1986).




Several suggestions as to the type of distribution to be expected
in the clouds are considered here. The Marshall-Palmer function is used
because it 1s a basis of current implementation. AFGL's truncated
distribution (Eerthel and Plank, 1983) is discussed as well as Clerk and
KHall’'s (1983) log-normal function. The gamma-type function is also
considered.

Size spectra

Several empirical formulas have been proposed for the spectra of
varicus water cztegories. The spectral density function n(D) is defined
sﬁch that rn(C)dD is the total number concentration of particles, whose
diameter is between D and D+dD, per unit volume of air. Hence,

D

N(D) = f n(D)dD,

0 (3.42)
is the total concentration of particles of diameters smaller than D, per
tnit volume of air.

(a) Gamma distribution
F family of gamma distributions was considered by several authors

{cee e.g. Scott (1968)). The defining equation for tris family is

, \H1
Ny @ D ,\)

=t D _ &b
N(D) T:TT;I)Dm(Dm exp ( Dm)

(3.43)

where D is the diameter of particle, Nt the is total concentration, D
is mear diameter, a and \) are coefficients and P is tée gamma function
(£) Marshall-Paloer distribution
The special case of (3.43) is often used in cloud physics.

Assuming a = 1, \) = 0 we have
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Yy = — - X
N(D) ) exp ( D )

m ] (3.44)

The mean diameter is related to the slope of the distribution - (1),

A=D]-
i (3.45)

(¢) Doubly-truncated Marshall-Palmer distribution
AFGL measurements (Berthel and Plank, 198 ; PBerthel et al., 1987)
indicate that it is often advantageous to approximate the spectrzl size
distribution with the Marshall-Palmer probability but truncated on both

sides of the spectrum, i.e.,

m (3.46)

for D_ .
I

in <L <D

max’ an¢ 0 otherwise, where

Lnin’/ln Phax’On
S=c¢e - e

(¢) Log-normal distritution
Clark (1976) and Nickerson et al. (1986) have advoczted use of an

asymmetrical distribution of the log-normal type. It is defired bty

N
M(D) = —%— exp[- (1n D - )2/ (26%))
\} 2noD
(3.47)

where u and o? are the mean and variance of 1nD, respectively. For

example,




Al

m (3.48)

where Dm is the geometric mear of the D's. We also have

2 _ 2 = )
o* = (lna ) (In D - 1n D) (3.49

Momerts and distribution-weighted functions

In the cdevelopment of the bulk parameterization scheme, such as we
are pursuing here, one is interested in the average properties of &
rydrometeor clzss. For example, such a property can be the azverage fall
velocity that is ''typical’’ for all size drorlets, typical collecticn

efficiency, etc. Therefore we would like to be able to calculate

averages f

L
max

f = [ f£(D)ND)AD.
Drin (3.50)

Such integration, for an arbitrary f£(D) and N(D), is difficult. For ¢

of the form

(L) = KD%, (3.51)

where K and ¢ are constants, and four distrituticns considered
rrevicusly, it can be done in closed form.
If the most general form of f is (3.51) or the linear combination

c¢f such functions, the problem reduces to firding the generalized moment

of distribution N(D)
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Dmax
M@ = [ p% N(D)dD.

P .
mir.

fa) Moments and averages of [*distrituticn

From (3.52) and (3.43) we have

Ma = ‘}) Du #ﬁ-. (2_)\) exp(_ _a_Q)dD
0 \)+1)Dm Dm Dm

Let y = %2. then (3.53) can be written as
m

M

D ©
= Nt(zg)a rﬁé:fy / y“+w exp (- y)dy
0

Frem table of integrals

pa .oy p o Qires1)

BT emr

For £ of the specific form
f = KD®

we get

f = Ntf(Dm)F(a).

where

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)
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F(a) = Mll

a®Mm1)
(3.57)

(b) Moments anc¢ zverages of Marshall-Palmer distribution
Settirg V) = 0 and 2 = 1 in the expression for the gamma
distritutior. (3.56) we get

M3 = p pma Ma+1)

t (3.58)

and

f = N.f(DF(a), (3.59)

where
Fa) = Na + 1)
(¢c) Momerts and averages of doutly-truncated Marshall-
Palmer distribution

From (3.46; and (3.52) we have

Dmax Nt b
a a bt -
M [ T gg~ exp(- 57)dD.
. m il
min
(3.60)
Let y = éL. We can write (3.60) as
m
1 Dmax
,(1:. a 1 a _
M YDy 5 [ y" exp(- y)dy
D
min
(3.61)
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and integrating we get

D D
¢ _ . al _max, _ min
M® = htDm S [y(a+1, D ) v{a+l), D )1
o m
(3.62)
Tre distribution-averaged f is
f = Ntf(Em)F(u). (3.63)

where
D_.
niay mir.
y(a+1, D ) - yla+1, 5 )
o _Bn_
F(a'Dmax'Dmin'rm) . g
If D

rex/Pp 1s large arnd Dmin/Dm ig smell, further simplificaticr is

possitle:

yla+1l,=) = Mg+1)

and

y(a+1,0) — 0
i.e.,

F(a) = NMa+1) (3.64)
It seems (Bante, private communicaticn) that conditions where Dmin/nn ‘e

small are ofter satisfied.

(d) Momerts and averages of lcg-normal cistritutior

Fror the definition (3.52) we hLave
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A5
® Ny 2,2
ME& = f p® ———— expl-(1nD - p)“/(26°))dD
0 \| 2noD
(3.65)
and let
y=4icD-u
\| 26
After substituticn we get
o — 2 Nt
M= [ exp(\} 20y0 + pa - ¥9) ~— dy.
= \|l n
(3.66)
Using the expression for the ztove irtegral we have
. o 2.2
M® = hte exp(“?r—)
(3.67)

Using the atcve expression we obtain the distributicn-averaged function

of the genera. form f = K D%,

2.2
T - na a a
£ = Kxe™™ exp(F3™) (3.68)

Eut from (3.48) we have Dn = eH, i.e.

Firally, we can express £ by



hh

f = Ntf(Dm)F(u.a). (3.69)

where Nt is total concentration, f(Dm) is a function evaluated for tlre
geometric meanr of particle diameter, F(a,o) is a functicn depending on

a and variance o of distribution

2.2
- o g
F(a,o) exp ( 3 ) (3.70)

Summary of distribution functions and their moments

We considered up to now four different distributions: ganmmes,
larshall-Palmer, truncated Marshall-Falmer and log-rormal. We were zble
to derive distribtution—averaged formula for the f = KDY, where X ard «

are constants to the general expreccsion

f = Ntf(Dm)F(a). (3.71)

where Nt is total concentration, f(Dm) is the value of the functicn at
the mear diameter, and F(a) functicn of a and possitbly some cther
parameters., The form of the F-function is summarized below.

GAMMA DISTRIBUTICN

]

p
|+
i
N~

Fla) =

MARSHALL-PALMER

F(a)

Rea+)




COUBLY-TRUNCATED MARSHALL-PALMER

Pnin,

D
y(a+l, 23 - ylas1,
D D
D m

F(a,D D

max'Pmin’ Py’ = s

Crin/Co _Dmax/Dm

LOG-NORMAL DISTRIBUTICN

202
Fla,o) = exp(“?r—)

It fellews from (3,71) that, if f is proportiocnal to D or if it is
a lirear combination of such functions, we can formally rerform the
calculation for onre cof the distributions and substitute a different F(a)
wvher. a different size spectra are needed.

Tris gereralizecd approach was zlready used to develop a unified
approach to microphysics parameterization (Tripoli et al., 1987).

In summary, the foundations of the turbulence, radiation, and
ricrophysical modules have been developed to extend RAMS to the
simulaticn of cirrus clouds. Muck work remains to complete tris model,

Fowever.

4.0 FORECASTING AND DIAGNOSIS COF EXTREME WIND SHEARS ANC TURBULENCE

A summary of work completed relating to extreme wind shears by
severe convective storms is preserted here. Over the course of the
cortract the focus has gradually shiftecd from the convective scale
dewndraft structure and its influence on severe wind shear to the upper

end of the meso-p (20-200 km) scale. It is now apparent that long lived




severe swrface ocutflow events lastirng on the order of =six toc nine hours
may accompany a large percentzge of mesoscale convective complexes
(approximately 30 percent of the MCCs studied thus fzr). PRecause thece
systems generally peak in intensity after midnight this represents &
genuine concern for the general public, local forecasters and aircraft
concerns, such as aircraft tied down at airport facilities, irn the
affected areas. & natural question that arises then is why do sore
systems continue to produce severe surface winds throughr the early
morning hours while others peak in the early evering and ther rapicly
sutside? Also are there signatures in the synoptic environment which
may allcw one to accurately predict these everts irn time to give ample
advice tc those who may need the dataz to either prctect viulnerable
machinery or alter rlanned activities?

Insights to the above questions have been provicded through both tre
numerical and observatioral studies conducted under the current
contract. A series of numerical studies performed by Knupp (1985)
provided informatior on the structure of downdrafts during the
cevelcpirg and mature stages. Fe identified the majocr downdraft
circulation branches in Fig. 4.1 as consisting of beth a mid-level and
an up-down downdraft branch. The mic-level tranches are thought tc
predominate in the early stages of the downdraft wher large shears and
strong surface outflows my exist. The up/down downdraft branch may
become a more prominent feature during the mature storz stage. & factor
controlling the strength of this downdraft branch is the stability of
the ABL lying ahead of the storm. The stability ir turn my be affected
by outflow layers from previous storm systems or cloud shadowing ard/or

evaporation of precipitation falling into inflow layer ahead of tre
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Fig. 4.1. Continued - (b) Projecticn of primary downdraft flow branches

onto a vertical east-west plane. Physicel processes zlong
each branch are portrayed. (c¢) Sounding illustrating the

relationship of downdraft properties to environmental
structure.




storm. He showed that downdraft speeds along this branch may attain
downburst intensity.

Cther fectors controlling downdraft intersity were alsc documented.
The cloud model results indicate that precipitation size and phase
exerted a strong control on the modeled downdraft strengths. Knupp
reported that melting accounted for approximately 60 percent of the
cooling in ervironments supporting low cloud tases. As cloud base
height increzsed, the relative cooling by melting decreased in
importance. Sfensitiviity to the characteristic size of the precipitation
was showrn when downburst type outflows were produced by merely
guartering the precipitation size used in the simulaticn. Other
corntrols on outflow strength may arise due to the modification in the
AEL from either short-or-long lived convective elements. Knupp ard
Jorgensen (1985) suggest that cornvective scale perturbations on a
resoscale surface flew field produced by a convectively induced mesc—
highk may be cne mechanism which could sustein downburst type outflows
cver a long fericd of time,

It has icrng beern recognized that certzin racar echo cornfigurations
such as tow echces tend to be associated with dowrburst activity
(Fujita, 1978). A Doppler racar observation of z bow echo system or the
2nd of August that occurred in Montana showed that the system had both
the mic-level and up/down sources to the downdrafts. This system had
peak reflectivities of 70 dBZ and peak outflows exceeding 30 m/s. On
the storm's upshear flank at mid-levels was a wellldefined inflow toward
tre storm, shown in Fig. 4.2, that was initially thought to contribute
cignificantly to the surface outflcw through the vertical transport of

tr.e higher mcmentum zir to the surface within the predominate downdraft
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Fig. 4.2.

Vertical east-west cross-secticn takern nermal to the squall
line zlong the inflow jet into the rear of the rear flank of
the storm. ML refers to the melting level. (2) Storn
relative flow zlong the plarne of the cross-csectiorn
reflectivity contours are in 5 dBZ intervals beginning with
10 dBZ. (b) Tre u comporent of flow ir. (a) contoured ir §
r/s irtervals indicating verticel wird shear present upshear
of the ccnvective cores.




zones. Later trajectory work indicated however, that the primary scurce
region for the downdraft air was from the downshear region of the storm.
Tre analysis indicated that the ''rear inflow jet'' was a2 mixture of
parcels from several different locations within the storm ircludirg the
leading edge of the syster. Tajectories releasec in the rear inflow did
not reach the surface nor dicd they approach the leading edge of the
storm. We thus concluded that strong surface winds associated with
crganized squall lines may not initially require mid-level trarsport
from the urshear portion of the storm system. The analysis indicatec
that the areal extent and the strength of the rear inflow increased with
tire and mey have had a more direct impact on the surface flow momentum
2t a later time in the storm’s life cycle.

The surface analysis incdiczted a large resc-high of nearly 6 mb
behird the squall line. The streorngect winds at the surface were located
orn the southeast flank of the mesco-righ and to the rorth of the
strorgect cell with the squall line. The DPoppler aralysis pleced a
large 15 r./s dowrdraft on the ncrtrhern flank of tkis cell. Thus. in
this case., the strongest surface wirds cccurred in a region where
cernvective scale perturbations were superimposed or a background flow
provided bty the meso-high, supporting the hypothesis given by Knupp and
Jorgenson (1985),

Tre storm of 2 August was tnusual in the sense thzt it propagated
into the cold stable outflow wake of a previous mesc-f system (see Fig.
4.3). AMAircraft measurements taken ahead of the squall line revealed a
elevated inflow source existed atove the low-level stable layer. The
elevated inflow layer in turn was a remnant of the pre-storm atmospheric

tcundary layer and was being corntinually rerlenished by the
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Fig. 4.3. Surface mesoscale features at 2030 MDT 2 August 1981. Thir
arrows rerresent surface flow while brcad dashed arrows
represent synoptic flow zbove the surfzce cold dome prcduced
by the storm labeled A. Stippling denctes 30 GBZ storm
contours. Storm B is the squall described ir the text ard
the numbers are representative surfzce Ge values.




synoptic/regional-scale flow. This is one mecharism by which storps may
maintain their intensity and could remain a threat long after the peak
daily heatirng has subsided,

The strorgest cell was located near the vertex in the bow echo and
nearly 80 km from the surface-bzsed high 6 zir seen in Fig. 4.3. A more
complete analysis of the convective structure indicated that the
ctrongest cell was en example of z weakly eveolving supercell (Foote and
Frank, 1983), The overall structure of the squall line suggests that
the rctational characteristics extended teyond the single supercell
withir. the lire to irclude the ordinary cells located along the southern
50 km of the line. It 1s suggested that subclasses of convective
organizaticn cr lerngth scales of 50 to 100 km may exist along a squall
iinre depencing on the environmentzl concditions such as the strength of
the wind shear ard perhaps the resultant shape of the cutfiow produced
by different cells along the line. These subclasses may be &
combiraticn or ordirary and supercell type stormc acting as a coherent
entity. It aprears that the lcw echo may represent cne such subclass or
arrargenent cf convection zlong a squall line,.

t_al. (1987) incdicates that a

A recert raper by Roturno
controlling factor in the behavicr of the squall lire is the degree of
cancellation between the horizortal vorticity produced bty the solencid
assocciated with the cold outflow and the horizontal verticity present
due to wind shear in the inflow layer. The optimal situation for long-
lived lires occurs when the twc scurces completely cancel each other.
Extending thelr analysis tc a curved outflcw pocl one might then expect
the optimal situation to exist only in a relatively narrow zone since

tr.e horizortal vorticity vector associzted with a circular cold pool




rotates through 360 degrees while the inflow horizontal! cshear vector

retains its initial orientatior. Thus one might expect & spectrum cf
convective behavior along a curved outflow pool with the lorgest lived
features occurring in the region where the vorticity vectors from ezch
source lie opposite to each other. We speculate tkat this may fkave hac
a control in locating the supercell irn the 2 August case rear the vertex
in the bow echo where the tightest gradient was observed in the circu.iar
surface cold pool that accompanied this system.

The 2nd of August squall lire was an integral compornent of a MIC
trhat moved southeastward over the [ezkctas during the early morring heurs
of the 3rd. The resultant MCC was acconparied by cevere wind report:
throughout the period. We Lave begur tc compile statistics on other
MCCs that alsc prcduce severe winds into the early mornirng hours.
Preliminary findings are that roughly 30 percent of the MCC episodes
rroduce severe winds for several hours after midright with the strorngest
wind events exceecding 45 m/s in norn-torradic activity.

It is ow fLope to construct a useful conceptual mocdel of thecse
events tased c¢n the work completec ir part by the funding previded tc
cdate from the currert contract. Any cuccessful model will rneecd to
incorporate the multi-scale aspects of the protlem as touchted or abcve.
These include the controls on dewndraft strength due to ervirommental
and microphysical fremework withir which the storm evolves as presentec
by Knupp (1985). Mesoscale organization of large outflow pocls and the
storms ability to decouple from the surface may zlso te important
factors in long lived events. A better understanding of tre rear inflcw
Jjet and it’'s ultimate cortrol on the surface outflow is alsc needed.

Doppler studies performed to date indicate that a commcrn characteristic
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of bow echo squall lines is the erhanced mid-level inflow orn the storms
upshear flark. The sequence of events in the 2 August squall line
suggest that this feature developed in response to a strong downdraft
and thus the severe surface wirds preceeded the cevelopment cf a strong
rear inflow jet at mid-levels. The question remains whether this is a
typical or atypical sequence of events and as such will be the subject
of further inquiry. Fina'’y the dynamics of stornm systems such as bow
echc squall lines and other subclasses of ccnvective crganization that
mzy form ir ar encsemble of convective cells (particularly thcse
conducive to severe wind everts) need to be better defired ard hcpefully
predicted. Tt is heoped trat trece trief rejorts grovide some guidarce

fer future resezrch ard understarding.

5.0 FUMMARY CF FAMS CEVELCEMENT

FAMS has beer undergelrng & sa/or coverhaul ard erharcement tco allow

“

ceveral rew feaztures to be ~dded teo the systern znd te ccrrect feor scre

¢1d deficiercies. Scre reasorc for the majcr changes ir the syster are:

® to allaw for “te Implementaticr ¢f twe-way nesting caretilities ir thne
ncre’

¢ to add the computational schemes of the ''Fielke'' modei to the RAMS
systen

e to allcw for faster executior time c¢n computers wrich require lconger
vector lergths

® to conform as closely to the FCRTRAMN 77 standard as possible to
facilitate portability

Tc accomplist these goals, several charges reeded to be made:

o A new preprocescor was writter, itself in the FCRTRAN 77 standard, to

cerrect mieny of the problems with the old PP1. Obsolete features of

—— .~ ———— -




FP1 were remcved {e.g., I¥ tlcoctk jro hiclr FURTREAEN 77 can
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handle). The new rreprocesscr also is much feaster executirng, takirg
orly about 1/6 as lcrg as PPI.

Tre old RAMS was run with a ''slat’ I/0 schere whrere zll the
variatles cf a subset c¢f the coma:ir was rkert 1in central nercry.
Fecause of tris, mcst of rthe meo-l was vectorizec orly irn verticel
icops, These short locops were relatively efficient crn =z CRAY, but
were uch tcce sheort te be efficiernt on oz CYEEFR 205, The 1/C

structure for trhe rew RAMS wae charged te heer the whele domeirn irn

Tric zclere

crlows fus: 300 Lrope Y7obs it the code where & CYREFR zar
VECTOYIZE LIE LCE afrcrs Al Uhrer Joons ris colmirnztes the
recescity of tlo marire ceajatilitivs OF FFY. makirng developrent of oty
cle muoh eacier

Tre rew 170 structure of the nea FAMS the erertaticrn of W

Lre WO WIY el ting arcirithrmo oarnd ke Srncoluororn o of ke UERIelve !

soherers mucet catlier, For the re g, it Is e effary o o lrterpiLet

e toundegy cooiticns oof trhe o reczts Uron the cuarod: et

Tl Lrooess Looreoch en 1 v owhole cerain of & virLenle oo
TPE S at (e cr P Eielbo , gk rlatle TooLl late

yPler Lvery Terr. 1o calcouLated, S T € €r ECCTOmican .y
nfengitle ISR S cheme s Trnomdgiticr, trere nre e
rLerila reLer wIlLr peQuite the entire domairn irn o ccore f(olg Wl
Tloe eaveotior, Loy e filter) engthy coeretol srreve woo Lo bove

TREL TEEde L Wittt R T cober,

With te Zenire to conform to trne FORTEAN 77 sterdarc, rpony ¢f the

frndividual physical comy wtation.. roitirnes cuch ar tre micraphyrioe




and raciaticon parameterizations have been rewrittern in a very gererel
forr s~ that they couwld be transyorted to even z different model in
the future if desired. A summary of RAMS is giver in Appendix 2.

Test simlztionns

rew systern

[l

rave recently begun with th
Comparisor runs with the cld ''Pielke'' model have had favoratle
results with orly 2 few riror discreparcies rermairing. £ twe-way
rected cea breece simulatior, both hydrostatic and norn-frydrestatic,
ras beer run tc¢ exercise the resting algorithms ard agair reascrnatle
resultc were produced, It is anticipated that @ rrelimirary
""producticn’ version ¢f the rew FEAMS will be available within a few
rmenths. & preprint of & perer precented at the Envirosoft ’86
corference in lcr Argelecs in Ncvember 1986 which gives furtrer details

of tre rew syctem and its orticne is reprccuced o Appendix 2,
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evziuated bty rimulating reccacile cornvective ccerypleves cbserved durirng

the CTOFPD g

arr cace 0 oret up cirilarly, & ccarcse gricd is
rur Wwith atcut o 110 ¥m reccinticrn and a Kue—-tyre ccorvective
iarameterizetior over a dere it oof ahout 4500 vr. AL filrer grid of
abtcut 40 kp Ic ther core-way recsted within the ceoarcer gric., A
Fritech-Crappell type convective parameterization is used on this
Ligrher rescluticon grid. Sernsitivity expreriments are run cor the finer
gricd testing the sensitivity tc various physicel and numerical
rrocecses, From the results so far, several cstatemernts can be

inferred frem tte model resulte,

o Tre developmert of the mencsoale circulaticn of the convective
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system 1s deperdent cn the convective heating which, in turn, ics
deperdent on many of the more artitrary aspects of the ccrvectlive
parameterizaticrns.

For the cdevelcpment cof the mescscale anvil circulaticr, the
convective heating must be widespread and persistert, not
necessarily very strong. The lFeating must be [rojected ¢rn a scele
larger than the Kessty radius of deformaticn and over z lornger
timescale than that of an individual cumulus cloud to form a Gquasi-
balancecd circuleticn.

For tre convecticn tc be that long-lived and widespread, the
syr.cfptic and resc-a scales wust rrovicde support (conditional
instatility, low-level convergerce, upper-level divergernce, etc.!
for the cortinued ccrvectior.

Tre irnclisicn of a resclvable scele ice prase arnd the zssccizteg
increase in the amournt of latert heat releaced helps to ''spir un’’

the resclveble scal
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increases tre nagnitude of thre
wesosceale circulatiorn.

Tre propegatiocn cof the simulated »CC i< deperdert on the behavicr of
the low~level ‘et, even ir this tarcclinic envirorment. As the
right prcgresced anc the jet veered, the systen ncves toward the
eacst (at zpproximately the cbserved speed) zlorng with the maximur

cervergernce zoene at the rese of the sipuilated jJet.

¢ Tre ticing, lcceticn, and strergth cf the mcdelled convective

systems is sensitive to the model initial conditicns, especizlly to
the iritiel stzte of the scll moisture {(which is rct routinely
c¢bserved). Variztione in the =o0il molsture car dramatically affect

the PBEL structure and therefore effect the atmespheric circulatior




ir the vicinity of gradients in PBL characteristics.
Cther =simulations, testing the sensitivity of the convective
systems to radiation, microprysical parameters, and precipitation will

te rur ir the near future.
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ABSTRACT

In this paper we present some analytical calculations for Level 2.5
and 3 of the well-known Mellor and Yamada (M-Y) hierarchy of second-
order turbulence closure models. For Level 2.5 we extend previous
calculations by M-Y and show that the requirement of positive-
definiteness of the G’, v variances imposes stringent conditions on the
possible values of mean flow quantities GM and GH (non-dimensional mean

flow shear and temperature gradient. respectively).

Two additional parameters that are related to the predictive flow
2 2 2

2 2 = - -
variables G, = L iﬁzl—él and a = (gu) /[(gg) + (gl) ] are shown to be
T qZ q2 dz dz dz

important to describe the eddy-exchange coefficients and fluxes for the
Level 3.0 and 2.5 model. Some of the Level 3.0 functions are presented,
and the possitle range of model applicability is indicated.

Finally we comment on the problem of realizability conditions and

applicability of the Mellor and Yamade models.




1. INTRODUCTION

In a sequence of papers, Mellor and Yamada (Mellor,1973,1977;
Mellor and Yamada,1974,1982; Yamada,1975,1983; Yamada and Mellor,1979)
(hereafter refered to as M-Y) developed a hierarchy of models based on
the second-order closure approach. Diftferent degrees of simplification
were employed, and the resulting schemes were defined as levels.
Initially, four levels were introduced (Level 4 the most complex and
Level 1 the simplest), but soon it became apparent that this
classification was too narrow, and now we have levels 1.0, 1.5, 2.0,
2.5, 3.0, 3.5 and 4. The M-Y hierarchy of models gained significant
popularity and was applied by many to various atmospheric flows (see
Mellor and Yamada 1982 review paper for a virtually complete list of
their hierarchy of models applications).

It was recognized by M-Y (1982) and others (Hassid and Galperin,
1983; Helfand and Labraga, 1985) that for some combination of the non-
dimensional mean flow parameters (these can be obtained from the
prognostic equations) the model predicts negative variances or results
in singularities in solutions. Such non-physical behavior appears to be
related to highly transitory phenomena such as rapid change from day to
night conditions or to the rapid entrainment at the top of the mixed
layer.

Mellor and Yamada mention that negative variances appear
occasionally in their simulations. In the 1974 paper they state that:
‘*The components ;7. ;7. and ;7 should, of cour;e, be positive definite.
This turns out to be true in practice everywhere in the Level 2
calculation and nearly so for Levels 3 and 4 where, however, small

negative values appeared between 0700-0800 (after a discontinuity in the
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tendency of wall temperature) at a couple grid points.'’

Recognition of such non-physical behavior lead M-Y and others
(Hassid, 1983; Helfand, 1985) to the so-called realizability conditions
for possible values of turbulent fluxes and/or mean flow quantities.
Simply stated, this means that whenever a model gives non-physical
behavior, the clipping approximation (setting a non-physical value to
some other, wusually arbitrary, value) is employed or change of
(predicted) mean flow gradient has to be made. Therefore, it seems to
be of importance to predict the possible limits of M-Y hierarchy of
models in advance. This provides insight on the range of model
applicability and saves one frustration during the code developement.

In Chapter 2 we discuss briefly M-Y Level 2.5 and 3.0 models and
resulting eddy exchange coefficients and turbulent fluxes. In Chapter 3
we present some analytical calculations for the Level 2.5 and 3 models.
For Level 2.5 we extend previous calculations by M-Y (1982) and show
that the requirement of positive-definiteness of the ul and v variances
imposes stringent conditions on the possible values of the mean flow

quantities GM and G,, (non-dimensional mean flow shear and temperature

H
gradient, respectively).

Two additional parameters that are related to the predictive flow
2 _ 2 _ 2 _ 2
variables G, = ' iﬂgl_gz and a = (QL) /[(gu) + ldl) } are shown to be
T 2 2 dz dz dz
q q
important to describe eddy-exchange coefficients and fluxes for the

N

Level 3.0 and 2.5 model. Some of the Level 3.0 functions are presentec
and possible range of model applicability is indicated.
Finally, in Chapter 4, we comment on the problem of realizability

conditions and applicability of the Mellor and Yamada models.
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2. MODEL EQUATIONS

M-Y use departure from isotropy as a small parameter in their
analysis of the Reynolds-averaged equations. They show that in the
atmospheric boundary layer (ABL) one can neglect diffusion, time and
advection terms. Level 3 predicts only variances. 1In Level 2.5 only
the equation for the turbulent kinetic energy (TKE) is retained.

Because of simplifications applied to the theory, the resulting set
of Reynolds equations is linear and can be soclved analytically. The
algebra used in this study 1is extensive (see Yamada, 1978; Flatau, 1985
for more details). For many algebraic manipulations in this paper we
used the symbolic algebra program REDUCE 3 (Hearn,1984). We will
present results for the calculations of the dry case (i.e., without
cloud microphysics-turbulence covarianceg), The extension to a moist
zase is relatively simple.

To make the final formulas more compact, let us introduce several
non-dimensional quantities. The non-dimensional eddy exchange

coefficients S, and S, are defined by the following equations

M H
KM = quM (1)
and
== )
KH quH (2

where KM and KH are momentum and heat eddy exchange coefficients, 1 is
turbulent length scale, and q is defined by q2 = ;1 + ;7 + ;7 . The ;7,
ve and ;7 are velocity variances.

We also define the non-dimensional parameters GM' GH' GT’ and a,

which are relatec¢ to the mean flow variables
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. i 90U av
Gy =73 G * G ) (3)
q
, -
- A o 98
Sy = 73 Bgy, (4)
q
2 2
c. = 1 (82) o7
T2 2 (5)
a° q
_ 2 _ 2 _ 2
_ U, 40 av
a = (5) /LG + 6 (6)

where B = 1/8o , 60 is the basic state potential temperature, 57 is tre

!

potential temperature variance, %% ,%g are mean flow velocity gradiernts,

and %g is the potential temparature gradient. It can be seen that

0 {a 1. Notice that Gy, GH‘ GT’ and a are related to the prognostic

equations in the model. 1In other werds, if we express all variables irn

terms of GM' GH' GT' and a, then the problem is solved. After some

algebra we can show that SM and SH for the Level 3.0 are given by

sn
5, = —
M
Sn
H
Sy = T a4
1
G,S (7a,b)

where
n _ 2

SM = 9GHA2A1(A2 + 4Alcl) + A1(27A1GT + 36A2A10T 3C1 + 1)

Sn = -962A2A + 18G G A Azc + G A (-27TA A G + 1) + 18G A Azc + 3A.G
H H'2"1 HM21"1 H2 2°1°T M271°T 2°T




_ 222 2,2 2
Sy = 108G, AJAT + 54G,GLA A7 - 21G A A + 6GyAT + 1

These formulas are the same as those in Mellor and Yamada's (1974) paper
(eqs 55.56), although they are written here in the non-dimensional form.

For the Level 2.5 we get the non-dimensional eddy exchange

coefficients in the form

Sn
s, = &
M7 d
sn
s = -4
H™ _d (8a,b)
fel
where
2
S, = (36,B,8, + 126, 4 ~ 1) (6C,A]
2.2 3 _
- 9G, A A )-G,G (S4AJAT + T2R A1) + GpA (3B, + 128)) - 1
s® o (186.c A% - 9G.ALAL + 1)8
H M-1M1 e L L
ST = —GLA (9C.B.A, + 36C.AA - 3E.A. + 9A% - C. + 1)
M g1 7152 1724 22 2 1
For both levels the final set of eguations is
2702 = 1/ _ S
ul/q 1/3 + K856, ~ 24 5,C,,
742 - _
vé/q 1/3 + AIBS,GM 2A15HGH' and
w2/iq® = 1/3 + 2A.5.G. + 4A.S.G.,
1°M°M 1°H°H
(9a,b,c)

where & = 2(3a - 1) and B = 2(2 - 3a)
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= - £ (10a,b, )
VW quM az a
— 26 3y
= Q —_—
ub 3A21(~H + SM) 3z 92
— 20 3V
= Q _ =
ve 3A21(‘H + SM) 3z 92
— 28 |
wl = —quHaz (11a,b, ¢}
and for Level 2.5 only
26
= = (12
8 EzlSHaz 1
The ratio of TKE production to dissipation can be expressed as
= n
(PS + Pb)/e Bl(sHuM + SHGH) (13)

3. ANALYTICAL RESULTS FOR THE MELLCR AND YAMADA HIERARCHY OF MODELS

In tuis chapter we discuss some analytical results and realizabilty
conditions for the Mellor and Yamada (1982) hierarchy of models - Levels
2.5 and 5.0. The purpose of such a siudy 1s to cdecide what the pzizible
limitations of the scheme are. Using the typicai values of parameters

GH' G GT' Rf. and a (see Chapter 2), we are able to plot fields of

turbulent variances and co-variances. Obvious criteria such as

M'

positive-definiteness of variances are used to limit the possible range
of mean flow values.
3.1 Level 2.5

The Level 2.5 model depends on three predictive parameters. These
are GH (non-dimensional temperature gradient), GM (non-dimensional

quantity related to the mean flow shear), and a (ratio of shear squares

in the x and y directions). See Chapter 2 for their definitions. The




contours <t turbulent quantities such as non-dimensional momenturmr arnd
heat eddy coefficients, turbulent variances ;7 , vZ . ;I and ratio of
trne turbulent production to the turbulent dissipation are plotted here

with GH and G,, as independent variables. The a-dependence of these

M
turbulent quantities will also be discussed.

Let us start with the Figure 2b where (Ps + Pb)/s is plotted. The
GM values are always positive and are showr there for (0.,3.) regicr.
The GH values can be negative (for stable case) and positive (for
unstable case). The (-0.4,0.1) range of GH values is used here. The
isoline (PS + Pb)/e = 1 corresponds to the local equilibrium assumption
(i.e., it saticsfiec the Level 2.0 model conditions). On the other hand,
for arbitrary GH and GM' the (Ps + Pb)/e # 1. This is clearly seer ir
Figure 2b, 1In Figure 2b isolires labeled INF-1 represent values of GH
ard GM for which ’PS + Pb)/e is sirgular. Curves lebeled F1 and P2
give GH and GM values where (PS + Fb)/e goes to zero. Contours are
plotted for (PS - Pb)/e = (0.5,1.0,1.5,2.0,2.5).

The Pl isoline originates at GH = 0 ard GH = 0., It delimits the
regicn of positive (upper part) and negative (lover part) values of
(PS + Pb)/s. For the stable case (GH ¢ 0) and small GM' the buoyancy
ternm Pb becomes negative and s larger thar shear generation term FS.
This leads to negative (PS + Fb)/e. On the other hand, for the unstable
case, values of (PS + Pb)/s are always positive,

Figures 1 and 2a present values of eddy exchange coefficients SM
and SH‘ The INF-1 curve is the same as before and represents GH and GM
values for which SH and SM tends to infinity. These large values of

exchange coefficients are not physically possible, and the region close

to the INF curve has to be somehow excluded. The values to the left of




INF curve are positive, which incicates positive exchange coefficlents.

On the SM diagram the SM curve is for SN = 0. In the region between IKF

and SM curves in Figure 1, the Sy vzlues are negative: however, froc

other considerations {(positive definiteness of velocity variances), we
will have to exclude this region. In other words, Level 2.5 is forced
to predict positive (down-gradient) values of exchange ccefficients.
Positive definiteness of velocity variance also leads to some limits cr

the possible values of GH and GM'

Compare now Figures 1 (SM) and 2b (production/dissipation). Notice

that the gradient Richardson number is given by Ri = —GH/G One car

M
then easily obtain SN as a functiorn of Ri for constant values of

(Ps + P )Y/e. Figure 6 combines plots of the curves discussed above

n o

(i.e., S and (PS + Pb)/° ) and can be used for tracing S

S S
M® TR’ SR

behavicr for constant (PS + Pb)/c values. In Figure 6 heavy soiid linec

are SM values, S, values are represented by brcker. lines, and thin solid

H

lines are (Ps + Pb)/e values. For GM approaching 0 with the constrairt

(Ps + Pb)/s = const. (i.e., traveling down the (Ps + Fb)/a isolire), we

get a finite value of SN' This limited value corresponds to infinite
(and negative) Richardson number. Notice that (PS + Pb)/e > 0 isolirecs
cross the GF axis for positive, nen-zero values of GH' The above

discussion applies to the other turbulent covariances. They all can be
expressed as a function of only one mean flow quantity (Richardscr
number) if a certain constraint on the ratio of the turbulent
production to the turbulent dissipation is imposed.

Figures 3-5a,b show turbulent variances of velocity components
—

2 2 2
w</q" , Gj/q s ;I/Q . From Egqs. 9a,b we see that u- and v-variances

depend on a. It can be shown that from the point of view of
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realizability conditions the a = 0 and a = 1 give the most stringent
limitations on the possible GH values. Therefore, all the results here

are presented for a =1; 1.e., for %g = 0. The ;.I/q2 is not dependen*
cn a. Examining Figures 3-5 we see that ;Y/q2 is positive only for GP <
0.0288, and this limit seems to guarantee positive definiteness of all
velocity variances.

Finally we present velocity variances and (FS + Pb)/e as a function
of SH and SH (Figures 7-8a.,b). Again a = 1. Only positive isolines ard
those that are smaller than one are plotted for the velocity variances.
The isolines are labelled A,B,C,D, and E and correspond to (0.001,
0.2, 0.5, 0.7, 1.0) valuves. The isotropic case (all variances equal to

1/3) gives approximately the same values of S, and S The realizatle

M E*
solution follows this patterr for other velocity variances; i.e., the SH
and SH values are of the same order.

3.2 Llevel 3.0

This level of simplification was considerably less investigated ard
used by researchers. We performed analysis of this model and some of
the results are presented in Figures 9-14. Here the additional
rarameter GT comes to play, which makes analysis more involved. We rlot
GN_GH dependence of turbulent quantities for 2 different values of GT =
(0.1, 3.0). The range of GM and GH is from -6 to 6 on all plots.
Values of GM have to be positive, but negative ones are retained here
for illustrative purposes. As before, negative values are plotted as
dashed lines. Contours for the normalized (by 02)-velocity variances
are chosen at 0.05, 0.2, 0.5 and 1.0 (0.12 instead of 0.2 for the

vertical velocity variance). By definition, all velocity variances have

to be in the (0,1) range. One can see (e.g., in Figure 9) that values
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(G ) giving realizable solutions for the Level 2.5 may now correspond

M'GH
to negative variances. The solutions are highly variable with GT' Tr.e
realizable values are, in general, located close to the

(Ps + Pb)/e = 1 1isoline.

We diagnostically calculated (Flatau, 1985) Level 3.0 functiorns
from the numerical results of our runs of the Level 2.5 model. The
results indicated that the Level 3.0 produces very stringent conditions
on the GM and GH values. The picture is still not clear; however, we
hope to obtain some diagnostic results from the working Level 3.0 model.
4. CONCLUSIONS

As was mentioned, it seems that the Level 2.5 and 3.0 model does not
properly handle transitory phenomena but has the ability to adjust the
mean flow and turbulence to consistently physical values. As long as
variances are not used explicitly (for example to diagnose trirple
correlation terms) but are just diagnosed, the fact that they are
negative 1s only annoying. The slowly varying phenomena, e.g., dry
boundary layer on a sunny day - as in the Wangara case - are predictec
well by the lower-level, second-order closure schemes. The apparernt
failure of Level 3.0 and 2.5 to predict highly variable flows can
probably be traced to the basic assumption of Mellor and Yamada -
namely, Scaling out the advection arnd diffusion terms in almost all
equations. At the top of the stratocumulus layer where intensive,
local (radiative) cooling is distributed mainiy through turbulent
diffusion and where gradients of stratification are strong, the
assumption of the small role of diffusional terms can be a weak one (see

e.g. Chen, 1984 simulations of Sc deck). In such a case, when greater

definition of the turbulence is important, our results indicate that the

e
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higher—level second-order turbulence c¢closure scheme should be used. It
is true, though, that the model is driven towards local equilibrium.
Imagine vigorous TKE advected to an otherwise undisturbed region.
Parameterization of dissipation provides negative feedback in the TKE
equation

2 3
89 _ _a_

FraliEE A2 ,
and the model will adjust to local equilibrium. This fact is probably
the only justification of usage of the Level 2 (which 1s based on the
local equilibrium assumption) model together with a prognostic equation
for the TKE (this scheme was used by Yamada (1983)). Such a scheme, by
definition, cannot take into account situations which are strongly out
of equilibrium. Similiary, we have shown in Chapter 3 that the Level
2.5 and 3.0 give realizable solutions only for the situations close to
the local equilibrium.

Probably the simplest and the strongest recommendation that can be
inferred from this study is to apply the lower-level second-order
schemes in accordance with their assumptions. The Mellor and Yamada
hierarchy is based on small parameter scale analysis (departure from
isotropy), and if this assumpticn is not satisfied, the scheme will not
work properly. Although the realizability conditions should be checked
diagnostically, their use should be limited as much as possible. If the
model is consistently not realizeable, the only reasonable solution is
to implement the higher-level scheme. If the non-realizable solutions
occur sporadically (model spin-up time, transition from day to night,
top of the PBL), and if the main emphasis of the model is not on a very
detailed physical depiction of these regimes, it can be used with some

confidence.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Level 2.5 functions. Constants of the model are indicated at
the top of each plot. They are in the Ay, A, By, By, Cj., C,,
C3 order. The INF-1 curve indicates values where functions

tend to infirity. Here momentum eddy exchange coefficient Sy

is plotted.

(a) Same as in Figure 1, but for Sy; (b) same as in Figure 1,
but for (Ps + Pb)/c , P1 curve indicate points where function

goes to 0.

(a) Same as in Figure 1, but for ;I/qz, VEL-1 is where

function goes to 0, (b) same as (a), different Gy, Gp.

(a) Same as in Figure 1, but for Gi/q2, VEL-1 is where

function goes to 0, (b) same as (a), different Gy, Gpm.

(a) Same as in Figure 1, but for ;I/QZ, VEL-1 is where

function goes to 0, (b) same as (a), different Gy, Gp.

Composite of plots presented in Figures 1 and 2. The heavy
solid lines indicate Sy functions, broken lines are isolines
of Sy, and thin solid lines are isolines of the ratio of

turbulent production and dissipation., The INF-1 curve gives
singular points for all functions. Pl and P2 curves are for

(Ps + Pb)/e = 0.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13,

Level 2.5 plots as a function of Sy and Sy. (a) For Ei/qz,
(b) for vZ/q2.
Level 2.5 plots as a function of Sy and Sy (a) ;7/q2. (b)

(Ps + Pb)/e.

Level 3.0 functions, Constants of the model are indicated at

the top of each plot. They are in the Ay, Ay, By, By. Cy, Grt.

The INF-1 curve indicates values where funciiouns tend to

infinity. Here Gt = 0.1, Numbers at the bottam of each plot

indicate Gy values for Gu = 0 where the denominator (first
two numbers) and numerator (next number or numbers) of the

function tend to zero.

(a) Same as in Figure 9, but for (Ps + Pb)/c, the P1 curve
indicates values of Gy and Gy where (P + Pb)/e goes to

zero, (b) same as (a) but, for Ez/qz.

(a) Same as in Figure 9, but for v¢/q2, (b) same as ir

Figure 9, but for ;Ilqz.

Same as in Figure 9, but for Gr = 3.0.

Same as in Figure 10, but for Gt = 3.0.




Figure 14.
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Same as in Figure 11, but for G = 3.0.




GM

X’TT' fﬁ’ L 1) LA B B rj’TT

0.92. 0.74,16.60,10.10, 0.08,0.00.0.00

T'T'T'YﬁY]T?ﬁ!'Y'Y'Y'Y""_YT'—‘|YTIT‘h'r" IWIY‘F[T
? &

/]

LN GEN S S Ann Sum Sy SN e |
s
'\

.40 -3% -30 -.29 -.20 -.1% -.10 -.0% 0 .0%

GH.SM 0.0327. 0.1632. 0.0749

Figure 1

sn

SKH

Y P

sn

L]

U VY S N W U W W U U U SN G VHN GHY U N CEN GNNY S GHNT W (N S G S

10



GM

0.92, 0.74,16.60.10.10, 0.08,0.00,0.00

"'r]’TT"]"T'TrIT_TT]'"'lﬁY'7V]rlﬂ7rT177[l“[T]r1l

- s © ;
[

X s /! N
i j Y

i ¢ ‘; f - l
- O / L
! / .
- 5 (' g
[ / / ;j CT
[ / / I

N @/ - b

: / / K

aaad s sl s Laag LIAAJIIIIL S

| ¢ :

= "

- / 4

a / -
J U U U U U

s 1 1 1

1

L

a1 Al

Loa 1 1 1

i1

-

-

=

-

.40 -.3% -3 -.2% -.20 -.15 ~-.10 -.05

GH.SH 0.0327. 0.1632. 0.1632

Ficure JZa

.10




r"'—‘

iy

GM

VTVT';['[f]l]‘fTT]I‘[I

0.92. 0.74.16.60.10.10, 0.08,0.00,0.00

> o~ ————— -

TT

7

/

F———n

(3] \ﬂ'

lIIerY'T"]j‘T]‘r"]"TY"TTl‘:

-

Yy

T\

~

'
!
i
i

\9|
s i s ba g aadlaagaa b e a i il aaad e gl i

‘IIYYT_TTVTTTI"j'

{

[

'IfT

—INF Y L INF.

—INF -1 — N Y

ey e

¢ —3
p
A

A

1

PR W U Y S S N

1 4 1

4

J '

--2d

f I S S W S

¢ ——————
A

1

A

-.40 -.35 -.30 -.25 -.20 -.15 -.10 -.0% 0 .0% .10
GH.P/E 0.0327. 0.1632. 0.0000. 0.1632
Figure 2w




119

0.92. 0.74.16.60.10.10. 0.08.0.00.0.00

71T‘rT|ITIIYIT]T_TYT]'YIIT]Yj‘T[TTTYYWYTﬁITYIIWTY'Y
-1

T

_sl
g l}

171 7T 17T 77
‘all
i‘\\\
’_[-'.%?'_ =-7-
U VU U W U W U S S U

1

T
= W &
A

¥y v 17 v 17T
-“3,'—.'"
-

T

T 7

-y

L

.
4

-

T TU PR TE FTTUE WO UR Y BRI WITE WIS Iy A W

0
.40 -.3% -.30 -.25 -.20 -5 -.10 -.05 0 .05 10

SR ~

GH w2 0357 L e Tede D ‘el




rw—'

0.1632

O
(@]
[®]
(@]
(@]
(@]
®
(@]
o -
- 1° 3
.r (@]
o #
. ™4 -
ol 1o 3 =
p ©
O.T 1_o
O 107
o[ N
= b -4 o
- o o
~ F {e v
. "o {
oﬁ- - u- ;
P d
- ™
~ F {8 ° A
o ' {
ol ] |
- 13

- .

0
A A A L oa a2 4 )2 s s b aaaad a2 adaaaa by adaaaalaaaslasararloO
” (3 (=4 ““ o [\ o [ 3] o n o ¢
- - (3] ~N ~N - - o
8-WI




—p—

M

0.92, 0.74,16.60,10.10. 0.08,0.00,0.00

v1771lvi11111![v1r1r1vtvyvvvrTY—rt*r—r'vrTIv'Wv||VIVTr
o - p
’I-H
e !. -l
o ‘ d
- —
- -
- —e‘ -
S !‘ 4
- ' ]
- |‘ “1
L T; .
"
b o e
b - ! -
S ( -
- 1>
[}
L .
P
Iy
- > -4
-
t -
J -
Ly
- _ -
R -
— ’ )
5\\ -
- — .
- — I
’ /
L \
K 4
-
Llllliljlllll_l_llllllll_LlllJLllllLlllllllx_L

o]
n
o

40 -.3% -0 =-.2% -.20 -.1% ~-.'0 -.0% 0
GH.U2 0.0327 0.1632 1.0288. 0.1632




0.08.0.00.0.00

0.74,16.60.10.10,

0.92,

-

-

IR ASSALRARREREAREREREREIEE R
boNf—
_v,_//

"

dlﬁﬂ<dqi<lj

b-PPb-PLPP._P—hn-nn--_-P.P-P»-\»—Ppr-bhnkb+-phn

.

-.04

A

R

[ 2
<

OSSN T W S |

[=4
-

4]
™

o
™

n
[y ]

WO

o
N

()]

-

o

-

g

o

-.02 -0 .01 .02 .03 .04 .0%
0.1632. 0.0288. 0.1632

-.03

-.0%

0.0327

GH, U2

4h

Figure

-l




it

— e gy

L e a— b e

- .

123
0.92. 0.74,16.60,10.10. 0.08,0.00.,0.00
-o vTrvyw ] LA BB |r—1 v Vjﬁ 'T_T] LA ]’TY 1 r1 TV 7T ¥ rl 1T v ¥ ‘TJIPI'II L 3L
- LI
.8 il -
. _ BT 1
6 - I 7
- zil 1
4 o =
- Flamy -
2 F ° -~ fﬂ ﬂ
i \ Al 1
.0+ K
L \ LB j
.8 e i I r;'|37 7
= \ _ _[|t| -y
L : Sl
@ -6 | \ \ 511" .j
5 4 ‘ I,-‘nl.,-' -
' \ ] i
= tl—
2k . |2l

1

|
t
R
%0
— 13
=S
TR N e |

T T T 7
1
[}
.18
:-3‘.7”5:
I
| G

T L4 r'
\E
-1

L 1 &

s o a lat et e s sl aga b aaata el laa gty

.40 -.3% -.30 -.2% -.20 ~-.1% ~-.10 -.05 0 .08 .10

GH.V2 0.0327. 0.1632. 0.0288. 0.1632

Ficure 3a




0.08.0.00.0.00

0.74,16.60,10.10,

1
i d i
GH. V2 0.0327

92.

0.

.0%

—nrl_lﬂdiqlﬂdqiiqduilddﬂdd-qﬁj—wdddﬂﬁ-QGGdqdddddd
boai—

_:‘—/I
- ..):I/
|||n|f!ln1lflm- .
o —~ - -
- — - — _,. s T - -
«Ill-a)l!~!lr-~ -
b — e __ 0T T -
T
T U0 — = —e0 s — = —go - — — g0 = g T
.vl.._u_, [R5 1134 L1IA— R
e ST —
vﬁlloalll\l‘ 05 o \\\\,\\\\.\ \ i
— 7 N o
ﬁ. e 101.
I.l\\\_
F— { °
2 ©
- - ®
= \ 10 «~
\ 0 o
d 2 - o o
-
=
b}
~ \ 10” oL
el
3 L L.
(@]

1T
|
h)|

3

[ .
d 1

-.03

1 -
I A
aadalaasaaldaaaasldlasaataaagd aaaadaaadosaaadoaaaalosaasa

g ¢ ¢ ® & & 8% ®© =2 g °

-.04

.0%




' A

——— - .~

125

0.92. 0.74,16.60,10.10, 0.08.0.00.0.00

3.0 YTy Ty rr T ey rrrrryrrrryrrrrrprrryryerrreey
! ] \ l
2.0 + { \ - |
o ! ) t -
2.6 IS \ | "-_
I I \ | [
\
2.4 / \ - |
: L :
2.2 x ; w | i
- / | I v
2.0 \ / |
- g «
1.8 2 / ® '; ‘ |
s / / / 1
1.6 / @ - l\ “'I ~
- S ! \ -
I / IV N
1.4 L J , \ [
s / / f
'¢2 L , // , - N\ 1
-/ J | Ta
/ / |
1.0 / !
’ 7 - .
.9 R-S 3’ '/ Lot
s \/1\ / j
[ Y o / -8
. &/ \‘, ,
a A ;
" = 7/ / 2
-/
P——p1 A /
2k 7\\" .
- [y %I
0 Minnl;llllnlLJlL(n;L;
-40 -.3% -0 -.2% -~.20 -.1% -.10 -.0% 0 .08
SN SH. P
Ficure 6

[ -

— ]

Sk Sn
d_"__._{d__’_——-—ld
L s 1 a2 1 s 1

n

d
[P B I I T S W 'S

sn
24
L4

j U U Y

A

A

.10



126




127

25 U20.1E-020.2 0.5 0.7 1

t ﬁ
- / ® p

/‘ / /
. e Q/ p
B »/e/% / o/ /—]
f o ayrd P ]
i ‘// /c//" // .




0.92. 0.74.16.60.10.10, 0.08, 0.1000

LA | T 7 v ] L

GM
-

GH.SH 0.1224 0.1632-0.3000. 0.1632

Figure 9




GM

0.92, 0.74,16.60.10.10, 0.08, 0.1000
LR B T 0 v T
P
}-
L
b
‘2,\
- \_2'5\
b P o7

i / '

= ‘ /\ ‘|: -

s /" - ] ,r}t -
A SR W 4 . | 1\ Jd [ G G SN T | | S S

-6 -5 -4 -3 -2 -1 0 ] 2 3 4 s 6

GH.P/E 0.1224 0.1632-0.3000. 0.1632

Ficure 10a




GM

-1

130

0.92. 0.74,16.60.10.10, O

.08,

0.1000

LAY LA

[ § L]

-
.

)

-

<

)

14 L

-

—_9 s
- -y
- -4
— -
- \' @
>\\\\\
r ~>\ -
- . ‘\% -
Q‘c?%
[ N
- p
AN
- e

i A a1 4 14 1 i i O W 1 1 A AL
-6 -3 -4 -3 -2 -1 0 1 2 2 4 ] [
GH. U2 0.1224 0.1632-0.0184. 0.1632

Figure 10b




GM

13]

0.92. 0.74,16.60,10.10, 0.08, 0.1000

v T v j’ v l ] B 1‘7 TI l' T j A T
5 k " |
1 , ? h 8
‘T \ \\\ / / )
3k \ /‘
- , // .
2 / A
- “
1 b -
! )
< §—
i — &, z
o r s -1

ot i{ a\\
B \%

L]
InF

-3
-6 N T B Ve N e N Y| P N U U Y l\\l )
) -5 -4 -3 -2 -1 0 1 2 3 4
GH.V2 0.1224 0.1632-0.0184. 0.1632

Fiture 11a




0.92. 0.74,16.60.10.10, 0.08, 0.1000

L r T T

GH.W2 0.1224 0.1632. 0.1632

Figure 11b




v

-

GM

-4

0.92. 0.74,16.60.10.10, 0.08, 3.0000
AIMALAYLANA B WD SHA N LN SRR O SRR AN | S G SEN SN AL AR BN S S
LV v v l / )

VoL .
- 4 .
r -y
" i
L 4
L -—
-
r— ™~
- ‘os -
- \\ —J
. N J
AN
\
i N N
g "\ Ky
- \ \ ]
L \ \ 4
\
- \‘ \ -
‘“\ \ -
\s__g\ \ \
- \‘ \ ',\
= A\ \ \
g - P \ e \
b . -
|3 \ \ i
- N e \ \ .
| N L
4 1 i i O L i P & S R T o N U | l\+ J“‘J
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 (Y
GH.SH 0.1224 0.1632-9.0000. 0.1632

Plooare 1)




iy

0.92, 0.74,16.60.10.10, 0.08,

3.0000

T B 1 1 T 1 T 1 AN Al 1 T

T T 1 4

4 2 "\‘ 1
-5 -
o -

PR U TV T SO U STU S S SR i
-6 -5 -4 -3 -2 -1 0 1 2 3 4 [

GH.P/E 0.1224 0.1632-9.0000. 0.1632




1135

3.0000

0.74,16.60,10.10, 0.08,

0.92.

4 B AR i R

T T

G

1

i}

-

-

1 g
-1
GH. U2 0.1224 0.1632-2.9184.

A

1

A

| A |

0.18632

1 3h




GM

0.92, 0.74,16.60.10.10. 0.08, 3.0000
6 T LENRAJED EELSS B SN S U S S AR SN A S
L /‘ ,/d
~
. / ’
] \ / / /7
3 * : / A
\ - X SR 7%
4 -\ / ','l \I/: f
L AV 2
LA Y R
IR “~. S 0S A
N “,t " - 7/,-\/s '14
. .
N / i

1
-
1
~
- B
-‘ o= -
! ~ : % q
-5 | -
s ]
-0 S T SR S G S | IR W O W S SR VI U SR § | R U WY
-6 -5 ~4 -3 -2 -1 0 1 e 3 4 -] 6
GH. ¥2 0.1224 0.1632-2.9184. 0.1632

Fivare lan




137

0.92. 0.74.16.60.10.10, 0.08, 3.0000

6 "Y T v f T j k4 { TiT F [‘T-'rﬁl'j | T T
R
5 .
L 4
4 d -
b 3 J
.
2 —
| : n
v b ‘I i
: °T -
} 1 ]
- ! -
‘T
- | -
|
-2 % ! -
1 -
s | 4
i
-3 F ~
| i )
-4 .
| N .
-5 L -
- 1
-6 U S 1 i TR B o Jdl { 1 L j ST S S Y
-6 -5 -4 -3 -2 -1 0 1 2 3 4 ] (]

GH.W2 0.1224 0.1632. 0.1632

Fioure 14h




e - = ——— -

138




In proceedings, International (onf. on Development and Application of
Computer Techniques to Environmental Studies, November 1986, Los Angeles,
CA, USA.

THE RBEGIONAL ATMOSPHERIC MODELING SYSTEM
C. Tremback. G. Tripoli, R. Arritt, W.R, Cotton and R.A, Pielke

Department of Atmospheric Science, Colorado State University,
Fort Collins, Colorado 80523

INTRODUCTION

The numerical atmospheric models developed independently under
the direction of William R. Cotton and Roger A. Pielke have
recently been combined into the CSU Regional Atmospheric
Modelling System (RAMS). RAMS is a general and flexible
modelling system rather than a single purpose model. For
example, current research using RAMS includes atmospheric
scales ranging from large eddy simulations (Ax ¥ 100 m) to
mesoscale simulations of convective systems (Ax = 100 km).
This paper will discuss the options available in RAMS, the
engineerir.z aspects of the system and how the flexibility is
attained.

RAMS OPTIONS

RAMS is a merging of basically three models that were designed
to simulate different atmospheric circulations. These were a
non-hydrostatic cloud model (Tripoli and Cottonl) and two
hydrostatic mesoscale models (Tremback, et gl.z and Mahrer and
Pielked). Because of this, the modelling system contains many
options for various physical and numerical processes. These
options are listed below.

1) Basic equations:

Option 1 - non-hydrostatic time split compressible,
(Tripoli and Cottonl).
Option 2 - hydrostatic time split compressible or
incompressible, (Tremback et al.2).
Option 3 - quasi-hydrostatic incompressible,
(Song et al.4),
Option 4 - hydrostatic incompressible,
(Mahrer and Pielke3).
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2)

3)

4)

5)

6)

7)

8)

9)

Dimensionality:

1, 2, or 3 spatial dimensions.

Vertical coordinate:

Option 1 - Cartesian
Option 2 - sigma - 2

Horizontal coordinate:

Option 1 - Cartesian
Option 2 - latitude/longitude

Grid stagger:

**Arakawa - C grid’’

Finite differencing:

Option 1 - leapfrog on long timestep, forward-backward
on small timestep, 2nd or 4th order flux
conservative advection.

Option 2 - forward-bw kward time split, 6th order flux
conservative (Tremback et al.>) or cubic
spline advection.

Turbulence closure:

Option 1 - Smagorinsky - type eddy viscosity with
Richardson number dependence.

Option 2 - eddy viscosity as a function of a prognostic
turbulent kinetic energy.

Option 3 - eddy viscosity from O’'Brien profile function.

Condensation:

Option 1 - grid points fully saturated or unsaturated.

Option 2 - Kuo - type convective parameterization.

Option 3 - Fritsch/Chappell - type convective
parameterization.

Option 4 - no condensation.

Cloud microphysics:

Option 1
Option 2

Option 3
Option 4

warm rain processes, (Tripoli and CottonS),
option 1 plus gristine erystals and graupel,

(Cotton et _al.
option 2 plus aggregates.
no microphysics.
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10) Radiation:

a. Shortwave:

Option 1 - parameterization described in Chen and

Cotton8.
Option 2 - parameterization described in Mahrer and
Pielked.
b. Longwave:
1 Option 1 - parameterization described in Chen and
Cotton8.

Option 2 - parameterization described in Mahrer and

Pielke3.

11) Lower boundary

Option 1 - specified surface temperature and moisture
values or fluxes with surface layer
similarity parameterization.

Option 2 - surface values obtained from surface energy
balance using a prognostic soil model,
(Mahrer and Pielke3d),

Option 3 - modified form of option 2 with prognostic
surface equations, (Tremback and Kessler9).

. Option 4 - option 2 or 3 with vegetation
parameterization, (McCumber and PielkelO),
b 12) Upper boundary conditions:

Option 1 - rigid wall.

Option 2 - gravity wave radiative condition.

Option 3 - Raylegh function layer.

Option 4 - prognostic surface pressure (hydrostatic

Option
Option
Option
Option

Option

F-7 S ]

options).

13) Lateral boundary conditions:

Klemp/Wilhelmson radiative boundary.
Orlanski radiative boundary.

Klemp/Lilly radiative boundary.

option 1,2, or 3 with a ''mesoscale
compensation region’’ (Tripoll and Cottonl),
Perkey and Kreitzbergll sponge boundary
condition when simulation is run with
non-horizontally homogeneous initial
conditions.

14) 1Initialization:

1 Option 1 - horizontally homogeneous.
Option 2 - option 1 plus variations to force cloud

initiation.

Option 3 - NMC data and/or soundings objectively

analyzed on isentropic surfaces and




interpolated to the model grid.
Option 4 - NMC data interpolated to the model grid.

As one can see, RAMS is a versatile modelling system. It has
been applied to a variety of weather phenomena including:

a) towering cumuli and their modification

b) tropical and mid-latitude cumulonimbi

¢) mountain slope and valley circulations

d) orographic cloud formation

e) marine statocumulus

f) mountain wave flow

g) large eddy simulations of power plant plume dispersal
h) mountain generated convective systems

1) mid-latitude convective systems

J) mesoscale transport and dispersion

k) low-level Jjet simulations

1) atmosphere - soil/vegetation interactions
m) sea breeze simulations

ENGINEERING ASPECTS

Because of the large number of options in RAMS, the structuring
of the code needs to be carefully considered. This section
will discuss various aspects of the code structure of the
system.

Pre~processor The code of RAMS is written in as close to the
FORTRAN 77 standard as possible. However, with a program as
large as this, the FORTRAN standard is lacking in several
features such as global PARAMETER and COMMON statements and
conditional compilation. To remedy these insufficiences, the
RAMS code takes advantage of a pre-processor written as part of
the RAMS package. This pre-processor then produces standard
code which can be then compiled on a FORTRAN 77 compatible
machine. The pre-processor itself is written in the 77
standard so that the package as a whole is highly portable. It
takes full advantage of the character features of FORTRAN and
has executed successfully on a number of machines including a
VAX, CRAY-1, CRAY-XMP, and CYBER 205 without modification.

Some of the features of the pre-processor are described below:

1) By including a character in the first column of a
line of code, that line can be ''activated’’ or
'"eliminated’’ from the compile file., This allows
for conditional compilation of single lines or
entire sections of code.

2) A pre-processor variable can be set to a value. This
variable can then be used in other expressions
including a pre—-processor IF or blcck IF to
conditionally set other pre-processor variables.
These variables also can be converted to FORTRAN
PARAMETER statements which can be inserted anywhere
in the rest of the code.




3) A group of statements can be delineated as a
'*global’’ which then can be inserted anywhere in the
code. This is very useful for groups of COMMON and
PARAMETER statements.

4) DO loops can be constructed in a DO/ENDDO syntax.,
eliminating the need for statement labels nn the DO
loops.

I/0 structure For those machines with limited central memory
and a ‘‘non-virtual’’ operating system or for efficiency on
virtual systems, RAMS is constructed with a disk I/0 scheme.
When the scheme is operating, a subset of the model’s three-
dimensional variables will reside in central memory at any one
time. Computations then can be performed with this subset.
When these computations are finished., a new subset of three-
dimensional variables are requested and computations performed
with these. The RAMS structure, thus, is dependent on this I/0
scheme and consists of a series of calls to the I/0 scheme then
the routines wi:ich do the calculations.

Modularity For flexibility, RAMS is written as modular as
possible. Each individual physical parameterization or
numerical process is put in a separate subroutine so that the
routines can easily be replaced for different options or with
new developments.

Computational routines The routines that do the actual
computations for the model are written so that the implementor
of a new or replacement routine does not need to be concerned
with most of the details of the rest of the model computations.
All three-dimensional variables are '’passed’’ to the
subroutines through the call statement with other variables
passed through COMMON. The implementor then has the
flexibility to structure his routine in whatever manner he
wishes to produce the desired result. This concept will also
make the implementation of routines from other models and
programs easier with less modification required.

CONCLUSION

RAMS has been developed at Colorado State University to provide
a general and flexible framework for many scales of atmosheric
flow simulation. A pre-processor is used to extend the
capabilities of standard FORTRAN while the structure of the
model allows the implementor much freedom in the developing of
individual portions of the model.

RAMS is a research tool and, as such, is not a.static
program. Some of the developments planned for the system in
the near future are two-way interaction nesting capabilities
and sixth order leapfrog advection.
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