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ien
eThe University of Western OntarioLondon ON N6A 5B7Abstra
tEvents su
h as atmospheri
 gas dispersion by in-dustrial a

idents or pro
esses are generally pre-di
ted with Gaussian plumes, 
oupled with lo
almodels of gas emission. In this 
ontribution weinvestigate the asso
iation of integral models ofinstantaneous emission with Gaussian dispersionpro
esses, for predi
ting the progression of poten-tially hazardous low-altitude emissions over sensi-tive or populated areas. In parti
ular, we developan approa
h whi
h a

ounts for dynami
 wind bymeans of gas plume fragmentation and parallel es-timation of gas dispersion.1 Introdu
tionBe
ause of its simpli
ity, the Gaussian dispersionmodel is often used for predi
ting the progression ofatmospheri
 gas plumes [1, 4, 8℄. This model relieson a number of hypotheses to determine the pathand spread of plumes, the most fundamental stat-ing that the dispersion must be passive, whi
h isequivalent to 
onsidering the gas density as roughlythe same as that of the surrounding atmosphere.Before rea
hing the stage of passive dispersion,initial 
onditions of gas emissions are often ad-dressed di�erently, as various gases may have den-sities di�ering from ambient air (depending onmole
ular weight, temperature, altitude of emis-sion, and so on). Failing to 
onsider su
h parame-ters in the early stages 
ould result in 
onsiderablepredi
tion errors, either in 
on
entration levels orgeographi
al spread.The use of Gaussian dispersion models requirethat terrain be free of signi�
ant obsta
les su
h asskys
rapers or mountain ranges, or that the alti-tude of the emission sour
e be suÆ
iently high toignore obsta
les. Other hypotheses in
lude the ab-sen
e of atmospheri
 turbulen
e, and gas densities

whi
h minimize the e�e
t of gravity on the plume.Under su
h 
onditions, the dispersion results areusually 
onsidered 
orre
t from approximately 100meters from the emitting sour
e and beyond [2℄.Hen
e, in our low-altitude emission framework,the sole use of a Gaussian dispersion model is
learly inadequate. A lo
al emission model for thesour
e is required, and we adopt the integral modelas an instantaneous emission sour
e, providing theinitial 
onditions for the Gaussian dispersion simu-lation. An additional hypothesis pertaining to theintegral model requires that gas dispersion be rel-atively signi�
ant, generally in the order of a fewm3s�1. A gas 
loud following an integral modelevolves at very small spatio-temporal s
ales when
ompared with the mu
h larger dispersion s
ales in-herent to a Gaussian model. However, the integralmodel is required, if only to provide the dispersionpro
ess with adequately realisti
 initial parameters.The integral model employs a sta
k of 
ylinders,des
ribing volumes (or pu�s) 
ontaining gas parti-
les. These pu�s are updated through an iterativepro
ess until they rea
h the density of surround-ing air. Ultimately, pu�s with su
h densities areinje
ted in the sta
k of the Gaussian model, forlarge-s
ale dispersion 
omputations to begin.To 
ombine the integral and Gaussian modelswhile preserving a relative 
exibility, we 
hoose anapproa
h in whi
h both models share 
ommon envi-ronmental parameters, operating over a dis
retizedgrid map des
ribing dynami
 atmospheri
 and ter-rain 
onditions. At ea
h iteration, the 
ombinedmodel updates the environmental 
onditions andthe 
hara
teristi
s of emission sour
es, and inje
tsgas pu�s in the integral or Gaussian model. Re-sults are expressed as 
on
entration and dispersiongrids over the region of interest.



2 The Integral ModelOn
e a dense gas is emitted, it enters a gravity
ow stage where it 
ollapses under its own weightfor a period of time, until the ensuing entrainmentof air (and possibly heating by solar radiation) di-lutes the gas suÆ
iently to enter a passive disper-sion stage. At this point the 
loud forms a layerwhi
h is in 
onta
t with the ground. Air 
ow thenbe
omes the dominant fa
tor involved in the dis-persion of the 
loud. The gravity 
ow stage foran instantaneous gas emission is generally modeledwith a verti
al gas 
ylinder whose properties, su
has the atmospheri
 entrainment of air it 
reates,dimension, temperature, volume, and density maybe estimated over time with the integral model.
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Figure 1: Collapse of gas 
ylinder under various envi-ronmental and gravitational e�e
ts.The radius of the 
ylinder 
orresponding to theinstantaneous emission is expe
ted to grow, as thegas 
loud 
ollapses under gravity. As this pro
esstakes pla
e, the di�eren
e between the air and thegas densities diminishes to rea
h a point in timewhen the radius of the 
ylinder be
omes stable [9℄(at � = �a)1: R0 = KrgH �� �a�a (1)The total mass of air entrained by the gas 
loud,whi
h signi�
antly 
ontributes to its dilution,1A 
omplete des
ription of the variables and their unitsis given in Appendix A.

evolves in time at a rate given by:M 0a = ��a�R02�1HR+R2�2 UtR1� (2)The entrainment of air is a fun
tion of the areasof the edge and top of the 
ylinder, as well as thespeed of turbulent air.The temperature of the 
loud is in
uen
ed byvarious fa
tors, the most signi�
ant being the tem-perature of the ground (Q1) with whi
h the gas isin 
onta
t with, and the temperature of the sur-rounding air (Q2):T 0 = Q1 +Q02MaCa +MgCg (3)It is assumed that turbulent 
onve
tion is themeans by whi
h heat is supplied to the gas fromthe ground: Q1 = �3 (T � Ts) 43 (4)The heat transfer between the air and the 
loud isexpressed as: Q02 =M 0aCa (Ta � T ) (5)From previous equations, we 
an derive the vol-ume, height, mean 
on
entration and density of the
loud: V = Ma +Mg� (6)H = � VR2 (7)C = MgV (8)� = T (Ma +Mg)T�1a �Ma�a + Mg�g ��1 (9)The integral model is adequately suited fordense gas dispersions until the di�eren
e in gas andair densities be
omes negligible. At this point, themodel provides the initial parameters to a passivedispersion 
al
ulation, su
h as that 
arried out bya Gaussian model.3 The Gaussian ModelThe simplest form of atmospheri
 dispersion is pas-sive. Nonetheless, determining the standard de-viations for the Gaussian model in realisti
 
ases



wind solar radiation (W m�2)m s�1 � 925 925-675 675-175 � 175< 2 a a b d2� 3 a b 
 d3� 5 b b 
 d5� 6 
 
 d d> 6 
 d d dTable 1: Daytime atmospheri
 stability 
lass as a fun
-tion of wind and solar radiation.wind 
loud 
over (in %)m s�1 � 50 < 50< 2 f f2� 3 e f3� 5 d e> 5 d dTable 2: Nighttime atmospheri
 stability 
lass as afun
tion of wind and 
loud 
over.remains a 
omplex and experimental problem. A
-
ording to Pasquill's experiments [5, 6℄, the initialstandard deviations �y and �z (the 
rosswind andthe verti
al dispersion 
oeÆ
ients2, respe
tively)for the Gaussian model 
an be 
omputed as:�y or �z = axb + 
 (10)where x, the distan
e from the sour
e, is expressedin km. Values for parameters a, b, and 
 are ob-tained from Tables 3 and 4, a

ording to six at-mospheri
 stability 
lasses, from a (very unstable)to f (very stable). The values of these parametersdi�er whether �y or �z is 
omputed. Atmospheri
stability depends on fa
tors su
h as wind speed,in
ident solar radiation, 
loud 
over, and possiblyground roughness at low altitudes. Tables 1 and2 give the atmospheri
 stability 
lass as a fun
tionof wind and solar radiation for daytime and as afun
tion of wind and 
loud 
over for nighttime.On
e �x, �y , and �z are 
omputed and the simu-lation is ongoing, 
on
entrations may be estimatedat a given time step with the following Gaussian:C = M(2�) 32 detS� exp��12[S�1(x� x
)℄TS�1(x � x
)�(11)2Pasquill assumed �x = �y, whi
h is a reasonable hy-pothesis for 
rosswind dispersion.

x � 1km
lass � a b 
a �y 0.215 0.858 0.00�z 0.467 1.890 0.01b �y 0.155 0.889 0.00�z 0.103 1.110 0.00
 �y 0.105 0.903 0.00�z 0.066 0.915 0.00d �y 0.068 0.908 0.00�z 0.032 0.822 0.00e �y 0.050 0.914 0.00�z 0.023 0.745 0.00f �y 0.034 0.908 0.00�z 0.014 0.727 0.00Table 3: Standard deviations a

ording to Pasquill'satmospheri
 stability 
lasses, for passive dispersionsunder 1 km [6℄.where S = 0� �x 0 00 �y 00 0 �z 1Ais the matrix of dispersion 
oeÆ
ients. Con
entra-tion is obtained at x = (x; y; z)T while the 
enterof the Gaussian is lo
ated at x
 = (x
; y
; z
)T . Asthe wind pushes the Gaussian 
loud, its 
enter isupdated with the prevailing wind velo
ity ve
tor u.In addition, the distan
e x from the sour
e to the
enter of the Gaussian 
loud is re
omputed as3:x = ��x � 
a � 1b (12)This des
ription of the Gaussian model a

ountsfor one instantaneous emission of gas only. Asour
e emitting in a 
ontinuous fashion must bemodeled di�erently. The instantaneous integraland Gaussian models 
an be extended to in
ludeseries of instantaneous emissions over time, ea
hemission at time ti possessing its own mass of gasMi. Hen
e, in order to simulate a 
ontinuous emis-sion, the integral model is �tted with a gas 
ylin-der sta
k while the Gaussian model re
eives a pu�sta
k. Ea
h new emission is pla
ed in the gas 
ylin-der sta
k, where the simulation begins. When a
ylinder has rea
hed relative stability, its param-eters are fed into the pu� sta
k of the Gaussian3The initial dispersion 
oeÆ
ients for the Gaussian areprovided by the integral model after the gas 
ylinder has
ollapsed. Hen
e, the position of the sour
e is said to bevirtual, as it does not re
e
t the position of the gas 
ylinder.



x > 1km
lass � a b 
e �y 0.050 0.914 0.00�z 0.148 0.015 -1.126f �y 0.034 0.908 0.000�z 0.031 0.306 -0.017Table 4: Standard deviations a

ording to Pasquill'satmospheri
 stability 
lasses, for passive dispersionsover 1 km [6℄. Standard deviations for 
lasses athrough d are as per Table 3.model, where it is left to develop a

ording to pre-vailing environmental 
onditions. The resulting setof instantaneous emissions forms a plume governedby passive dispersion.These models are obvious simpli�
ations of en-vironmental reality whi
h entails more 
omplexphenomena su
h as ground re
e
tion, absorption,roughness, and parti
le fallout [2℄.4 Pu� FragmentationThe Gaussian model, when used to predi
t 
ontin-uous emissions, possesses a relative adaptability asea
h pu� evolves with respe
t to its lo
al environ-mental 
onditions, provided that these are avail-able on su
h a lo
al s
ale. Over time, the s
aleof Gaussian pu�s in
reases to a point where atmo-spheri
 
onditions within their extent may vary sig-ni�
antly. To a

ount for su
h variation, an e�e
-tive approa
h 
onsists of fragmenting large Gaus-sian pu�s into smaller ones, while preserving theproperties of the plume, su
h as spread and 
on-
entration. The original Gaussian pu� prior to thefragmentation is represented by an ellipti
al sphere.We use a hexagonal sphere pa
king s
heme to 
re-ate a group of ellipti
al spheres, ea
h a Gaussianpu� with a distribution as 
lose to the originalsphere as possible. This fragmentation ensures aminimal number of ellipti
al spheres with relativepositional symmetries. Figure 2 shows su
h a frag-mentation.This pro
ess results in a 
entral pu� 
ontaining21.81% of the initial gaseous mass with the remain-ing 12 pu�s 
ontaining 6.52% ea
h. The dispersion
oeÆ
ients �x; �y , and �z from ea
h of the 13 pu�sare set to 23 of the initial 
loud 
oeÆ
ients. Figures3, 4 and 5 show the positional symmetries of thesphere pa
k.

Figure 2: The fragmentation of a Gaussian pu� intosmaller pu�s. A 
ompa
t hexagonal pa
king of 13Gaussian pu�s repla
es the original one. The 
entersand standard deviations of the resulting pu�s are 
hosento minimize the di�eren
e in gas 
on
entration observedwithin the larger pu�.
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Figure 3: The positional symmetries of the top layerpu�s starting at the bottom 
enter of the initial 
loud.5 ParallelizationFrom a 
omputational standpoint, the 
ombinedintegral-Gaussian model with pu� fragmentation isdemanding, parti
ularly when the number of Gaus-sian pu�s be
omes large. Fortunately, the modellends itself rather naturally to parallelization.A number of observations 
on
erning the 
har-a
teristi
s of the 
ombined model 
an be made:during a simulation, the integral model is in use forwhat amounts to be a small duration per emittedgas 
ylinder, owing to rapid 
ollapse and dilution.In 
omparison, the Gaussian model is 
omputation-ally 
ostlier, due to the number of Gaussian pu�sfed to its sta
k by the integral model, the durationof ea
h pu� (hours, perhaps days), and parti
u-



Figure 6: a) (right): Classi
al plume progression from a 
ontinuous emission sour
e. b) (left): Plume progres-sion with Gaussian pu� fragmentation. Di�erent traje
tories under identi
al wind ve
tor �elds are experien
ed.

Figure 7: (from left to right): A Sequen
e of images showing the Gaussian pu� fragmentation, o

urringat pu� radii rea
hing 500 m. a) The initial pu� progression. b) The �rst fragmentation o

urren
e. 
) Theprogression of the resulting pu�s. d) The se
ond fragmentation o

urren
e.larly the pu� fragmentation me
hanism, whi
h ex-ponentially in
reases the number of pu�s enteringthe simulation. In addition, one of the most de-manding pro
esses is the 
al
ulation of estimated
on
entrations over grid maps.Consider a 
ontinuous gaseous emission lastinga total time T = N1t, with a Gaussian pu� emit-ted at every t. The total number of pu�s, withoutfragmentation is thus N1. If we assume that ea
hpu� is fragmented n times, then N , the number ofGaussian pu�s in the simulation is:N = N1 nXi=0 P i (13)

where P = 12. For instan
e, if 1000 initialpu�s are released, after 4 simultaneous fragmenta-tions, the number of pu�s in the simulation rea
hes22,621,000. In addition, numerous 
on
entration
al
ulations must be 
arried out for ea
h pu�, andthe amount of these in
reases as the extent of thepu�s be
omes larger. A monopro
essor ar
hite
-ture is 
learly inadequate for long simulations su
has radiologi
al emissions and vol
ani
 phenomena,whi
h may last for days.An adequate parallel ar
hite
ture for the paral-lelization of the 
ombined integral-Gaussian modelis a shared-memory, multipro
essor ar
hite
ture al-lowing 
omputing units to share one instan
e of the
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Figure 4: The positional symmetries of the middlelayer pu�s starting at the bottom 
enter of the initial
loud.
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Figure 5: The positional symmetries of the bottomlayer pu�s starting at the bottom 
enter of the initial
loud.grid map of the region of interest, while ensuringan adequate distribution of the 
omputation of dis-persion and 
on
entration. For instan
e, the pu�s
ould be evenly distributed among available pro-
essors in a natural fashion ea
h time they are in-trodu
ed in the simulation. In the 
ontext of thepre
eding example, a multipro
essor ar
hite
turewith 210 available 
omputing units would, at thepeak of the simulation, redu
e the 
omputing loadfrom 22M pu�s to 22,091 per pro
essor, whi
h isan a

eptable 
omputational burden.6 ExperimentsSimulation experiments were 
ondu
ted over an el-evation grid map of the Sarnia region in Canada.Elevation is 
olor-
oded from yellow (low eleva-tion) to orange (high elevation). The Gaussianpu�s forming the gaseous plumes are displayed

with transparen
y fa
tors unrelated to 
on
entra-tion, in order to show their position. The extent ofthe displayed pu�s is a fra
tion of their dispersion
oeÆ
ients. These experiments are 
ondu
ted withaverage atmospheri
 
onditions, for 1.5 to 3 hoursof real dispersion time. Wind dire
tion is variablewith speed kuk2 averaging 1.5 m s�1. The gasemission Mg is set to 0:005 kg and o

urs at everyse
ond. The simulation time step Æt is set to 1 s.A list for the values of the remaining parameters
an be found in Appendix B.The �rst experiment, shown in Figure 6 demon-strates, under a spatially variable wind ve
tor �eld,the di�eren
e in gaseous progression between the
lassi
al integral-Gaussian plume model with andwithout pu� fragmentation. Figure 6a) shows thedispersion results when the extent of pu�s be
omessuÆ
iently large to be subje
ted to more than asingle, 
onstant wind ve
tor: the plume deviatestoward the dominant wind. However, as shownin Figure 6b), with a pu� fragmentation me
ha-nism, the traje
tory of the plume is 
onsonant withthe variation observed in the wind ve
tor �eld, re-sulting in an improvement in a

ura
y, whi
h stillneeds to be quanti�ed [7℄.The se
ond experiment, shown in Figure 7, is asequen
e of images showing the pu� fragmentationme
hanism. The blue region represents the emis-sion site, simulated with the integral model. In�gure 7a) the initial gaseous emission starts witha single Gaussian pu�. After a amount of timeinto the simulation, the largest dispersion 
oeÆ-
ient (�x, �y , or �z) rea
hes 500 m, and triggersthe fragmentation pro
ess. The resulting pu�s aredisplayed in Figure 7b). As time elapses, the pu�sexperien
e progression and in
reased extent (Fig-ure 7
)). Ultimately, the fragmentation pro
ess istriggered a se
ond time, as depi
ted in Figure 7d).7 Con
lusionAir dispersion modeling remains an elusively im-pre
ise bran
h of environmental s
ien
e [7℄. Inher-ent diÆ
ulties are numerous, among whi
h we �ndthe experimental evaluation of various 
riti
al pa-rameters, su
h as Pasquill's dispersion 
oeÆ
ients[6℄, or the mathemati
al 
omplexities involved withmodeling turbulent phenomena.We proposed a 
ombined integral-Gaussian at-mospheri
 dispersion model in
luding a me
hanismfor the fragmentation of gas pu�s. The immediate



bene�ts of this model reside in the qualitative im-provement in 
on
entration and spread predi
tions,at an in
reased 
omputational 
ost, whi
h may bealleviated with an adequate parallel implementa-tion on shared-memory, massively parallel 
omput-ing equipment.Improvements to this model in
lude the quan-ti�
ation of the gain in dispersion modeling a
-
ura
y, the in
lusion of light gases, and ade-quate model 
orre
tions for terrains with signi�-
ant slopes and obsta
les, in the 
ase of dense gasemissions.Referen
es[1℄ M. Benarie. Urban Air Pollution Modeling. MITPress, Cambridge, Mass., 1980.[2℄ European Pro
ess Safety Center. Atmospheri
 Dis-persion. Institution of Chemi
al Engineers, 1999.[3℄ F.A. Gi�ord and S.R. Hanna. Urban air pollutionmodeling. In Conf. of Int. Union of Air. Poll. Prev.Asso
., Washington, DC, 1970.[4℄ R. Ma
Donald. Theory and obje
tives of air dis-persion modeling. University of Waterloo, InternalReport, 2003.[5℄ F. Pasquill. The estimation of dispersion of wind-borne material. Meteorology Magazine, 90:33{49,1961.[6℄ F. Pasquill and F.B. Smith. Atmospheri
 Di�u-sion. Ellis Horwood Series in Environmental S
i-en
e. Chi
hester, West Sussex, 3rd edition, 1983.[7℄ J.S. Touma, W.M. Cox, H. Thistle, and J.G. Za-pert. Performan
e evaluation of dense gas dis-persion models. Journal of Applied Meteorology,34(3):603{615, 1994.[8℄ D.B. Turner. Workbook of Atmospheri
 DispersionEstimates: An Introdu
tion to Air Dispersion Mod-eling. CRC Press, 2nd edition, 1994.[9℄ A.R. Van Ulden. Simple estimates for verti
al dif-fusion from sour
es near the ground. Atmospheri
Environment, 12:2125{2129, 1978.A NotationThis se
tion provides de�nitions and units for parame-ters used in the 
ombined integral-Gaussian model.

C : gas 
on
entration (kg m3)Ca : spe
i�
 heat of air (kg J K�1)Cg : spe
i�
 heat of gas (kg J K�1)H : height of gas 
ylinder (m)K : Van Ulden's parameter (m)M : mass of pollutant (kg)Ma : air entrained by 
ylinder (kg)Mg : mass of gas in 
ylinder (kg)Q1 : heating by the ground (J)Q2 : heating by the air (J)R : radius of gas 
ylinder (m)R1 : Ri
hardson's numberT : gas temperature (K)Ta : air temperature (K)Ts : ground temperature (K)Ut : horiz. turbulent air speed (m s�1)V : 
ylinder volume (m3)g : gravity (m s�2)�1 : air entrainment by 
ylinder edge�2 : air entrainment by 
ylinder top�3 : gas thermal 
ondu
tivity (J K 34 )� : average 
ylinder density (kg m�3)�a : air density (kg m�3)u : (u; v)T wind velo
ity (m s�1)x : (x; y; z)T point of 
on
entrationx
 : (x
; y
; z
)T Gaussian 
enterB Experimental ValuesCa : 1000 J kg�1 K�1Cg : 2400 J kg�1 K�1K : 1Ma : 0:4 kgR1 : 1T : 300 KTa : 295 KTs : 293 KUt : 1 m s�1g : 9:81 Nkg�1�a : 1:184 kg m�3�g : 2:4 kg m�3


