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ROREWORD

Thig report wap prepared under ‘Pask 38 which was asaigned othe Navy Werthor Hesearch
Faelllty for the purpose of determiniag the meteorological sffect upon n poltsting wmnlevial res
leasod into the atmosphare within ports and harbora of ntevenst tc the Navy,

The publeation (nvestigaion the pollution potentinl fram shipe {6 Humplon Hoads, A aling«
lnr publication fur San DMego Harbor hag previcusly beon publishoty however, the present pos
port embodies rome more vecent developmenta in the ealeulations of nimosphoric diffusion,

A gonorul estimuie of the microcllmate of the Hampton Hoadw nrents presented, slnoe de-
talled data are not available on the microclimatie seales A complete mlvrocibnatic nvestl-
gaison on the thme and space variation of wind, temperature gradient, and precipitation within
this reglon would he extrensely complex and too ambitlous s tasl for the purpone of this report,
Consequently, thougl sieh a study may be dealrable, it has not begn it mpted, Avatlable moteg-
rological recosds fur the Hatmpton Roade reglon have been atiliged, and from thews dat, parame-
etors have boen choson which are vonsiderad sont unaful in evatuating the travel und dispersion
of eirborne material, 'Uhie effecis of thess prrameters ura digounned, and geners] summarles
of their diurnal, seasonul, and monthly chatnges have been prepared,

The oxtimates of tha dispersion of pollutant materials, released to the lower atmosphere
(to approximately 2,000 feet), are presented within the limits of our curvent knowledge on this
scale, However, the gonoral nature of the estimates of axtent and ground-level concentration
of the contamlinant leuve room for tmprovement, possibly by more detatied mateorologleal fn=-
formation or resesrch into the dispersion of materials on this scale of interest,

The order o presentution of the work differs from the usual and should be explained, U
ta customary In meteorological studies to begin with r detailod description of the site and Its
climatology, and then to show the algnificance of these fonturos {n terms of the problem, Thia
proesupposes conmiderable fumillarity with the subject and {s the actuatl order of the original
development of the work, However, the processes descoribed are not eapecially familiar, and
the significance of the climatelogical variations Is much clearer, if reviewed after an under-
standing of tha problem s assured,

Chapter 1 is intended to give the reader an {ntroduction to and hopefully an understanding of
the basic concepts in diffuslon meteorology, Chapter 2 deals with caloulrtions of the verious
diffusion patterns, using n hypotheticnl releame of 2 x 10" units, Chapter 3 prosents the clim
tology of the Hampton Rouds area, strossing the meteorologleal parametars most importan
from an atmospheric pollution atandpoint, Chaptor 4, the concluding section, specifieally dins
cusacs the pollution potential of Hampton Roads {rom the theory discussed {n chapter 1 and the
calculations and the deta presented {n chaptora 2 and 3,

The roport was agsemblod from currenat Weenture and exlrting data and wan written by
Mr, Roné V, Cormior, Assitunt Task Lender, under the supervision of ihe Task Leadsr,
Mr, John M, Mercer, who nlso ed{ted this publicntion,

This report has been reviewed and approved on 0 July 10684 by the undersigned,

-
ﬂ{/ AAMES L, KERR
Commander, 1, 8§, Navy
Offfcer in Charge
U8, Nuvy Weather Resenrch Foelllty

Rast Available Copy
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1. PRINCIPLES OF DIRRUSION

1.1 Tezrsport and Dilutien {18)

‘Tha diffusive capacity of the a'mosphere s
superimposed on the genaral air motions and
will affect any foreign matter injected into the
air, whether it is a amoke, gas, mist, or dust,
In order to understand the role of the atmos«
bhere in moving pollutants {t {s neccseary to
recognize that the two processes, trensport and
dilution, operate simultaneously, Tae general
direction that a pollutant will take ufter being
introduced into the atmosphere can ba estimated
with some precision from the genera. flow pat-
terns indicated on & synoptic chart, The direg-
tion, at any point, will change with thine ne the
large mcale weather aystems move and change
their intenaity, If, however, we scrutinize the
weather map in detall, through a mierosaope as
it were, amaller irregularities in the flow bes
come evidenty not only has the scale heen in
crensed hut more cbaervations have been used
te deliniate some of the irragularities, The
sharp diseontinuities in the wind field and the
small so called ‘“‘mono’ Aighe and fows , too
amallto be seen on the map of the entire United
Statos, now become visible, The systems ob=
served onthis scale have life spana onthe order

ofa few hours to less thun a day, If we now (n--

crease the magnification evan further, say look-
ing nta cigarstto, we would see that inthe space
of just a foot or lass, the amoke trom the clgn-
rette wouldtwist and turn {n responseto atmoa~
pheric motions as smallas aninch, or if we had
unusual visual ucuity, even less, Perturbations
of such small sive probably disappearin a mat~
ter of n fow acconds, 'This above progrossion
serves to {llustrate the increasing complexity
of the atmosphere e we rogard it inincraasing-
ly greatar detall,

The mixing of materinl withthe atmosphers
in caused almost entirel, oy what i called eddy
motion , which may be mechanical or thermal
fnorigln or due to both effecta tn combination,
Aneriometer records show that in ganoral, and
tapaclally inthe Jowsr luyers of the atmosphere,
the wind ia highly turbulent with the velocity on-
cilleting with periods varying from o fraction
aof u second Lo deversl minutes pnd with an on-
plttude which (s often 4 substantinl froetion of
the wverage wpewd, Similarly, direction tndica-
tors show {rregular oscillations sothatthe wind
veclor ta conxtantly changing not only from one
hsiant to anather hot also from one polnt 1

another, 'The eddles whieh glve rine to these
velocity fluctuations cover an almost infinite
range of size and the diffusive action of a par-
ticular eddy depends mainly cnits alze, Asmall
parcel of u contaminant may be merely transpors
ted as & whole by a large eddy wheroas a small
eddy would be an effective diffusing agent, In
the case of continuoun discharge of efflusnt, some
eddien promote diffusion of tha plume, nnd thern-
fore mixing with the surrounding uimosphare,
while other eddies move the plume In n nerpens
tine funhion horizoniaily and vesticeily; i gen-
eral the puff of pollutant will movs in the dire
oction dictated by those motions larger than the
puff, while the diffusion of the puff willbe caused
by those motions smaller than the putf,

1.2 Studying Smoke Plumes {18)

'The relationship hetween atmospheric mo-
tiona and diffusion may be furthar investigated
by studying tho pattorne assumed hy smoke
plumeas (which may be thought of as a continu-

- ous string of puffs) fromn & chimney and relat-

ingthese plumas to concurrent wind fluctuations
ns obsorved by a recording wind vane and ane-
mometer, Figurs l,la shows an instantanvous

.snapshot from above & chimney emitting smoke,

If we were to measure the porcentage concen-
tration of the smoke across the plume at the

- slice A=A weo might well have a pattern similar

to that in figure 1,1b, We would find that the
conceontration values varyerratically across the
plume and drop to zero at the edge of the | ne,
Now Insiznd of an instantaneous picture, if we
were to take a D-minute timoe exposure of the
smoke plumoe (fig., 1.2a), we would note avme
substantial changes, The irregular edge of the
instantanoous plume would he replaced by
amoother, regulay edges, The crosswind cons
vontration curve through A=A would also be
more regular and would be distinetly higher at
the center than at either edge, ‘The concentra=
tion along the axls of the plume would decreasge
inversely na the croas-secticnal #ven of the
plume Incrensed, llad we placed a wind wave
nearthe mouth of the chimnay and moasured the
wind direction we might find *hat the recordsr
trace looked like that {n flgure 1,80, The dirs
ection Is rarely, {f ever, stendy even over u
neriodthis short, A hlstogram constructed from
instuntaneous direction valucs taken ntone sec-
ot dintervaly {8 shownin figure 1,2d, The simi-
lor'ty between figure 1,20 and 1,240 1o not necy-




A, INBTANTANROUS SNAPSHOT FACN
ABOVE A RMOKE FLUNE.

I, Donlidusstion af

Flausa 1
use 2.1,

dental, If the wind at a given instant {a from,
nay, 380° then the smoke from the ¢ himnay in
that inatant will move, generally, with the wind
and interseat A=A st 200°, At exch succeoding
socond the emitted amoke will move with the
wind direction at that sscond, Thus, curves
1.2b and 1,3d will be similar, This rolation=
ship (s not quite as simple as stated here, A
particle of smoke need not maintain its {nitial
direction indefinitely, Much recent study has

U

8. INSTANTANEOUS CROSSWIND
PEACENTAGL COMOCENTRATION
AT SRCTION A=A,

2 Smabe Blume [from iada, 18)

= e

beon devoted to this subject,

For our present purposes, however, it is
only necessary to recognize that the reault of
sveraging the data over a few minutes has beento
amooth out the {rregularities inbcth smoke oon-
centration and wind direction frequency distri-
butions,

Vertical as well s horizontal wind fluotu-

A PIVE MINUTE TIME EXPOBURK
ABOVE A SMOKE PLUME

C.¥ND DIRTCTION RECORD
The Average Shape of the Pl e,

Figure 1.2,

&
PROM 8. FIVE MINUTE CAOBOWIND
PRRCENTAGE CONCENTRATION

AT SECTION A=A,
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Figuee 1.3, Examplea of Vertical Wind Fluetuations. [from 3lads, 18)

ations are of importance in asseasing diffusion,
Fignre 1,3 siows how the vertical wind fluctu~
ations might appear, Their effect on plume shape
and concentraticn is also shown,

The factthat the apparently chnotic atmos«
pheric motions may be shownto fall into smooth
and regular patterns by the application of suit=
able averagingiechniques has enabled meteoro-
logist to forecast, with some accuracy, the ex-
tent to which an atmospheric contaminant will
he diffused, The magnitude of the fluctuationna
may be relatedtothe \ertical atmospheric tem=
perature structure, which in turn is related to
the intensity of solar radiation (or the lack of
1t) and the speed of the wind, When the inso-
lation {s intense and the wind is light (coivec-
tive instability), as might be the case on a clear
summaer day, atmospheric motions, both vertical
and horizontal, will be initiated or enhanced,
When aolarinsolation is weak or absent and the
wind apoed low, aa on a clear night, tempera~
ture rlecreases plowly or oven increnses with
halgi.  (inversion condition) tending to inhibit
turbulent motions, Noutralconditions common-
ly vccur whenthe eky is overcaat orin tho pres-
viee of strong winds which mix the air very
thoroughly, High wind specds tend to reduce
the fluctustions during strong insolation can=
ditlena and increase {luctuations when the {n-
solatfon s small, Figure 1,4 serves ns u gulde
for depleting, schematically, model effocts of
voivical stability on despeoreion, Naar the ground,
the stain of the atmosphere can di’fer markedly
from that dopicted by radlosonde « 'servations;
Lovocdapse raten are ununldly steeper durlng ine

solation conditions and more stable during in-
versions,

1.3  Theoretico! Studios

A number of theoreticul studiss have pro-
duced fairly atraight forward mathods for esti-
mating the history of contaminants iniroduced
into the atmosphere, However, it {p necesanry
to keep in mind that these theoretical treat-
ments are so highly {dealized that thair lmita-
tions munst be understood If serious errors aru
not to be made,

1,31  Sutton [21], 22, and 23}

The well+knowntheory developed by Sutton,
along semiempaerical lines, provides a satisfac-
tory moeans of eatimating concentirations in a
cloud or plumne of effluent for distances oftravel
of about 1 kilometer and for atmospheric con~
ditiona corresponding to neutral equilibrium,
Sutton's theory {s formally complete in that it
{nvestigntes the effects of wind epeed, turbu~
lence, and atmospheric stability; howevor, it {»
too restrictive for real-life applaation, whero
utmospherie condltions are more often othor
than neutral and where interest lies beyond dis-
tances of | kilomotor, Extended applications of
the theory (treating Sutton’'s diffusion pera-
maters more as adjustable coostpnts than ag
fundnmental quantities} to varying degrees of
atmospheric atability, to greater diatunces, and
to all kinds of terrain have been nttempted hut
have been leas nuccossful,

Bes St Avajleti. ~

“'-\-k.i




'TEMPénATURE
STRONG LAPSE CONDITION (LOOPING)

SUR TENMPERATURE
WEAK LAPSE CONDITION (CONING)

It
\
[ d \ ML, SN N A A s --or-.,—-u_,
lzb \ ,"""a--\ N T e A, - -.,,ﬂ-\— v ,.,._-._4\—--..__? ~
ik \
¥ 1
SUR.
TEMPERATURE

INVERSION CONDITION (FANNING)

B i ol R L R
i DAY o e By AT TR

~y
".-ﬂ‘:

LT

TEMPERATURE
INVERSION BELOW, LAPSE ALOFT (LOFTING)

8
AY
\
- \ -
-~ Ld
4y ”
T ' fT wThm T
o \ < ..,
\ N B PN i - ~ e Y iam
SUR, A - T T e TS oA

TEMPERATURE
LAPSE BELOW, INVERSION ALOFY {(FUMIGATION)

Figuro 1.4, Wodal Elncta of Vertical Stabitity on Diffusion,




1,.3,2  Panguill and Meade {12, 13, and 14}

In light of the above coneiderutions it {s
cioarly dezirable to taks a more dirrct nccount
of conditions actually prevailing in tie atmoss-
phare over the distance and height for \shich cone
centrations are to be estimated, In Englond,
Pasquill and Meade, along theae lines, recently
proposed & simple syatom of estimating atmoa=
pheric dispersionfrom a continuous peint source
that seems iikely to find widaspread acceptance
among workers in the field of diffusion. It em=
bodies the main prinoiple of Button’'s work but
applien the sppropriaie atmosphiric aonditions
direotly,

Theae investigations have shown that a fair-
iy rationsl allowance can be made for the effects
of much of the wide variation inatmospheria tur=~
bulence which ocour in reality over a particular

distance froma pollutant 2ource, Althoughmany

aspects of the problem require further attention,
these recent developments, supportod also by
experimental studies in this country, form a
basis for a tentative system of estimating dif-
fusion within a wida range of meteorological
conditions and over distances of up to 100 kilo~
meters,

fa) Basie Asaumpiion

A oloud of amoke or other sixborne sub=
stance, continuously generated at ground level,
drifts downwind aa a long plumo; its width and
height increasing with distance travelled in ac -«
cordance with the degree of turbulence present,
iIf messuring instruments are placed at varying
distances and at varying heights downwind and
across wind, it is found that for any plane por-
pondicular to the dirdotion of the wind, the con~
centration decays herizontally and vertically
with a distribution that closely resembles a
Guausslanerrorcurve (a''normal’ distribution),
This means that the concen  tiondrops off sym-
matrically in anytwo directiona {rom the line of
maximum concentration according to a normal
ervor law, as illustrated in figure 1,0, This
assumption formn the ban{a for succeording do-
velopmonts,

fh) The Gifford Modification( 10}

The work of Pasquill and Meade oxprossed
tn o slightly modified form suggeated by Gifford
(1061) yields the so-cnlled genaralized Gaussian
plhame formuln of the bhaole dispereion equation,
{utno known s the Gaussian intarpolation for-

mula)
0 y ‘e
X (g™ (m) E-E“}(‘;]'* »;‘,;)3 (.0
whoere:
X » (depending on the units of Q) ground
level alr;
(1) concentration (unite per cublc metor)
or
(1) dosage (units-seconds per cuble
meter)
¢ = source strength, either;
(1) continuous source (units por socond)
or
{3) instantaneous source (units)
r a3,14
@, « lateral dinpersion ccefficicnt (meters)
o » verticaldiaparsion coefficlent (motars)

b = mean wind speed (meters per second)
¢ = the.exponential
y = crosswind(lateral) distance from nlume

axis (meters) -

COMCEHRTRATYION

Figuee 1.5, Naemal! Dintribution of Ade Patlutios,




A » haight of the spurce above the ground
{meters)

The modification consists of expressing
the dispersion coefricients in the y and e di-
rectiona as siandard deviations of the plume dis-
tribution, 2, and e;, rather than the points a
which the concentration falls to 10 percent of
its axinl value (& figure representing the visual
extent of most amcke plumes), The right-hand
side of equation 1.! contains a multiplicative
tactor of 3, which iw a conventional device to
account tor the assumaed reflaction of the plume
by tha ground plane,

In orderto solvetho equation, Pasqulll [13)
proposed familive of ourves of disperiion o=
officionts versus distance from the cource; these
are based both on recent concentration moasure-
ments and on theoretical expections, In terms
of e, and o the values are given {n figure 1,6
and figure 1.7, from OGifford (10}, Table 1,1
{10 and 11] should be used in cenjunction with
theno figures; it shows how the stabillty cate-
gorien 4 through F are rslated to wind speed,
insclation, and the atate of sky. Swear inso~
Iation, for sxample, refors to sunny conditiona
around midday in midsummer, while Slght in-
salation refers to the corresponding conditions
in midwinter, Using equation l,l, figures 1,6
and 1,7, and table 1,1, graphs of downwind con-
cantrations may be prepared,

fe} Compared with Suiion

Generally spoaking, concontration patterns
computed with equation 1,1 will closely resem-
blethose computed by Sutton’s traditional meth~
od, Thechisfdifference lies in the bahavior for

Figure 1.6,  Horisontn] Disperaion Prramoter a, (moteed), an
a Function of Downwind Listance, x (metera),
for Various Weathar Typas,

Pigue 1.7, Vertical Diapersion Parametor o, (Daiara), a8 a

Punation of Dovawind Distanca, x (matees) for
Verioua Wealher Tyson,
distances beyond about 10 kilometers, Downe
wind ground concentrations computed for atype
« ¥ condition, at greater distances, are higher
than concentrations computed using stable dif-
fucion coefficient valuoes in Sution's formula,
This point has significance in conneotion with
environmental studles of harards assoclated
withnewar power systama for which concentra-
tions have commonly bean computed for down-
wind distances far in excess of ! kilometer, to
which Sutton's formula was originaily lntended

to apply.
8) Uneeriainties ({2}

The method proposed above involves a num-
ber of uncerteintiea, for example in the osti-
mates of vertical spreading, and so it shouid be
regarded as glving only approximate but real{s-
tie ostimates of the magnitudes of the concen-
trations at various distances from the source,
In soma of the more difficult cases involving
stable and unatable conditions, errore of seve
eral fold in vertical aproad could be made, Thin
should be kept {n mind when applying this tech-
nique to the assesament of hasards, On the
other hand, there willbe relatively straight for-
ward cases where estimatos of vertical spread
may be expectedto be correct withina factor of
2, for example: -

(1} All stabilities, except oxtremea, for
distances of travel of a fow hundred

metars in cpen country,

(2) Nouvtral conditions for distances of o
few 'lometers,

(3) Unstalte conditions in the first 1,000
meters thove groond, witha markedin-
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Tabdle 1.1, Neteotologival Cutogoriso,

SURFACE WIND SPERN DAY TIME INSOLA TEIN NIGH T TIME
m./aee, (knota) Strong Moderate  Slight Thin overcast or
248 loudinenn <378 elowdinesy
(3 tontha) {4 tontha)
<d (xd) A A8 B F
2(4) A} 8 ¢ E F
4(4) ] Rel ¢ b
6 (12) c Cb D D
=6 (12) A D b D
A: Extramely unatable conditiona Dr Noutral conditions *
fi:  Moderately unatable conditions 5: Slightly atable conditions
G Slixhtly unatable conditions Fi Modarately atable conditions

1
The dcqtlz of oloudinern In dalinwid an thal tevgtion of the aly olnve the loval upparent Anriesn which ta anvermi
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Qlligw, Washington, July 18AN,

2
Anplinable (6 heavy nvardaast, day &f niaht, i eeliing in Jewan Than 7,000 ety

Nota)  f'or A«fi 1nke the avercpe of cutyen A ond B} sia,

DAYTIME
Solar Altiwude ((f) Inaolation
{ >60° Strong
50« gho® Moderate
IR (PR T Stight
tsi5n Reak fune nighttime)

Daytime Clowd Cover Fffert on Ianolation

Lo I vlouds 5210 0e beas, wo change,

a2 ehends moee than 5710
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bob tleding 7,000 or above hut below 18,000, change: Ao By B €. C o D,
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varsicnimmediately abova, for dis-
tances of travel of 10 kilometors or
mere,

For the most-pi-rt, uncertainties in the laje
oral spread of the plume are likely to be lese
important than in tha case of vertical spreasd,
excopt when the wind fleld is indefinite, In such
circumstanaes, a more {mportant sourcs of er=-
ror s that involved in estimating the position
of the plume, and {t 13 banat 10 allow for a wide
range of poasible direstions of the plume,

fe) Praseni Value

~ 'The eurves presenied infigures 1,8 and 1,"
will, in all likalthood, he ve to be modified as air
concentiration measuranients, particularly atthe
groctor distance, become available, A recent
tories of diffusion observations [13) has, hows
ever, varified the above method out to distances
of b kilometors from the sourece, Neverthsleass,
use of thene disperuion sstimates in connection
with ship pollution potential studies, as well as
other air pollution problems, particularlyin the
form of the plume standard deviation preasented
here, seems to be very desirable, It is a
straightforward approach that directly reflects

the weat current nbaorvational knowledaze of atr
concentration downwind from enicolated source,

The genarslived Qausslan dleporaton tor.
mula in, briefly, both adjustable and compatable,
and thus providas an appropriate framawork (nto
which we can fit exiating atmoapherio dirpersion
knowledgs. both theoretical and obeervational, ns
well as antlolpated fuivre improvsinanin,

1,33 Transitional Ststea

Ancther concept which han a direst bearing
on the oonoentration of a pollutant from ships,
or any source, aid about which littlo ia known
is that of diffuaion in ‘‘transitlona! »tates',
This simply means that the atmospheric turbu-
lence oftan displays a marked variation in time
or space, or in both, The variation of turbu-
lonce in the horizontal plane along e line pore
pendicular to a shoroline cen be significant,
Those horiontal variations can bo due to tem=
perature differences {n the underlying surface,
or they can be due to roughness differences in
the undorlyingterrain, Boththermaland mech»
anioal turbulence ean bo initiated or suppreesed
dopending on whether the air flowse over water
or over land first,
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2, CALCULATIONS

Tha caloviation of the offacts of n release
of decaying p-oducts is hindared by lack of
knowledge of the nature of the seurce, in parti-
cular the sourae atrength, the dimiribution of
particle siges, and the height of rise of the
oloud, Recognising these diffioultiss the math«
ods desoribed mey ba used to caloulate the
upper linit of the alr concentration near ground
level,

2.1 Initiel Behavic: of Cioud

The initial conditions of release would huve
an important bea: ing on the fate of a pollutant
cloud, which might consist of a gas or a vapor
ar very small solid particles, In additiontn the
amount of pollutant, the cloud temperature and
the time period over which the relesse occurs
would both be significant, A rapid release of
wari offluent will form a rough sphora that will
tend to rise until it reachas the density of the
surrounding air, A slower rolease of the same
amountof warm effiuent will give a much lower
oloud height, Variations in the existing atmos-
pheric temperature, lapse rate, and turhnlence
will aleo-have an important influenoca upon this
process, , :

Beth the rapid and the slow {cold) releases
are conaidered in this report. The upward
motion ofthe warm cloud must be taken into ac~
count, and the cloud {s represented initlally as
¢ sphere having a uniform temperature., This
‘‘bubble’’, of lower density than its surround-
ings, will rise and move downwind simultangous=
ly. Thetemperature differential is continucus=
ly reduced by entrainment, by adiabatic expan-
sion as {t rises to regions of lower pressure,
and by thermal radiation until it attains the den-
sity of the surrounding air,

+uo selection of u mathematical model for
this proceas and the choloa of apprepriate val-
ues for the parameters presants a difficult prob-
lem, In lsu of anything suparior, » height vise
formula developed by Suttor {20, 21} hea been
chosen to represent daytime (lapse) conditions
in this study, It is reiatively conservative in
terms of low~level behavior, in the sense that
it predicts a modest rize, Fo» a releane suf-
ficient to rupture a hoavy motal container
{#6.6 x 10° cal,), the equation pradicts & cloud
hetght of 860 metsrn,

A aimllartreatment {a used to eatimate the

height to which the oloud reprensntingthe sams
reloase would riss at nights The Button for-
mula gives a negative result with atemparature
{nversion and the Holland modification {23] han
beon mubstituted. As would be sntiolpated, this
Hollard modification glves a pmelier rise, 400
metars, Both caloulations apply snly to vlouds
consisting essentially of dry air at 3000°F, 1t
is doubtful whather any refinaments inthe above
treatmant weuld have ylolded any greater pres
cinion,

Itie properto quemtion, howaver, the error
in these oxtimeatas, since the ground leve! con-
qentrations calculatadinlater work are strong-

"}y dependent upon them, This is diffinult with .

the svailable data, but {t paems doubtful that a

_aloud would reach a haight more than twicethat

oaloulatad,

Itis easigrto define the other (lower) limit,
since a release of the pollutant material might
~cour alowly at essentially the teruperature of
the surrounding atmosphere, Thia {mpliss no
asrent of the cloud, and s troated as such, In
thia casethe contaminent {s postulatedtio be re«
leased without 2 1~rge source of heat and may
be approximated as w cloud at ground lewei,
Thistype of relesss would be the more harard-
ous, and » solution using this assmption would
be possimistic since a cloud in all probability
would have soma rise,

2.2 DiHvaion f the Clowd

The generalized Gaussian dispersionequa-
tion (previously presented) applies when erti-
mating ground concentrations, with tho x-axis
oriented downwind and the y-axis crosswind,
Wheathe sourceis atthe aurface (cold relecse),
A is equal to zero and the teria contrining A
drops out of the equation, For determining the
line of maximum downwind ground aceumnulation
(x-axin), ¥ would also be equalio zoro, Thers«
fore, when both A and ¥ are eoqual to zero {(sur-
face source, x-axis accumulation), the entirve
exponontial term would bo equal to one and the
squation roducon to:

¢ Tz

¥ L ——
asy  poayy

In the caze of thehot relense, the term con-
tatning 4 remains in the equation,
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Itis dirficult to speaify bothihe rete andihe
time interval uver which the release would oc-
cur, but if the total release, is substituted for
the rate of releass, the result can be given in
torms of dosages (that {5 units-sec,/m,') (n-
stead of concentration {units/m!), Dosuge re-
fars to the totel integratod amount of polluting
ngent for s given pollution incident, while cone
contration refers only to an {instrntaneous amount
of pollutant,

The results of the diffusion computations
are summsrised in figures 3,1 through 2,16, A
somewhat arbitrary release of 2 x 10' units in
ansumed for the caloulation, Thia figure s a
passimistic one derived for a power source
much larger than is probably in existence or
contemplated for naval ships; .hus, tho diffusion
patterns which will result frem the use of this
figure are on the cautiou. side, Dosages fora
smaller release may bederivedas a direct pers
contage of those given {n the figures since enly
the ¢ will differ in the equation,
2.2.1  Centerline Dosagen, Cold Relagne
Flgureni,! through 3,8 refertathe cold re-
leane {n which tha cloud centerline begins and

remains at the ground, This approximation is
nbtained by wsettingy~A wein equation 1,1, The

centorline dosages are presented for both day
and nighe; threa degrer .. of insolation are con=
sideredfor « ffusion during..e day ..ndtwo con-
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Figurn 2.1,

Winu Speed, - 3. /noc.(lws., wov, for example),

Do nwind Centacline Donsgen, Ground [.eval Cloud,
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Figure 2.2, Downwind Contorline Doanges, Ground Level Clowd,
Wind Speed, Im./neo,,
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Figuro 2.3, Downwind Centeiline Dosagea, Ground Lave' Cloud,
Wind Speed, 4m./aov,,
ditiona of cloudinesa for nlgmpattarna." The day
snd night (sopleths are preaented for wind speads
ranging from 2 knots {1 m./sec.) to 20 knots (10
m,/aec,), The calculations extend to 100 kilo-
maters (12 miles), which {a 8 limit sugpesrted by
Pasquill inthe applicetion of his techniquen, In
the worst case of diffusion, that of a nighttime
inversion condition and & wind speed of I meter
per second, a pollutant would travel approxi-
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OISTANCE (am.)

Figure 2.4, Downwind Centc:tine Dosages, Ground Level Cloud,
Wind $pand, $m./ 003,

w0’

DISTANCE Laws,)

#igure 2.3, Downwind Contarline Dosagoes, Ground Leve! Cloud,
Wind Spead, >6m./aac.(10m./pec, for axample).

mately 42 kilometers in & 12-hour peried; this
condition would, In most casuns, bo followad by
some sort of lepse condition which would dia-
perse a pollutant {n a distance of about 10 kilo-
metara, Thus, the 100 kilometsr limit, al-
though atfirst glunces reatriciive, is more rasl-
istic than, say, extending the calculations to
1,000 kilometervs,

Pos

e

The very gres! differstoe 0aiwown sight
and day, in the lower spaed zaszgories, e ime
maediately evident, A doange of 10 units (bottom
of the ardinate moale) for a day with atrang in-
solation and a wind spesd of 1 meter per sscend
eutonds to o distance on the ordar ¢f 8 kile-
metera; whoreas on & clear calm nightihe same
dosage would theorationlly exiand (if eonditions
remained unchanged) to hundreds, if not thou~
sanda of kilometers, This great difference bse
{wesn night and day, is due mainlyto differences
in the vepdical diffusion ecosffloients iess He.
1,7 As wind speed inoreasss, howaver, the
difference hetween night and day deareases, so
that for wind sjeods groaies ihan 12 bant= (A m_ |
890,) boih day &nd night are similar, except for
daye of very strong insolation. Ths higher wind

~apeeds tend to areate decp layeras. of neutrel

stability, Along these same lnen, the offect of
aloudiness on dispsrsion at night and insolation
dusing windier dayas, tends to disappear as wind
apeed inoresses, Howaver, in the lower wind
apeede, significunt diffarences in the dispereion
distance of a pollutant exisifor varying degress

-of inaolation by day and cloudiness st night,

2,22 Ceuterline Dosagan, Hot Relasse

Figures 2,3 through 2,0 represonithe same
dosage information derived from the sssump-
tion of a rapid, hot releaae suffiolent to rup-
ture the coniaine; but including the same amount
of pollu.ant, In these cames, the contaminant

DISTAKGE (ar)

Figure 2.6, Downwind Cepterling Dosagen

Wind Sponda, ¢
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remaln olose 10 the ground, bul the gensral pal
torn of &8 maximum al & distensa framths soures
is valld, provided the particles are small,

Theso figurss have the zame horigonta) dla-
tance gcale wsad for ths cold release, howsvoer,
the dosage scals has heen decroased bytwe or-
dars of magnituda(10' ), Calaulntiensforz dsy-
time hot relesse inwolving wind spesds of 2
metore par second or lass have nut boon nop-
topmed, oa the asauswenne of sush vind eposda
st tho caleulatad rise haight of 820 meters would
he rare, Figura 3,0 combines both the 1 meter
per sogond and 2 metera par second nightiims
patterna; *he isopleths for night oconditicns of
£5/8 oloudinens are off of the graph, sinee they
would tikzoretionlly hegin beyvond 100 kilometers
and, as discussed Lefore this, would be unreals
istic, The fact thet the digtance batwoen the

- source and the first ground dosages in night
DISYANCE(Am) casos 8 meters per pacond or greater (fig, 3.8

and 2,0) 1o lean than aome of the day {soplaths,
Figure 2.7, Downwind Conterline Dosages, Not Clond Alolt, {s due to the different clcud risé haizhts om-
Pind Speed, dm/20e., ployed in tha caloulations {(day, 860 m,.j nizht,

400 m,), The effacts of inanlation, cloudineas,
and wind speed disousned tor tho cold releass
.-&da alse in evidence here, Of greatast impor-
“tande, howevar, s the fact that ouly in the 4
-meters por second oategory {fig; 2,7) doas the
“ dosage get above the suggeated harmiful limit of

m.i"»_"‘fii“» _ 10 uaits; and then the extreme case reaches s

SRS - value of only 26 units for a distence on the order
' N - of2 kilometers and maintains a vaiue of atlosst
‘11 units for a distance of 11 kilometers, Thua

b

DIBTANCE (A}

Figure 3.8, Downwind Centecline Doengon, Hot Clourd Alnlt,
¥ind Speed, &m./asc.,

1s not continuously present z2¢ ths ground bae
cause of the fact that the cloud first riren nnd
then diffusex back towardthe gsurface, Thin ro-
suits in what might be described as & skip-din-~
tence batweoan tha sourcs snd the bulk of the
cround cortamivation, In practice there would

he aome pollutent present in this reglon, he- Ci3TARCE (hm)
teven the scurce and the area predicted by the Fidute 2.8, Dawnwind Contorling Doangea, Hot Cloud 4ladr,
eanntdon, sinee zome of the cloud wonld inttially Wind Spoed, > B,/ aec.(10m./ec, far exnmplel.
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for ali practical conalderstions, the hot velsase
can be discounted from u potential hazard snaly-
ais,

Cloud Width

Flgures 2.1 through 4,0 show the ground
conditions slongthe cloud centerline, Obviouss
ly, the width of the cloud must be deflned, {f {ts
true ralation to the contuminated area (s o be
evalusied, ‘This has been sccomplished in flg«
uras 2,10 throush 2,11 for the cold releans hy
computing dosage isolines ol <00, 80, and 10
dosage units. Letus arbitrarily suy that a doa=
ags of 490 uniiz per cuble meter reprosents the
lower limit for a lethal dose; between 400 and
90 illneas is likely; betwoen 00 and 10 {injury is
uniikely but some expense may be Incurred; and
below 10 no injury or oxpense is contame
plated (33, 28], To facilitate comparison, the
same acale has been usad for both axial and
erosp=axial distances and for all patterns; this,
dus to space limitations, has necessitsted a
shopped off appearance (at 42 km,) for the night
patterns; however, as previously discussed this
is more in keeping with reality, Asa gross
comparison the numerical exial concentration
distance limita, for any of the three categories
(400, 90, 10} that extend hayond 42 kilometers,
are included on figures 3,12 and 3,13, These
horizontal plots emphawsize the ditferences in

IEQS

diffuelon sreas ceprozenisd by dey and night,
{nsolation or cloudiness, and wind speed, The
lnteral Uimit of slgnifieant dosages {310 unital,
in mout canes, doss not oxceed 8 kilometers
{8 x 3 km,) and of lethal dosages (400 united, O
kilomaters (2 x 1,0 km,),

Noaimilar caloulations have been mate for
the corvesponding hot releane, for the obvioua
reason that the dosages derived tharofrom nye,
in mast cases, not significant,

2.3 Daeporition from the Claud

.30 Genam) Canaidnra.tinnn

The diffusion atudies have provided a basis
{or evaluating the direct effecta of the cloud as
it passes over the countryside, but they give no
indloation of the partisular residue that may be
tranaferrad to ground surfaces, vegetation, and
buildings. The torm '‘transferred’’ {s used in-
{tially to suggest the lack of knowledge concern-
ing the physical proasesses astunlly involvod,
The question of what occurs at the houndary of
interaction bstween an asropol cloud and the
underlying ground surface is clearly a very
compliontad ono, Materialis depusitod on sur~
faces by & variety of physical precessas, faw of
which are well understood, Gravitational set-
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tling, adsorption, particle tnt'tuouon._mollcuhr
and turbulent diffusion, and various chemical
and electrostatic effects no doubt muat be con-

sidered, Ranz and Johnstons {18 havs shown

that impaction, electrostatic, and thermal forces
may be equally importent for 1u particles, which
ere of importance {nthis particular study., 8imi.
larly, a simplo treatment probably does not de~-
scribe ncavenging by rain, in which the hydro-
acopic natuye of the particles may be as im-
portant as the size and shapa. Forms of pre-
cipitation other than rain presenta even more
complicated problems,

Unfortunately, scientific knowledge of the
right type forthis atudy is aven more {nwrdequate
than that applyingto diffusion, 'The mainreason
is that complete fleld axpearimonts {n deposition
and rainout are extramely difficult to conducet,
and theroe has beenlitile neod for them untll re-
cent yoars, Theoretical work and most laboyra-
tory studies have dealt with {dealized spherical
purticles under conditions very different fron:
those in the atmosphere, Fleld exprrience s

ot sutficleatly eomplete to huve an imporiant
influrnce on this enelysiz, For thess ronsons,

it sooms best to utiliee simple approximations
for such effects rather than to become involved
in a complex treatment whioch mey not fit the

Banha sans bembdao
ARV Ry WUEWWAY

The firat problem is to catablish a physical
dwscziption of the particles, - I* seems most pro-~
bable that a pollutant release would cccur asa
result of or in combination with combustion,
with the particles havingthe general character-
imtica of a fume, The size distribution fitting
this description would involve very amall par-
t{cles. Howewver, tho possibility cannot ba rulsd
out that & muchlarger particle size digtribudion
could be caused by o pollutant relense of a dif-
foraent nature or by unknown processes,

A straightforward epproach to deposition,
pregented by Chamberlain [4] and well asuliad
to the study, 1w usod without alteration, Thecal-
culations have hean periormed {or only two
spocinl cases of depoaition, washout ard toral
{nztantangous washout, For most of the par-
ticle slzes assumed here, dey deponitlon, that
ts depositionduring non-precipitating conditiony
dusto gravitudinal setting and {mpaction, would
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be negligitle, Inncasecflargerparticles, how-
ever, the patierna computed for washout could
serve as a guide to tha orders of magnitude in-
voived, and acoording to Gilford [9] maximum
dry deposition would be one order of magnitude
smaller than total inatantaneous washout,

2.3.2  Wanhout

To acocount for the cloud depletien from
weshout, that {s removal of cloud material by
ralafall, Chamberlaln lntroducsd the saponans
tinl factor o 42 inthe numerator of the Gaussian
dispersion formula, It i reasoned that since
rain removes material from the whole cloud
depth, the process can be likened to radioactive
decay, because the ontire cloud is affected uni-
formly rather than preferentially near the
ground, and the shape of the cloud=distribution
function {s not altered; thus, rain modifies and
decreases dispersion distances by the above
exponential factor,

The # and the ¥ in the exponential have been
previously identified, the A is known as the
washout coefficient and i{s mainly related to
reinfall rate and particie sixe; & figure of 1x10"
has baen used in this investigation and repre-
seat rainfell of the order of 0.1 inches per hour
and particle sines of the orderof! to 3 microns,

A propar descoription of natural rainfall
would reflect its (nconsiant naturc, for it is al-
most oertain that for any given period a rapide-
ly varying rate would be found, Tharsfore,
sharp departures sbove and below the washout
curves should ba expected in an actual case,
Heavier rainfall rates would have the offact of
increasing deposition close to the sourcze, but
decreasing it furiher away because of more
rapid depletion of the total available pollutant,

(a) Modificadon of Diffusion Curves

Figures 2,14 and 3,18 show the changes
which cen oceur in dossge rates due o dsple-
tion of the cloud by the exponential tarm char-
scterizing the washout process, Only two wind
spoeds are prescnied, 1 meter poar seccnd and
10 metera per ascond, the heavy linom are the
curves corrected for deposition and the thin
iines represent uncorrecied dosigod wnd are
similar to curves prasented i{n figures 2.1 and
2,5, The figures show that washout {sn much
more effective aps wind speed decroases and
=tability increases,

DISTANCE(NMY
Pum 4.14, Dowawind Canteeiine Dossges, Cround Leve!
Cloud, Corrgoted for Washout, Wind Spsed
< /asc.fIm/ana, for axemple),

(b} Pollutont Depusited [16] .

The amount of pollutant deposited by waeh-~
out {s obtained by integrating the ditfusion equa-
tion containing the washout term, with respect
to helght; for centerline dapoaiiion this ylelds,

MATANCE (am)

Figura 2,18, Downwind Centorline Dosagdes, Ground Lovel
Cloud, Carrected for Washout, Wind Spesd
>&m./a8c.([0m./&oc,, lor examplo).
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(3.2)

Certain fmpliostions of this equation ere very
important, The vectical diffusion parameter
(0,) disappears from the aquation in the sams
way that » does, No advantage is gained from
the rise of a hot cloud; therefore, all roleases
are omct!voly {reated as cold, The rise of the
hot cloud is no longer as halpful in lezsaning
pollution concentrailons (compared to the sur-
face cold oloud) aa it had been in cases of dif-
fusion; in fact, the highest deposition rates at
great distances are now found with the fast-
moving clouda aloft (fig, 2,18),

Figure 1,16 represents oold cloud center-
line depoaition in terms of units per square
meter for wind speeds ranging from 1 meter
per sacond to 10 meters per ascond, The
curves were computed using the above equation
assuming noutral stability, a condition common
during overosst and rainy days or nights, Note
thet the curves do indicate ponsible serious
ground-level deposition (the suggeated range for
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Figuro 2,16,  Dowawind Centerline Deponition (unita/m) Jirom
Rain, Ground Lusvel or Cloud Alolt,

some aontaminants (s from greater then 24130

units per sguare maeter, where gyvaouation with.
in 12 hours {8 necassary,to less than 107 units
per square meter, where no expaenseis conipm-
plated (24]) and thut the higher speedisopleths
crass the lower speed isopleths ag dintance in-
Creasos,

(¢} Total Instanianeous Faskeut [10, 23, 35}

Total instantanaous deposition 18 tha lmits
ing case of the complete deposition of an entire
aloud or plume of an air-borne matorial, such
as the highly improhable occurrence of a 2loud
under & sudden heavy rain shower, Thefollows
ing equation deplets the situation,

Q

(M o ¥
Figure 2,17 la derived from the sguation; since
intense showery previpitation is due to pro-
nounced instability, atmosphere stability cri-
teris A (scetabie1.1) has been uned for the so-
lution; also, because of eesocinted incraased
wind speeds, the wind speeds hoe been cliosen
1o be 4 maters per socond or greater, As can
be seontrom figure 1,17, the isopleths for these
oonditions do not crouns, and significant deposi~
tion valves oxecnd trom the sourco to 100 kilo~
maters,
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3, CLIBATOLGGY O THE HAMPTON ROADS AREA

3.1 Location end Topagraphy

Hampton Roads, one of the largest natural
harbor areas in the world, s the nama given to
the nearly enclosed body of water formed by the
conflysnce of the James, Nansemond, Elixabeth,
and Lafayette Rivers, priow to emptying to the
oast-northeast into Cheanpeake Bay, Norfolk
and Portsmouth, Virginia are looated on the
eant and aoutheast sidea of tho ares, aid New-
port News and Hampton, Virginia are on the
northwest and north sides, (ses figure 3,1),
Docking facilities are located in varicus arean
of the port,’ The Norfolk Naval Station piers
are located on ths eastern side of the harbor
and axtend from Sewsell's Point to the mouth of
the Lafayetta River, Ships of different types
and sines (among which are submarines, des»
troyers, cruiners, and carriers as large as the
nuclear-powered Enterprise) may be berthed
here, Often vesssls mayealsobe foundat anchor
in the Aoads proper., Anciher possible ship lo-

cation, the Newport News Shipbullding and Dry- .

dook Company, is losated on the northwestern

side of the Roadns, in the city of Newport News, -

Included inthe Harapton Rosds Ares for the pur-
poses of this study are the ship dooking facili-
tien slong the Eligabeth River from Lambert's
Point to the Norfoik Naval Shipyard via the
Southern Branch of the Elisabeth River,

The northeast, and southenst sides of Hamp-
ton Roads containthe larger population aenters,
whercas the westorn and adiscent southern sidea
are relatively sparsely populated, The most
densely populated sections in the areas are lo-
cated aoutheant of the Roada zlong the Southern
and Fastern Branches of tha Elleabeth River,
This river separatea Portamouth, Norfulk, and
Chesapeake from sach other,

The topography of the region {a low and
flat; a5 &n examplo, the clevation albove menn
sua lovelof Norfolk Naval Alr Stationis 15 fent,
To the southweat of the reglon les tha Dismnl
Swamp, walch extends into North Caroling, As
one goes wemtward the torrnin slopes Imper-
ceptibly upwards to a distance approximately
1o miles west of the areq; here the land rises
sharply into the Appalachians, with elevations
pveraping 3,100 to 4,000 fest nbove mean soa
Muin has not altercd the region’s topog-
very few hulld-

tevaet,

clinoia rey aparket maner, b

inge even mpproach 100 feet; the imller mizuc-
tures are located in the southwestern part of
the city of Norfolk,

3.2  Genarel Climate

The Hampton Roads ares (spproximatsly
36.8° N, and 76,4* W}, locazed {n mid«intitudes
on the sast coast of a continent, has & climate
which 18 temiparaie, rainy withoui & di'y ssuson,
and hes warm summers, In addlilon, winters
are usunlly mild sinoe the ciroulation of & cold
air mass moving towarde the area will usually
have atrajestory overthe warmer ocaan waters
within 24 to 48 hours, Figure 3.2 presenta the
monthly temperaturas, extirames cf tempasra~
ture, and monthly precipitation for Norfolk Mu-
nicipal Alrpert (ORF),

The meas position of the unccoluded polur
front lles to the southeast of the aren, Ba'ng
situated in midlatitudes, there is conniderable
variation in wind direstion and spesd, hoth alolt
and at the surface. The preveilingwind has @
steadiness of only 1€ percent and, on the aver=
age, blows {rom the north duringthe coid seanon
and the aouthwest during the warm scascn,

The weather encountered in the area re-
sults mlmoat exclusively from two rir maasses
and the front which divides them, being alter-
natively influenced by polar continental (oP) and
maritime tropical {mT) air, with the transition
being heralded by the passage cf ths polar front,
In the winter peason frontal activity in the area
{s pronounced, while in summar the area is
frequently a region of frontolysis (front decey-
ing), in whiah fronts which wore well defined in
the eastern continental United States bocome ax«
tremely diffuse and are difficult o locate and
forecast accurately, The flow, in summer, ia
generally governed by the western extenalon of
the Bermuda semipermanent higi pressure
coll, During the transition geanons, apring and
fall, the polar front {s ofton quesi-stationary
and oriented east-wost, elther just north of just
south of the reglon, Stationsto the north of the
front will usually oxperience fog, stratus, deiv-
wle, or rain; whereas stations to the south will
generally bc clear, Forecasting the location
of the front {s difficult, for the front mey have o~
north-aputh ascillation ranging from a f2v milos
to afew hundred milea; in many cases, & station
in the path of these oacillations will experience
repoated clearing and clouding over intho same
day, ‘Tothe southeast of the ares tles the well-
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Figure 3.2, Annual Vaelation of dontkly Temperatures and Procipitation fer totfolk, Va, {ORF),

known cyclogenesis region, in which the not-in-
froquent Hatieras low is spawned,

The Hampton Roads region can bo influenc~
arlél

" hvad hu-.’ el a
the beginning of the hurricene season, How-
ever, it iz usually the middle of August before
Ui LoCwability of hurricane cccurrence in this
region reachos a point of concern, These do-
siructive storms usually develop north of the
Lusser Antillea and move erratically slong the
Gull Siream current, Septembor {8 the month
with most hurricanes; the officisl hurrlicane
ronson ends on November 16th,

a4 hy horricanas, Yuly normally marking

3.3 Dispersion Climatelogy

3L Wind Stewcture

In the study of dispersion wind structure ls
tmpurtnat, for it not only determines how
fant a pollutant wili be dispersad but also where
it will be dispersed to, Figures 3.3 through 3,0

represent wind roses for flve stationa {n the

Hampton Roads area drawn on s bare chart of
the region. The wind breakdown procesda from
an annual presentation to o sesscnal a1d finally
to a monthly presontation; day (0800-1500 EST)
ght {1800-0700 B5T) wind roaes are shown
for ¢ach grouping, In general ths five stations
show aimilar wind regimas; Cape Henry, being
a capo location in the transition zong hetwean
bay and ocean, shows the most departure from
the other stationa; Oceanan, being closar to the
open ocean, alsao shows some departure,

wd
and nal

A look at th» aunnual, day wind rosesn (fig,
3.3) will show th. eant conat, middle-latitude
character of this roglon, A prevailing wind-col-
culatien on an annual basis is less meaning-
ful than on a seasonal or nonthly basia; howe
ever, the warm season influence of the went-
ern  oxtonsion of the Rermuda Mgh I8  evident,
un the frequency of southweat winds {8 some-
what higher than the general distribution, ¥Fre-
quencies of north through northeast winds nro
also nomewhat higher due, In part, to the
clreoulation of the offshore, north-novtheast
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moving, Matieras lows and afternocn warm-season
sen breezes, Tho leaat pravaieni wind di-
rection s from tha southeast; with the excep-
tion of Cape Heiiry, for which a southeast wind
is the most frequent, Qceana shows the most
uniform annukl wind distribution of all the sta-
tions, Annualday wind speeds average 1l kncts
at Cape Henry and 10 knots at the remaining lo-
cations, Although strong winda are possible
from any direction. nocthwast winds (when they
ocour) tend to be strong and guaty,

The night annual wind roses (fig, 3,3), In
contrast io the day roses, do ahow that the pre-
vailing wind directions at all stations are south
through aouthwest, This direotion preference
is & remult of the alreoady discussed Rermudn
Aigh and a night iend breene which flows toward
the relatively warmec waters of Chasapoake
Bay, The olher wind dirsctions are rolatively
uncommon, with an east wind being the most
uncommon, Wind spueds at night are, on the
averaqe, 3 knots less than during the day, with
Cape Henry showing the least diurnsl change,
Langley A¥D has the highest frequency of calims
{19,0%) and Cape Henry the loweat {0,0%),

fa) Winic« (Dosember, jonuary, Fobruory)

The day, winter wind regime (fig, 3,4) shows
the influence ofthe ineresased frequency of frone
tal pussager ~ windr fromthe southwestthrough
northdiractiont prevail, with a north wind being
the most prevalem, Winds from an eas. or
soulieast d! 'sction are noticeabiy rbsent, The
wirter, night roses (fig, 3.4) indicate some di-
urnal changes in wind direction. as north winds
decreass in frequenzy and south winds licreass,
Langley AFB shows the least diurnal wind di.
r=~tional chanro, Its diurnal varistion ie due
mainly to » significant drop-off in wind spead,

The waning influence of tho Bermuda Algh s
evident du: ing the daytime in December (fig.
3,5) fer the three stations closest to Hampton
Roads (LFI, NGU,ORF), as southwest winds are
st!ll common, One would expect northweat
winda to be more prevalent than indicated dur~
ing this time of yerr, when cold front passages
become more numerous; however, it appears
that the Hampton Roads regicn, in December,
e far enough aouth of the track of lows asmo-
clated with cold alr outbreaka, ao that post cold-
frontal {sobars begin assuming anticyclonic
curvature {n this region, The typlcal northwest
wind, which usually followa cold fronta, is thus
veared to the more {requently {ndicated north

wind, Cnpw Henry an! Ocesna, although show-
ing some of the akbove singuiarities. prcssnt s
mors uniform scuthwe st through northdiatribus-
tion, As in tho winter distributions, the fre-
quenoy of winds with un easterly component s
emall, The diurnal chinges (n ovidence for
winter, may alsobe see1in the Decembarnight-
time wind roses (fig. %,8), Other differoncea
arealsonoticeable, malrly = nighttime ducreass
in west winds, and for the throe Roads neighbor-
ing stations, an {ncresse {n northwast winds, A
nighttime incraase in southwest winds at Cape
Hanry and Oceena ik also perveivahle, Decem-=
ber wind spoeds are somoewhat 13sa than the two
other winter months, ant. avaruge 8 knota; the
average diurnal wind specd deorease in on the
ordor of 1 knot, Cape Heary shows the singu=-
larity of having higher average wind spesds at
night than in the day (18 knots va, 11 knots),

In January (fig, 3.8), the daytime southwest
wind is not aa froquent s in December {except
Cape Henry), As the storm track in midwinter
becomes displaced fupther southward, this ro-
gion comes more and more under the influonce
of northwest oyclonia flow following the passage
of » cold fron¢, Evidonces of this oan be sean
in the inareasing frequency of northwest winds
whalch occurs betwaen Decembsr and January,
In addition to eart winds, south winds also Lo~
come rare in January, ‘A look at the January

‘night wind regime (fig. 1.8) shows a noticeabloe
-nightly inorease in south winds at ail stations,

Eastorly winds, as {n the daytime, are inf.oe-
quent, January windspeeds are higherthan De-
cember's, and average 10 kno:s; the diurnal
wind speed change s small rnd for Capo Henry
is nonexistert, ‘

February finds .he polar front south o the
Hampton Roads region, and in a position to fa-
vor east coast cyclogonesis, These offshore de-
valopments are responsible for tho increase in
north through nurthcaat windes aa sren in figure
3.7, which depicts the Tebruary wind -Ustyihy=
tion, The - " :droses forthis last menth of win-
ter show a mera unifurm distribution than the
iwo previous winter months, As in tha season-
al winter roses, winds from the southeast are
rare in ihe immediate vicinity of Hampton
Rcads, Northwest winds at Onsana :nd Cape
Henry are generally stronger und mere fre-
quent than at the other steotions, In "‘ebru!\"y
diurnal wind changes {fig, 1.7) ara the smallont
of the winter months and consist cusentinlly of
& nightly increare in south winda, Wind sp.-cdn
in February are, in general, similor to thos: of
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January,

tb) Spring (Mared, April, Ma+)

Since apring marks the transition tiing bae
tween winter with {te epeated oyclonie diatur
bances, and summer withita persintent Aemuds
Mgh thespring, day witd roses show fewer pra~
dominating directions thanthe winter roses (tig,
3,8), The northeasterly and eastorly flow ap-
parent in the figure ls indicative of offghore
northeasterly~moving Naueras lowe found in early
spring, and anticyclonic flow resulting from
being on the north side of an east-wast oriene
tated front in the latier part of spring, Also,
towards the end of spring, southwest flow in-

croases as the Semuda Aich bullds and extends.
itself into the east coast of the United States, .
The flow in the vicinity ¢f Cape Henry daparts.
from the above, as strong northwest through-

north and weak southeast winds are most pre-
valent, Oceana shows the most uniform dis-
tribution in terms of both wind speed and di-
rection, Minor wind directions for the three
stations closest to the Roads are northwest and
southeast; a northwest wind, when it occurs,
is usually stronger than winds from other di»
rections, The least predominant wind direc-
tions for Oceana and Capa Henry differ from
the other stations and are westand south, Pig-
ure 3,8 represents the nighitime spring winds;
some departure from the more uniform day
distribution may be seen, The most significant
feature is the marked increase in weak south-
erly winds; {t appears that a wesk loval cir-
culntion is established under a nighttime in-
varsion, producing general southerly flow in the
region. Thetendency for northwast windato ine
crease or remain constant at night either in-
dicates an absence of diurnal change whenever
this area is under the influence of northwest
flow, or a nighttime preforence for the passage
of northwest wind-producing cold fronts, Wiad
speeds are atthoir highestin spring and for the
area aversge 11 to 12 knota during the day and
# to 10 knote. : night; calms alsc are at a mini-
mum in spring.

March daytime winda are presented in fig-
ure 3,0, Winds from n xouthwost clockwise
through northeast are well represeniad {(except
Cape Henry), The passage of cold fronts, still
common In March, account for the frequency of
northwort through north winds; northeast winds
nre due, to the already discussed, pasiage of
offshore lows | Southenst winds, with th» ox-
ception of Cape Henry, are at a minimum in

both frequency and spes, Cope Henvy hap s
maximum {Fetueacy 10w wesh southons wipe
and quite strong norilowest theough povtn winda,
and lta minirmum frequency from southerly
winds, The nighttime regime ¢ mora uniformn
then the day distribution (fig, 3.9) nnd genarally
resembles tha apring mighttime roses; the di-
urnal changes in }-rch, howevaer, are not na
pronounced asthose fita seancn, Dothday and
night wind speeds ure at thelr yearly maximum
in March, The diurnal decreaae in wind speed
{s at a minimum, which, in part, accounts for
the small diurnal wind diractional changes in
Mearoh winds,

The daytimeo winda of April {fig. 3,10} ox-
hibit the rapid change frow the cold reason to
the warm scason which takes place during this
month of the year, Southwest winds are on the
incrosse and northwest winds on the dacrease,

‘The northeast winde of April are due more to

antioyclonic flow around a Aigh rather than the
oyelonic flow of offahnre lews , Qcenna and
Cape Honry show conaidarable departure from
the other stations, with Oceana {as before) ox-
hibiting more uniformity in wind distribution
and Cape Honry indicating n southeast muximum
and a south minimum, A limited sea braere {a
in. evidenca at the Norfolk Nuval Alr Statfon
(NGU) in April as the 1400 LST (the time of
maximum heating) wind rose (not included na a
figure) shows anincrease over the 0800 to 1800
LST composite rose (fig, 3,10) tn northeastorly
winds, The proximity of the Air Station to the
relatively colder waters of Chesapeake Bay is
responsible for this development, [tis doubtful,
however, that this sea breeze often extends very
fer inland, as the Wenther Bureau station at
Municipal Airport does niot show one, Themein
diurnal changes in April {fig. 2,10 night) is a
reduction in the fraquency of winds coming from
the west clockwise to the east, and an {ncrease
in windas fromthe south, A landbreeze iz, also,
somewhat in evidence ot Norfolk Municipal and
Cepo Henry ca the 0400 LST (near the time of
maximum cooling} wind rose indicates & more
frequent southwest wind than s evidenced in
figure 3,10 (night), which is a coriposite of all
night houra (1900-0700 LST), April, day wind
speeds are similarto those of March, whle the
night wind apeeds are slightly lower,

May, day wind roses (fig, 3,11) are charpc-
terized by the presence of a ses hrceze ut all
stations; ity orientationis onsierly for Langley,
Cape Henry. and Oreana, und northeasterly for
the Alr Station and Municipal Alrport, South=
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weonterly winds ore froguont at oll statlons, ox-
cept Cape Henry, where tha wind {8 southeust,
Northwes. winds are {again, with exeeption of
Cape Hanry? plainly infrequent, The sen bresee
ut the Alr Station and Cupe Henry shows up ens
peelally well at 1400 LET, A lnak at the May,
night winds (fig, 3,11) indicates a diurnal change
not only similar but of greater magnitude than
that of April; as winds with northerly compo-
nenta become infrequent and south winds be«
come predominant, In partlouler the onst or
northeast f-gequoncies, nssoclated with sea
breores and evident during the day, are eon=-
siderably diminished, ‘The nighily predomi-
nanoe of south winds {n spring shifts somewhat
to the southwest during May, The prevalence
of south or scuthwest winds, nt this time cf year,
{f attributable to a land breezs oirculation,
should show . maximum around the time of
maximum landmoss cooling; a comparison of
0400 L8T and ull night wind roses bears this
fact out, Day wind velooities decrease from
Aprilto May andthe nights begin to show an in=
creaned froquency of calms,

fe) Summer (fune, July, Aumm)

The effect of the Bermude high on the aircus
lation in the Hcmmn Roads region n sum-
mer can be sedn in figura 3,13, frequent southw 5.
wast winds e7e¢ it ovidence af-all stations, Northe
woat winds, since primarily an aftermath of cold
fronts, are rare, and when they occur are con-
eiderably woaker than.their spring or wintey
counterparts, A sea breeze is weollin existence
and {s especially evident at Norfolk Munieipal
Alrport, ‘The breery, however, does not extond
‘o0 doeply inland ag it:is seldom felt in Porta-
mouth, which i looated about 10 miles from the
hay, Diurnal changes, as can he seen in figure
3,12, are greatest in summer, A nightly gentle
aouth through southwoast prevailing wind ix plainly
nvident at all stations, and is due to the cou-
pling of the cireulaticn around the Aermude high
und the night land breeze, Other wind direcs
t1e o+ during the summar are infrequent, Both
tuy enlma and night calms are frequent in sum-
mer; wind speeds average 9 knots during the
duy and 6 to 7 knots at night,

Figures 3,13 through 4,15 represent the day
und night wind roses for the individual summer
maonths, These will be discussed togather as b
18 evident that little difference oxists betwean
individual months in thamsolves, and between
the {ndividual months and the average cummer

roxex, ‘Ths month ef July deviatex mest {bu
not greatly/ fromihe two tther summer months,
In July the Bermuda AlgA I8 strongestand produces
n highor frequency of day anc night southwes!
winds than June or August, 8ea brestes are
also mlightly reduced {n July since the warming
coastal waters, along with the closer locutinn
of the Qulf Stresm, reduces the lundewater,
mid=day temperature contrasts, ‘The frequency
of northwest winds, although low In June and
Auguat, {8 sven more reduced durlag July e
the month of higheat tempsrature, July has
the lowost wind speeds both day and night of
any month of the year, The June and August
wind diatributions are quits slmilar {in both dire
ection and speed and show some ppring and full
{nfluences, rerpentively,

) F'nll {Sepumhr. Ombcr. November)

“Fall wlnd distrlbuﬂons (fig, 3,16), although

" showing considérable uniformity, reflect the {n-

creasing number of low andfrontalpoassages an

‘nerth through northeast winds become prevalent,

This preference ia not as pronounced at Cape
Henry or Qceuna which have moreuniform dise
tributions, Winds from a southwest diroctien,
so frequent in summar, decresse noticeably in

- thefall, The auturnn increase in northoast winds

is & rosult of anticyclonic tlow around the ensi«
orn’ side of aighs located to the north of the
ragion; afternocon -sea breezes still ccour in

oarly fall and aleo coniribute to the increased
7 northeast froqumuy. Northwest and southeast

winds for the Roads neighboring stations are
least prevalent, Night winds in fall (fig. 3,18),
in nddition to showing some dlurnal change in
wind direction, become calm more frequently
than {n nny other season, Langley AFB has
calms 21,3 percent of the time and Qceana 14,1
percent, The dlurnal and sesaonal incrense in
calma st Norfolk Municipsl Airport ia not as
pronounced as at the other stations; its maxi-
mum {n nighttime calms oacursin the summer,
‘The maln dlurnal wind direction changes are, as
with other scasons, a deocrease in northerly
winds and an increase {n aouth windsi-these
changea are, however, not as striking as fn sum-
mertime,  Devistions from normal wind pate
terns are apt 1o occur In the fall, as the pro=
babllity of hurricanes affecting the aron la nt o
maximu.n,

Tha September wind roses (flg, 3.07) Indi-
cate n predominance of north through east
winds nt ull stations, 'The Bermuda high breaks down
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nnd the regton experiences an {hereased fre-
quency of frontal passnges, The fronta in thes o
latitudes hecome part =wost orlentnied wlnmanit .
cyclonice flow behind them, and upon passoag.-
produce north through oarst winds rathor thai
the normally thought of northwest windns, Almo
toward the lnttor half of the month,  Hatteras lown
cantribute to the frequency of northeast winds,
A sea breeze effect ovidently relnforces the
prevalent tortheawnt wind (1 midafternoon, us
A compariaon of the 1400 LET wind rose and
all, day wind romes shows u more frequent
northeamt wind at this hour, Heptember diurnnl
changos (fig, 3,17) connist more of wind speed
changes than of wind direction, The more pro=
nounced subaidence inverajon, found on the cast=
orn side ofthe high pressure cell which follows
frontal passagos, caps off the surface from the
upper flow and produces more culm winds than
are found in summer when this area i under
the wentern side of a high pressure cell, The
diurnal wind direcilon changes, which are in
evidence, are mainly those proviously encouns
tered; increnme in south winds and decroase in
north winds, Although September shows a high
frequency of galms, the nvorage wind spoeds
are higher than those of Auguat,

October wind rosen (fig, 3,18) show a simi-
larity to September, oxcopt that east winds are
leas froquent and northwest winds more {re-
quent, The aren is more atfected by offshore
towe, producing north through northoast flow,
than by easterly post, vold frontal anticyelonlc
flow prement in early September; the increased
froguency of cold air outbrenks is responsible
for the lnerense in northwest winds, Westerly
and gouthwenterly winda are, In the vicinity
uf the Noada, least prevailing, The Qctober
nightme winds shown in flgure 3,18 repre-
sont diurnel changee similar to those discusaed
for September, Wind rpeede in October are
somewhat Bigher than September and average
0 to 10 knots at day and 7 to B knots at night,
Cnpe Henry oxhibita no diurnal change in wind
spread in October,

The November wind roses for dayiime con-
dittons (T, 3,10) refloct the incrensed freauencey
of strong colt {ront passagss and show con-
sldorable unfformity {n the south  clockwine
through north directions for Langley and the
vro Nopfolk statfons, Ocveann and Crpe Heonvy
show lesa uniformlty {n thia  semicirele,
and northwest through north winds
predominnte, Poaaterly winds ut nll statfons e
Lile Octobey and Septembery,

hx

Rottthwent

incthe mitnority,

-~ 4t -

i

I

the November diuernal changaes are noanl
cunsint more of o veloelty decesane
murked direvtionn) changes) aiheugh e &
ereased froauency nf xouth windn, o owan fels
denced for other month, is niso present, Noe.
vember wind speedn ghow Wdle devintlon o
Uaplember and October averager,
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’

t

g
[EAY

Wind roses for heights of 130, 500, hned b
metera wete conatricted to cheelt on the varl-
atlon of wind with helght, gince apoeest and dirve
ection vemained emmentially unehanged, thewe
roses were not inetuded In the publication,

32 inverdons

An important factor inhibtiing the repid
diapereion (in both time and space) of sn atmos-
pheric pollutant is the prosence ofan {nversion,
either surface based or based at some higher
altltude, Tabled,! presentathe parcontage fre-
quencies of lowelovel {nveraions at Norfolk
Municipal Alrport by sessons and by wing spoeads
of {a) 10 knote and lens, nnd (b) greater than 40
knots, These Invoralons were dotermined from
0000 GMT (1800 LST)and 1200 GMT {0700 187}
soundings I"and na wuch roprasent nocturnal
radiation inverwsions more #o than daytime in-
versions; inversions during the daylight honra
are infrequent compared to night hours and,
whon they o2eur, are uaually dunto larger sun
woather systems, On an annunl basia nocturnni
low-level inverelone aro presont 57,0 percem
of the time, Surface based {nversionn ure hy
far more fregquent than inversions breed bes
twoen the surface and 1,800 feot: nlso, surface
Inversions with surface wind speoads of 10 knots
or leas occur much move often than when surface
winds are greater than 10 knots, The 10 knot
point for the inversion classifleation Hy upeed
was suggonted by the raw cdata; the inversion
fraquencles for individual wind speads below 10
knots were distributed such nsto make any fur-
ther breakdown meaninglesa, No inverxion
classification by set wind speeds vould be noted
for irversions abiove the surface and at or he-
low 1,500 feet; howover, for presentation pups
poses, the name wind speed cloasitication nx for
aurfaee Inversions was ased,

lo

Winter with its long nights is the season
with the highert frequency of nocturanl] Jow-

II\/I:' deda yeurs fur dhe faveeeion siudy ere 1 Jungar 1957 vronah
U Darrmber 190 dyc tn the changenie c fiom ondins e fo o
time v of 300 CHT wnd YO0 CUT 10 o000 G and 1200080
W0 dune 1057, the first 6 months of the dutn e faded anls 0106
(A saunding s,
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Tablo 3.1, Annva’ end Seanonal Fregusacy of Loa<lovel Inveralona.

SEASON 'NVERSION HEIGHT TOTAL

Surface >Surface 51,500 feet
Surface  Wind  Speed | Surface Wind  Speed
S10kt. | >10kt] Total |10kt | >10 k¢, ’T%cal

Vinter 46.6% 8.9% | 55.5% 9.3% 6.1% | 15.4% 70.9%

Spring 30.4% 6.4% | 36.8% | 10.3% 7.0% 17.3% 54.1%
Summer 29.6% 2,5% | 32.1% 110.7% 5.1% | 15.8% 47.9%
Autumn 45.5% 3.2% | 49.0% 4.5% 2.6% 2.1% 56.1%
Annual 38.0% 5.3% | 43.9% 8.6% 5.1% | 13.7% 57,0%

lovel inversions, 70,0 percent of the time; and
summer, the season of minimum frequency, has
47,0 percent, Autumn and spiing both have ap-
proximately the same number of inversions,

fa) Sutfece Haned

If one first considers surface inversions,
then winter stillhas the maximum (58,5%); hows
ever, eutumn (with its clear, calm nights) is
close behind (40,0%); apring and summer now
are the secasons of minimum inversions, The
above similarity {n frequency of inversicna for
winter and autumn(fall) on one hand, and spring
and summaer onthe other is more evident {f one
considera only surface invarsions with surface
wind apeeds of 10 knots or lesgs; in this case
fall (45,3%) and winter (46,6%), and apring
(30,4%) and summaer (20,6%) are osaentially
{dentical, The {requency of surface Inversions
with aurface wind spoeds greater than 10 knots
is low, 5,3 percent annually with a range from
1.9 percent in winter to 2,56 percent in summer,
With those higher wind apeeds the senson of
mimum surface inversion f~oquencles shifts
from fall-winter to winter-spr..g.

IMgure 3,20 presents an annual wndd the
senwonal wind dircction distributions associated
with asurface based invarsions, using the sameo
stuemtbronkdown as was used for the percentage
frequency  tubulntion, Clearly evident during
invorsions, with low wind speods (35 10 knots),
arethe prefereved southwestand south wind die-

ctines dnebig nll sensons of the veur, and ex-

pecially i{n summer and apring, Inversions
with winds from a west through northwaest dira
eation are rolatively infrequent; winds from
this direction, quite often a result of a cold
front passage, have a relatively higher velocity
and the sccompanying air mass is usually un=
stable inthe lower layers (cold air over a warm-
er surface), Wind roses for invaralons with sur«
face wind speads greater than 10 knots indicate,
aven more pronouncedly, the preferred south-
west and south wind diraotions during {nver.
sions; in addition, m secondary maximum, a
north wind, infall and winter {s also in evidence
for those higher wind speeda,

(h) Above Surface, but At or Below },500 Frel

The semsonal varlation for inversions n-
bove the surface and at or helow 1,500 fcet is
amall, Spring has the higheost total frequency
{17,3%) with summer (13,8%) and winter (15,4%)
froquencies being nomeawhat lower: autumn frea
quenciea (7,1%) represont about sne-hal? of the
frequencias  of the other aseasons, The speed
bresbdown for these Inversions does not yisld
any further information than in apparent in the
totnl frequoncies, The relatively highor perve
contnges of thege inversions found in spring
and summer Is due to surfuce heating which
his taken place by the time af the 0700 LST
{1200 GMT) sounding, This heniing cunses the
Hiting of & surfnce hased invorsion,

The wind roses preseoted (o figuee 3,218

Best Available Cony
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Pigure 3.20, Annurl and Seasonsl Wind Directions During Sutface

based Inversiona at Norlolk (ORF), Wind Speeds:
£ 10 knota, end > 10 knota,

SPRING

[04) 1048

19.6% SUMMER

show considerable difference from the surface
inversion rosem whean compared seasonally,
The main differsnce being an {ncrease in in-
versions with northeast and east winds and a
decreaso in invernions with southwest winla;
winter ahows the grantest difference In the two
inveraion classificationa and summer shows the
lenat, owever, the annunl compariaon of wind
roses for those two classes of invorsions ahows
conniderable similarity; the basic differences
ovident in the searonal comparimon, although
still presoent, are smoothed,

3408 Elenents of Wenther

fa)  Precipitarion

Precipitation {8 related Lo poliution in that
muin {or snow) moy act as u ‘cleansing'’ agent
inihe atmonphore and suppress the wide-sprend
impersion of a pollutant, producing heavier
dosage and deposition neareer to the source,
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Figure 3.21, Annual and Ssasonal Wind Directionn Durind Inver
sioaa between the Surlace and |,500 taut at Norlfolk
(ORK), Wind Spoeds; £ 10 knota and > [0 knnta,

The Hampton Roada region, being influ-
onced by middle latitude cyclones in the coldar
searon end thunderstorms during the warmer
months, does nothave a characteristic dry sea-~
son, PFlgured,i2 portrays, by months, the mean
numbar of daye with ,01 inches ar more of pre-
eipitation; the range {8 narrow and I8 from s
mazimum of 12 days tn March {also 11 daye in
April and July) to a minimum of 8 days occures
ing onfour separate months «= June, Septembar,
Octobur, and December, The drivst succensive
months are October through December nnd the
wotlest succosslve montha are March-Apsll
andd July=Angust,

Referring bnok to flgnre 3,8, one cnn see
a somewhat different presentution of precipi-
tution data, here normal total moenthly procipi-
tation {& portrayed, July hax the highest ol
monthly roinfall, nenrely twlee that of Maorch,
Thus, although March has more ralny days than
July, the amount of ratn {(over 04 \,m"hvn).l':zl!lm.g
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Figura 3,22, Annuel Veriation at Noelolk (ORF) of: (a) Number of Dayx Bach Monih With Precipitation, Thunderntorma, and Heavy #og;
(b) Average Monthly Relative Humidity (%) = Duy and Night,

on a given March day ia lesathan on a July day.
Precipitetion in March (s more of the lght,
warm front type; whereas July has intense
ahowery precipitation ssaociated with thunder-
storma, The fall months, considering both
formsa of precipitation presentation (figs, 3.2
and $,22) show both fewer rainy days und a
amalier total smount of precipitation, Annual
snowfatl amounts are smoll, 4,7 inches on the
nverags; onlytwn days per year have more than
I tnch snowfalln,

Figuren 3,23 through 2,27 indicates annual
and seasonal wind direction and speed during
dny precipitation and night precipitation; thesn
runes present much mo o unlformity between
stitjond than the nonprecipitation rones previ-
ously preaented, The annual day roses (flg,
3,23) portray the influence of the most common
riin producer inthe area — an offshore, north-
canterly-moving, low pressure system which
praoduces north or northeast winda and usually
ramn, The remadning wind dirvectionn, on an
annual basia, are spproximately squal us rain
sradueers:; however, ot al) mtations woent winds

and calms are the least common during day pro~
cipitation, Annual night rosos (fig, 3.23) do not
indicats any aignificant diurnsl changes, either
in wingd spead or direction, during precipitation,

The winter day roses (fig, 3.24) depict the
influence of precipitation«producing cold front~
al passages, which produce northweat through-
north winds in this reglon; influences of off-
shore lowsare also evident but in not as nro-
nounced & fashion as on an annuol basis, Di-
urnal changos (fig. 3.24), in evidence in the non-
precipitation roses, are easentially absent due
to the presence of clouda (which suppress out-
going radiation) andto atronger pressure _gradi-
onta during precipitation,

Winds during precipitntion in spring {(flu,
3.25) are mainly from the north thraugh east,
A algnificant decrease is notleorble fram winter
to apring in northwest winds, Windn from the
south clockwise through northwest are lenst
prodominant, Springtime rain (s asvecicted
with winds having nn over water tealnciory wind,
henee, with winds which have vaster'y compon-
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ents, ‘T'he night winds (fig, 3,29), except for a
slight decrones in spead, show little diurnal
change during precipitation,

Buinmer, with some exception in winds from
the west and northwest, shows the most uni-
form wind distribution of all svasons {fig, 3,20),
More uniform wind roses would be expected in
summer, since thunderstorms —- the main con-
tributor to summer precipitation totals — are
apt to be randomly located with raespect to a
station, thus resulting in random wind direc-
tions during precipitation, The alightly higher
northeaust wind frequency is due, in part, to off-
ghore lows which can ocour {n summer and
which resultin overcast days withlight precipi=

tation, Tho diurnal changes in summaer pre- A

cipitation wind roses, evident in figure 3,20,
are mainly ln mcruud frequoncy of louth-
wWost wtndl. T v

The north throukgh northeast predbmlham
wind d'rections for fall day, precipitation wind
rosen (fig, 3.20) indicate that offahore ayelonio

developments nro respoensible for antumn pre-
oipitation in this region, The remaining wind
directions are relatively infrequent and uni=
form among themaselves, Wall, in addition to - -
summer, also shows somae diurnal change {flg,

3,27), ns the frogquency of northeast and norths

west winds incrense, and the freguency of north-

winds decrease slightly, Tho fall night winds

show predominant northwest th, :hgh,nort’hout o

winds during precipltation; the remaining direc«
tions east through wi 3t are uncormmon,

th) Thunderatorms

From a pollution standpoint, thunderstorms
are important not only because of the rainfall
they produce but also because they sorve as in-
dicators of atmospheric stability; 1, o,, low-
level, Months which Indicate a high frequency
of thunderstorms would alun be expectedto vhow
strong (superadiubatic) lapse rates, which arv
more conducive to the vertical dispersion of a
poelliutant than neuteal or inverted lapse rates;
common during monthe of low thunderatorm fyre-
quency, For example, a July afternoon would
disperao a pollutant more effectivaly thun n No-
vember afternoon, on the average,

‘The monthly frequency of thunderstorms
muy be scen in figure 3,22, where the mean
number of days with thunderstorms {8 glven for
crnch month, Thunderstorms are rave in Janu-
wry, bogin occurving in February, gradually be-

come more numerous withthe approach of eum-
mar, peak in July-Auwust, drope=oft rapldly in
September thi sugh Owwowuer, and become un-
common in November and December, A pure
air-mass thunderstorm ‘s less common in this
region (over land) than generally thsught to be
the came, Some convergence machanism, in
addition to molar inselation, is usually necea-
sery for thunderstorm occurrencs, The cone
vargence maechanism may appenr insignificant
on a woather miap, such ps & slight cyclonic
curvature of an isohar which is part of a high
pressure cell, but a careful analyals of the syn-
optic situation will reéveal that it is the spark
which {s neoded to set off the activity, As o
point of emphusis, thunderstorm can and do oc-

cur at aight in this region,

fe) Fog

Fog, llkethunderstormb. can be used to en-

“timate atmospharic Atability in the lowor layers;

the presence of fog, howaver, indicatos rather

_stable conditions (as opponedto thunderstorms)
~and thus;_poar dispersion of a pollutant,

.. The mean number of days with thick fog
(visibility less than 1 /4 mile) per month im pre-
sented in figure 3,32, Tho monthly renge of
‘duys {8 small with n mintmum of 1 day in July
-ard & maximum of 8 days ocuurring on 6 sopa-
_rate months, The fogc inthe foggier successive
“months, Qotobar through December, are mainly
“dveto rndlnt!on. [ Nﬂmlt onona nights and clear
hkleu.

(J) Shy Com ond r‘lamh

Thu prosance of elouds during the day in-
hibite solar heating mtthe surface, thus ylolding
poorer diffusion conditions, On the other hand,
during the night, clouds tend to reduce outgoing
radiation thereby reducing the possibility of an
invecrsion formation and poor diffusion,

Monthly mean aky cover, from_sunpise to
sunsot, {8 presented infigure 3,280, The range
infrom a high of 0,65 In Janunyy to alow of 0.52
{n November, Skycover decreasesfrom wintor
to apring, leve' ~fin summer and fall, and be~
gins Incransin, with the appronch of winter,
Another statistic of monthly aky condition is
prosented in flgure 3,28h, whore the mean

monthly number of days with eclear, partly
cloudy, and cloudy skiew can be scen, Cloudy
(0.8to 1,0tenths sky coverydays ure nt o mnaxi-
murn n winter and early spring and nre nt g
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Pigure 3,38, Annval Varlation of Monthly Sky Conditions at Nosfolk (ORP),

minimum in summer; June has the least num-«
bar of cloudy days (8), Partly cloudy days (0.4
t00,7) are more frequent in the warmer months
as a rasull of convective activity which tends to
be of a partly cloudy nature, The monthly range
of clenr (0,0 to 0,3) days is smaller than that
of the other sky conditions, with October and
November showing a distinct maximum, This
maximum {8 due more to o reduction in days
with partly cloudy skies than to a raduction in
overcant days (convective activity decroases
conniderably in the fall),

One type of cloud, stratus, varies with con-
stdorable frequency and set of synoptic patterns
inthe areato warrant apeciel discussion, Stra-
tus (und sometimes fog} may be advocted into the
region from two different highpresaure reglons,

Northeost stratus {8 often found in spring and
results from the typleal synoptic situation pre-
sented in figure 3,20, The movement of u con-
tinental polur alr mass or of o cold maritime
pulur alr muss to a center over New England,
with a wodge of high pressure extonding nlong
the Atlantic coast, cavses easterly or noprth-

easterly ciroulation (n this reglon; the over
water trajectory of this circulstion, from rela-
tively warmer Gulf Stream wators to the colder
wators near the coast, {s responsible for the
stratun formation, Thig type of stratus (s vsu-
ally quite persistent and will sometimes .t
for days with vnly alight clearing during the
afterncons of these days, Thae top of the stratus
layor attains a neight of 2,000 to 3.000 feet
with bases averaging 60 to 800 fest, Wind spends
of 10 to 18 miles por hour are must favorable
for these conditions,

The other type of common Stratus {8 aouth
avatus, most provalont {h summer; it {3 caunad
from an entirely different synoptic eituation
than the advective sordecst stralx . South stratus (or
fog) is usually caused by a combloation of radi{-
ation and advection, and although oceus mp more
often than northocat atrarus , does noet lust as long;
{t usually forms between 0500 EST and 0800
EST and, due to strong summer heat{ng, stiris
dissipating and lfting between 0800 EST wnd
0000 EST. South atratur (or fog), however, gives
cellings below 200 feet und visibllities helow
1/2 mile about twlee the number of hours an
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4. THE POLLUTION POTENTIAL OF HARPTON ROADS

Inthe foragoing aections, the major factors
affecting the disperajon and depoaition of con-
tamination products and the climatology of the
Hempton Hoads area have hoon discuanod ax
individual subjects, ‘The fact that @ major re-
lerne (tsalf inm moss impmbadle should be atrongly
stremsed, but It s also {nteresting to review
the probabilities of the various meteorological
oucurrences in the event of & pollutant release,
This is a matter of combining the climatclogy,
a map of the area, and the various diffusion
pattorna,

From the foregoing sectior, it should be
evidant to the reader that tho /famploa Roads aren haa
o low polluiion potential,

4.1 Under Southwest Riow

The effact of the Bermuda Agh, with its
southwest flow, is partly responsible for this
low potontial, Its effoct is felt throughout the
warm season and {n many cases even in winter,
Flgure 4,1 might bo considered as a probable
day diffusion pattern during the warin season
when the Mampton Roads area {s under south-
west flow (which {s often); a mid-day wind speed
of 8 knots ( 4ém,/sac,) and moderate insclation
hava baen uaed for illustration, Assuming a ree
lense occurring in the center of the Roads, it
can be seen that the aignificant dosages do not
cccur over any population centers and are re-

stricted to water areas, Figure 4,2 i for a -
night release during southwest flow, This situ-
ation occurs even morae often than day scuthwest

fiow, as It occurs not only in conjunction with
the Bermuda A/gh but also am a result of a lo-
cal eirculation set up under inversions during
other times of the year; in fact, it is the most
frequent wind direction during inversions (which
occur more than 30% of tho time), A speed of
4 knots (2 m,/nac,) and a condition of leas than
3/8 cloudiness has been assumed, Hero, some
significant dosages might temporarily effect the
gnarsely populatad lower tip of the Delmarva
peninsuin ar the plume made its way to the open
ocean, However, in most cases meteorological
canditicns, with the onset of daytime, would
change to some sort of lapse condition before
algnificant dosnges reached the peninsula,

4.2 Under Northsost Flow

The other wind direstion which oceurs fre-
aquiently (o northeast wind, This can ceeur an

a result of o van brogve which la producod under
woak gradient conditions inthe wurm seazon, or
in other nensons as a rosultof offshore pussing
towe or the flow around the eastarn sdge of o
high pressure cell, Flgure 4,3 deplats the reg
breere situation; strong insoclation and a wind
spoed of 4 knots (2m,/aac,) ars espured, Hers,
also due to the large vertical diffusion couf-
ficlerts involvaed, significant dozages <do not
reachland and ocour overthe water, The other
conditions ylelding northeast winds involve
strong winde and cloudy coanditions; figured
thus deplets both day and night diffusion (n wind
spead of 20 knots {s assumed and neutral sln-
bility), Although significant dosagos extend aver
land areas (10 and 00 unit {sopleths), lethal
dosages (greater than 400 units) do not; also, {t
should be noted that the land areas over which
these dosages occur are relailvely sparasly
populated,

4.3  Other Wind Plown and Condltions

A wind direction from the northwest would
tend to disperss & poliutant over the metrepoll-
tan Norfolk area; howaver, ae has been seen,
northwest winds, contrary to sxpectations, are
infrequent in the reglon, (8ince winter atorm
trucks usually are far encugh north of this ree
glon #o that, following a cold front passage, this
locale i» under the anticyelonio flow of a cold
Aigh rather than the tight cyclonie circulation

of m low , an is the cane in New England,)

The cities of Hdmpton and Newport News
slschave a low pollution potential aince a south-

" east wind, whieh {s needed to carry a pollutant
released {n the Roads in their direction, is.

rare

The study of the climatology hasalao shown
that it is more probrble that thero willba no rain,
fog, or thunderstorms {(that {s, the Hampton
Ronds region is not exwemely wot or foggy, nor
doen It have very sumerous thunderstcoma), ao that
in an estimnate of the general pollution potentinl
ofthe nrea, it can be arsumacd thatthase meteo-
rological events would not be taking pluco the
majority of the time, It should be emphasized,
howeover, that the deviations in diffurion values
and marked doposition could reault , In the event
rain or showery precipitation pssociated with
thunderstorms were ocourring during a pollutfon
episode,
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4.4 Conelusien

The Hampton Roads region has au rolatively
low alr polluticn potentinl, This {s due to the
loval tepographic features and the geographle

.07 w

arrangement of the populution conters, sparsely
populated land areas, and nonpopulated watenr
regions, in conjunction with tha local wind re-
gime and the nonfraquant occurrancs of moteas
rologieal events conducive to poliution,
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APPENDIY « EXAMPLE OF DIFFUSION CALCULATION USING THE GIPPORD MOBIFICATION
OF THE PASQUILL PORMULA

1. 'The Gifford Modification of the Pasquill for=

mula 18
y! At \
Mp.[.H (-—;;-'-40 ——.—./] W

where @ + total unitas of pollutant releascd

X m e

[} ."nw

X « ground-level total {ategrated dos-
age In units=seconds per ouble

tnater

average wind apeed in meters per
second

height of the &ocurce above tha
ground in meters

lateral (crosswind) distance from
the plume axis in moters

horisontal diffusion ocoefflcient in
meters

o) s vertioal diffusion coeffiolent in

meters

2, Figures 1,6and 1,7and table 1.1 reproduced
here, and located on pages 6 and 7, are used
to oaloulate o and o, ,

3, Example - Let us determine the axial (along
the direction of the wind) total integrated
dosage a person would be subjectad to at a
distance of 1 kilometer (10* metars) using
the following assumptions;

{a) a aummaer afternocn with clear skies,
(b) a wind speed of 4 meters per cecond,
{c) a release of 200,000 unita of pollutant,

(d) a relense occurring at ground level,

The diffuslon equation for nxinl dosage as-

suming groundslevel release reducen to

. (8

pince the y and the A in thoe exponential term
equal zero, thereby meking the exponential
term equal to one (e' « 1),

Thus: 200,000

{(n

From table 1,1, a summer afternoon with clear
skies results in & condition of strong (nsola-
tion, A combination of strong insolation and a
wind speed of 4 metars per second yields &
meteorologicel category of type # {moderately
unstable condition),

Entering figure 1,0 at the interseotion of mete.
orological oategory R and an axirl distanca of
1 kilometer (the distance at which the denage
value {s desired) we find;

ow 1,6% 10" moters,
Simtlarly, entoring figure 1,7 we find:

% 1,1 %10 meters,

Insertingthese valueator o, and o,
tion (3) we have:

{ntoequa~

800, 000
(m(1.6x10") (1, 1x10") (4)

x-

s 002 uniis-seconds per cuble

metar,

Thus, xt a distance of 1 kilometsr, & person
would recieve a dosage of ,002 units-seconds
per cubic meter for a ground pollutant releass
of 200,000 units, on a clear sumrmer afternoon
with a wind speod of 4 metera per'zecond { = 3
knots),
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