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Radiation and Clouds

by R Brown

1. Inmtroduction

The purpose of this lecture is to give an introduction to the ways in
which electromagnetic radiation jinteracts with clouds. The discussion will
concentrate on the shortwave and longuwave properties of liquid water
clouwds. There will be little discussion of the mathematical formalism of
radiative t;ansfer ar the general theory of the interaction of radiation
with spherical particles, first prlished by G Mie in 1908. Instead the
results of such calculations will be presented and compared with
observations. It is intended to give a general indication of tﬁe magn.. bude
and relative importance of the various pnocesscs'such as absarption and
scattering. Some of the consequences of the cloud - radiation interaction
will he discussed further in the lectures on the physics of sfratifurm

clowd and fag.

2. Rasic Definitions

A cloud of droplets can scatter, absorb and emit electromagnetic
radiation. All three processes occur in the longwave rewgion whilst in the
shor tuwave region there is negligible emission and only scattering and
absorption need be considered. A parallel beam of radiation of initial
intensity Jo will be attenuated to I after passing 8 distance L thrawgh
such a cloud, according to the equatiun;

L : :
I = Io exp - Bedl (1)

o

where PBe is known as the volume extinction coefficient, with units

length~l, It is convenient to summarize here the definitions of quantities

basic to the subject of radiative transfer, S pBedl is known as the
: o




optical depth (¥). The optical depth, beinyg dimensionless, is very useful
in the theory of radiative transfer allowing the equations to be written in
a8 non-dimensional form. Another qdantifg used is the transmissiwvity 'r“: e
The volume extinction coefficient is composed of the volume -absarption and

scattering coefficients (Ba, Bg) i.e.

Be = Ba + Bg < (2)

The relative importance of scattering and absorption is generally expressed
in terms of the single scattering albeda (ﬁo) which for a population of

drops 15 given by: -

Ho = Bs (2)

Bs * Ba

i.e. for pure scattoering ﬁs = 1, far pure shsorption i; = 0. Finally Bp is

relataed to the drop-size distribution by

m .
Be =1 S'n(r) rZ2 Qa(r) dr (4)
3 :

where n(r) is the concentration of drops with radii betwoeﬁ r, r+dr and
Qe(r) is the extinction efficiency factor of a drop of radius r. Similar
expressioﬁs één be written fbr Bg, Ba with Qa(r) replaced by the scattering
efficiency factor Qg(r) and the ahsorption efficiency factar Qa{r)
respectively. The efficiency Factors are dimensionless rnumbers defined as
follows: +the energy rewmoved from an incident wave by a drop of radivs r is
mr2ig(r) Io: the energy which reappears as scattered energy is nrzos(r) Io,

the energy absorbed is nrzoa(r) Io.

In summary the attenuation of radiation by cloud depends upon Be which
can be ¢alculaled frow the drop-size distribution and tho extinction

efficioncy Factor. . The lattor is calgulated From Mie theory.
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Hie theory provides the general solution to the problem of the

interaction of a plane electromagnetic wave with a spherical dielectric of
arbitrary size. The solutions are obtained by a straightforward
application of Maxwell's equations with the appropriate sphericel boundary
conditions. Far details refer to the books by wvan de Hulst and
Deirmendjian. These constraints provide solutions cantaining Legemire
polynomials and Ressel functions, they are complicated series and will aot
he repraduced here. In general the ﬁolﬁtiuos depend upan the size
parameter X = %%g; and the complex refractive index of the sphere.
Since the Miz solution is exact it reduces to othor aiwpler solutions in

the limit of small and large X.
A 2
W S S Rayleigh scattering (scattered intcnsitg~“'zxa)
i S e x Geome trical optics'

However for cloud droplets r ~ 10 um.
Lohgwave 'ﬁ ~ 10 um e gy o
Require Mie solutiuns

Shortwave N~ “m X260

The number of terus required in the series solutions is generél[g Lavger
than the numerical value of 1he size parameter. It is only in the lLast
decade or so that routine Mio theory caleulations have become possibla,
because of the large CPU timeo required. Tho very complexity of the
solutions can often bo a hindrance because it is not possible 1o idaontify
each term with a recognisable physical effect. Even when presentoed
graphically the solutions contﬁin intricate details which are not
assimilated quickly. A good description of thﬁ qrass overall behaviour of
tho solutions is contained in the book on Atmospheric Aerescls By Twomoy
(1977). The problem for the meteorologist interested in radiative transfor
15 to pick out the iwportant features of the solutions from the irrelevant

detail..



Resides qiving the amount of radiation scattered by a drop, the Hie

solutions aleo predict the angular distribution of the scattered intensd by,
Figure 1 illustrates the palar diagrams of the seattered intensity far a
single drop as the size parametler is increased from about unity. The polar
diagram is initially nearly symmetric, as in Rayleigh scattering, but as ¥
increases a strong Forward peak appears, which becomas sharpor and wovoe
intense and subsidiary maxima appear at other angles. Thao Forward peak is
cavsed mainly by small angle diffraction avound the edge af the drop. The
small backscatter peak and other features are due 1o rays which penotrate
the sphere and those which creep. avoeund the edqge as surface waves., IFf For
a3 given drép 5iz0 the imaginary part of the refractive index is increasaed
(i.e. more absorption) the Forward poeak is not qroatly affected since the
diffracted Light has not actually passed through the particle. However the

intensity seattered inteo the backward hemisphere is significantly reducead.

In practice the Mis scatiering propertiess Have to be calculated Fov a
drop-size distribution, this results in wany of %hu detailled features boing
averaged oul but the principle Features are retained. An exauple 15 shaown
in Figure 2 using a drop-5izo distribviion_measured in S¢ during the JASIN
project.  In this figure the relative intensity scattered at angle O
(defined in Figure 1) is ploatted. This is the mare mwmal piresentation
because the scattering is symmetric shout the direction of Ig. Clearly the
Llarge forward peak and the subsidiary backward peak aro vetained as
impoftant faaturas, Fdf radiative tfansror caleulations tThe winimom
information required about the anqgular distribution of the scatieved

radiation i5 contained in the ésgmmotrg Factor (g) defined by: -
)
il

9=1/2'S

P(O) sin O cos ©6 d 6 - (5)
(7]

This is the average value of the cosine of the scattering angle, weighitad
by P(C) and approximately indicates the difference between the flux
scattered into the forward and backward.hemisphgres. For isotrapic
scattering g = 0 and for complete scatter into the forwmard direction g =

i




The specification of Bg, Ho and g for a cloud allow accurate radiative
transfer calaulations, dncluding multiple scattering, to be performed. The

mathematical details will not bhe pursued further here.

4. Longwave Radiative Properties

Figure 3 shows an exawpleo of the variation of Qe(r), Qg(r) and Qz(r)
with radivs, for \ = 8 um. Xt can be seen that Qz(+r)} increases wikbh
radivs and asymptotes to a value of onéu This moans that the larger ¢loud
drops absorb and enit as black bediss. Sinee Qg(r) > Qz(r) scattering
wovld appear to be an iwportant process Ffor longwave transfer. However it
is possible to ignore scattering in longwave transfer caloculations and
5till compute heating rates with an error of less than 10%, Paltridge and
Platt (1276). There are two roaaoag for this, Ffirst much of theo radiation
is scattered inte the forward direction and secondly the drops are straong
absorbars in the longwave region and hence only a swall fraction of the
radiation is backscafiorod. In fact the reflectivity of clouvds for
Longwave radiation is only a Fow poercent. The increase of Qa(r) with
radivs indicates that the Longwave radiativo propoertioes of «¢louds ave
insensitive to variations in the drop-size distribution. For example as a

crude approximation write Qz(r) = or where ¢ is a constant, then:-

@
Pa = nC S; n(r) r3 dr

) N :
But liquid water content N 4/3 m eL j nir) r3 de
o

Ba = 3N i ¢e)
0y, A

Hith an approepriate choico of C, (6) has boen Found to be a usoful

approximation in the atmospheric window whereo most of the radiative cooling

takes placo, Chylek and Ramaswamy (1982). The lnsonsitivitg to drop-size

distribution is indicatod in Figure 4 wharo thoiflux cissivity is plottad




against liquid water path for three different clouds, whose mode radius

varied from about & to 8 um. The flux emissivity plotted in Figure 4 is
defined by

F¥(2) = [1-€] F¥ (0) + €674 {7)

where Fd (0), FY (Z) are the downmard Fluxes at eloud top and distance Z
beneath cloud top and the cloud is assumed 1o bo isothermal. The plottod
points result From the application of a longwave transfer schems due to
Roach and Slingo (192792), wsing drop-size distributions weasured in Se.  The
line repreéunts 3 pavamnetrization of the re$ults of calculations carviad
out by Stepghena (12786b). Figure ¢ indi&atos that liquid water clouds
become black in the Longwave reqgion when the liquid water path reaches
about 30 am~3 (eg a vertical depth.of 60m for a cloud LHC of 0.5 gm~—3) .
Finally note that if the wmode radiuvs varied over a much greater range,

particularly tewards Larger values, some dependence on drop-size would be

found becavse of the constancy of OQx(r) Tor larger drops.

5. Longwave Flux Profiles and Haating Rateas

Figure § shows theoreticsl and observed flux profiles throwyh a sheet
of S¢. The measurements were made from the C-130 of the HMeteorologival
Research flight during the Joint Air-%ea Interaction Project (JASIN, August
1978) to the NH of Scotland, $lingo ét al (1982). The extent of the <cluwud
sheet is shown by the vertical bar. The dashed lines shaw the theoretical

profiles. The main Teatures of interest are:-

(i) The uvpward longwave flux from the surface (L¢) decreases markedly
above cloud base as resuvlt of the'absorption of the 8-13 um ‘window'
radiation from the surface. Less radiation is re-emitted by the cloud
drops because the clouwd hase temperature is several degrees lowss than the

surface temperature.



(ii) The downward Tlux (L¥ ) at cloud top is ahout 10¢ wm 2 less than the
vpward flux because of the Lack of oenission in the atwoesphoric windom.
However cmission from the clovd drops in the atmoesphevic window cavses a
rapid increase in LY beneath cloud top. Eventually L{ = L as the cloud is

optically thick.

(iii) At the surface the net longuwave flux (Lpeot = Lp - LV ) is about 20
wn 2 because af the temperature difference between the surfoce and cluud
hase. Above cloud hase the net flux falls to zerse within tﬁe hody of bhe
cloud and then within S0m of cloud top rises rapidly to ahout &0 wm 2. The
fFailure of the observed net Flux to fall to zerae is belisvoed to vreprasant
experimental error, sinco it is a difference of two larges Pluxeas measwwod

by independent upward and downward Facing vadiometors.

(iv) The radiative heating rate is given by:

af = 1 B_EE, ®)

where Cq, Cp are the density and thermal capacity of air and Fy represents
the net longwave or shovtwiave Flux., The decranse in Ly at cloud lbase
represents a warning of about 1/2°C/hr whilst the large increase at cloud
top indicates a local cooling of up to 8°C/hr. (See also Figure 92).
Clearly such coaling at cloud top will rapidly destabalize the atmosphere,
leading to the generation of canvective motions. This topic will be

discussed in mare detail in subsequent lecturas.

&. Effect of longwave lass an Droplet groamth

Radiative cooling at cloud top is wainly dus to longwiave loss frowm the
individual drops. This cools the drops below the subient air tewperatuve
and henco the air cools by malecular conduction to thoe drops. NWithout |
’radiativo loss the classical theorgvof droplet arowth by diffusion predicts
that a growing drop is warmer than its envivorment becavse of the release

of latent heat. The cooling of a droep by radiative loss oan hiave a




signifTicant effect on its growth rate. Roach (1976) calculated the effect
for a clear sky radiation Tield and produced a modifTied form of the droplat

growth equatiun:

!

€ S =Nk (9)

Q
-
>

where A, B, €, D are constants, G is the supersaturation and F = 1/2 (LT +
LY) - @Tp%, Tp is the droplet temperature which is within a few 1/100°C of
the air temperature. (NB if the cloud is radiating as a black body F =
-1/2 Lnet). The radiative term becomes relatively more impartant with
increasing dropsize since Qa(r) incresses with r then becames canstant, o211

the other tevus decreass with increasing radivs.

Equation (2) shows that it is possible For drops 1o grow in a slighfly
undevsaturated envirormaent if F is sufficiently large. It is alse possible
for thes larger nucloi to bo activatad in sligbtlg vndervsaturated air. The
exact importance of the radiative loss term is difficult to establish
because it depends wvpon the Lifetime of the droplet in fthe radiatively
active region close to cloud top. It is believed to hiave a significant
effot on the growth of fog droplets because the awbient supersaturation is
very low (Brown 19890). The long lifetime of some ice crystals Falling frowm
Cirrus c¢louds may also be due to radiative loss. However in this case it
is alse possible for the crystals to experience a net radiative gain,

- enhancing evaporation. This can happen if the ¢loud is very cold so that
GTD4 is small and also optically thin (or there is no cloud heneath) so

that the crystals receive the window radiation from the warmer surface.

7. Shortwave Radiative Propertiss

Figure 6 shows the solar spectrum at the top of tho atmosphere and at
. iho ground. Tho main Featuces of 1hb Latter are tho‘abaorption by 03 at
wavelengths < 0.3 um, depletion by Rayleigh scatteri;g up to 0.7 um and the
marked absorption bands. The feature‘at 0.76 um is caused by oxygen

absorption whilst the rest ave water vapour absovption bands.

rr



Figure 7 shows the single scattering albhedo as a function of wavelerwyth
(computed for several drop-size distributions). It can be seen that there
is negligihle draoplet ahsorption (Eo = 1) out to 1 um and that the regions
of absorption foughlu coincide with the water vapour absorption bands .,
These two festures result in a theovetical maximaue absovrption of about 20Y%
of the downward flux. Some observational studics ag Roynolds of al (L27%5)
hiave obtainud absorptions waell in excess of tho 207 theoretical maximin.
The prasence of absorbing awrosol, ebservational error and findito cloud
geometry havo all been invoked to explain this discrepancy. Helch et al
(1980) suggest that the excess heating mig be cavsed by a secondary dveop
population up 1o precipitation Qizo (i the clouds may be close 1o, or
actually, raining)., which it is known have a3 much higher absorption eptical
depth in the visible than swaller drops, fovr the same Liguid water‘

.content .

For shortwave radiation and cloud drops the size parameter x >>1 and
the extinction coeflicient approaches a value of 2, independent of radivs.

Substituting Qg = 2 in (4) produwes

Jw o)

30 s ?.V‘z EI-
where £ 1, is the density of water and rg is known as the equivalent radius

®»
re = So n{r) r3 dr (1)

(%)
J n(r) rigr
o

Equatians (10) and (11) show that the shorfwave broperties of clouds are
dependent upon the drop-size distribution and that veriations in the latter
can be taken into account using one variable, re. Figure 6 also shows fe
as a Function of N for three difFeront drop-aize distributions (with
differant re and w). The hars to the left of this diagram indicate the
valve of Bg from equation (10), thié is seen to bhe a very good

appreximation.




8. Shortwave Flux Profiles

The observed Flux profiles through a sheot of Sc obiained during the
JASIN project are shown in Figure 8. Also shown are the predictions of the
shortwave radiative transfer schemes of SLlingo and Schrecker (1992) and
Schmetz et wul (1981). The extent of the cloud Laver is marked by 5
vertical bar. The downwavrd flux S is dapleted by 5cmttéring and some
absorption, most of the radiation reaching the sea is absorbed (sea surface
albedo = 0.05), hence the small vpward Flux from the surface. The upward
flux increases through the ¢Loud since it mainly comprises backscattovad
radiation frow the droplets. For this ¢loud (LHC max = 0.7 gm~=3) the
albodo ( s sy at cloud tap) is 66 to 70Z whilst about 6F of the incident

flux is absaorbad.

Figure 2 shows the computed shortwave heating rates for the same claud
sheet, the solid histogram. The maximum heating rate is about 2°C/hr. ?
Also shown is the Longwave heating rate and to the right of the diagram the
not haating rate resulting From the addition éf tho shortwave and longuwave
contributions. It ¢an be seen from tho inset figures that'ths net longuwiave
loss from the cloud shoot is cowparable to tho shortwave absorption.
Howevey tho shortwave absovption is more ovenly distributiced through the
clovd 50 that it only partially offsets the intense longwave cooling at
‘the clovd'tob{.

. .

9. Influence of Cloud structure an shortwave properties

Some of the more important papers on the shortwave bropartiea of
clovds are those by Lacis and Hansen (1974), Zdunkowski and Davis (1974),
Twomey (1976), Helch et al (1976), Stephens (1978), Liouv and Hittwan (192792)
and Holch et al (19890). The broadband reflectivity or albedo R, Flux
tranauissivity Tp and ahsorption A depend in a camplex way on a numbed of
parameters but the main results of thesg studies may be.sumnarised as

folloms: —
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a) As liquid water path increases s

R TE AR

(wax 2 8Q¥%) {max 22 20%)

b) As solar zenith angle increasoas

Rt TEd AV (complex dependaneas)

&
S

5 maean drop radivs ilncreases at constant Liguid water content

Ry TEh ' g
An exauple of the Latter depondence is shown in Figure 10 from SLlingo and
Schrecker (1982). The albedo and peveentago absoevption ave cowpmwtod as a
function of re for three model clowds. As reg ingreasas the cloud abhsorbs
more and transnits move (reflects less) radation, the latter indicvates move
absorption at the underluing surface. Thus the total abserption by the
cloud/surface systow s quite éensitive 1o variations in re.  Figursa 10
also shows the values of cloud absorption when the absorption by the draps
is suppressed (excluding tho Avctic case). These values are much smaller
than the previous ones and show clearly that for such boundary layer cloud;
it is the drops themselves thatl are responsiblo for the bulk of the
absorption and not the bater vapour; Welch ot al (19890) agree with this
but Stephens (i??ﬂ) finds water vapour absorption to be wmoroe iwportant.
The differoent concluzions aro'bolieved to be dur to the different relative
amounts of water vapour and liduid in the wodel clouds. Finally the
horizontal bars on the cloud absorption graph indicéte the absorption in
the cloud Layer when no cloud is presont (ie just duo to tho wataey vapour).
Theo values are seon to be higher than in the case of a clapd with no
droplot absorption. This is becavso a significant fraction of tho incidont
radiation is scattored back 1o space in the Latter case, this move than 3
ofPPsets the incroeased path length for radiation in the <loud due to

multiple scatiering.

25k




10. Future Reseavoh

This presentation has concentrated on the radiative properties of
layer clouds composed of water drops. Under such conditions radiative
transfer schemes, which assume a horizontally homogeneous atmosghere, hsve
been shown to bhe in good agreement with ohservations. In reality cloals
are inhomogeneous and measwrement programs are now under way, eg at the
Metearoalogical Research Flight, to study the rediation field associated
with hroken cloud. There is also much interest in the radiative properties
of Cirrus clouds hecause of the possiblc effect of variations in claud
amount on the earth's radiation budget, Freeman and Liou (1979). This
requires computation of the scattering properties of ice crystals. Exact
solutians to this problem are not available from Mie theory but a variety
of approximate methods have been devised, Schuerman (1980), MHugnai and
Hiscomhe (1980). In general non—ébherical particles scatter mora radiation

to the side than equi-volumed spheiaes.
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Figqure Legand

Figure

Figure

Figuvre

Figuvre

Figure

Figure

Figure

F;gure

™

Scattering poiar diagrams for ) = 0.66 um and size parameters X
(= 2 wr) in the range 1 to 17. The direction of the incident

radiation Iy is also indicated.

Relative intensity (as defined by the phasz2 function p(O))_vs.
scattering angle 0, for the drop-size distribution shown on the
inset. © is the angle between the incident and scattered

radiation as shown on Figure 1.
Efficiency factors Qg, fig, g as a function of X for ) = 8 um.

Downward cnissivity €, defined in the text, as a Function of

Liquid water pqth. The plotted points rercrrio caleulations Ffor
three difforent S sheets using the Longwave schoeme of Roach and
Siingo (1272). The curve repressnts an approximqtion dorived by

Stephons (1978).

Rhserved ———— and theoretical - - — - profilés af upwavd,
downward and net longwave flux through a shoet of S, The

vertical bar indicates the position of the cloud.

The spectrum of direct scolar radiation at the top of the

atmosphove (upper curve) and at the ground (Lowar curvae).
Single scattering propertics for three drop-size distributions
#% a Punction of wavelesngth. The bars to the left of the upper

diagram indicate the value of Bpo ansumirei Qg = 2.

observed,

Upward $4, douwnward S$¥ shortwave flux profiles,
and the theoaretical profiles of Slingo and Schrecker (19952)

- - — - and Schmetz et al (1981) = ¢ . — « = o
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Figure 9.

Figure 10.

Theoretical longuwave (unshaded), shortwave (shaded) and net

heating rates for the Sc¢ sheetl observed during JASIN. The

extent of the cloud is shown by the vertical bar.

Cloud absorption and alhedo for three different atmospheric
profiles as a Tunctiaon of equivalent radiws. The clear sky
3h50rptiun5 are shown by the horizontal bars. The lowver fwo
abhsoarption curves, not joined by a line, représent the case of
no droplet ahsarption, i.e. the cloud droplets just scatter the

radiation and the shsorption is due to the weber vapuws .
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The Physics of Fog

by
R Brown

4 48 Introduction

Jiusto (1980) suggests that up to 15 types of fog have been described in
the literature. However there are basically three physical mechanisms for the
formation of fog:

is Cooling of the air to its dew point (by radiative cooling, turbulent
diffusion or ascent).

ii. Addition of water vapour to the air e.g. the evaporation of rain.
iii. Vertical mixing of moist air parcels at different temperatures.

Radiation fog is generally associated with type (i) mechanism, with radiative
cooling providing the driving force, frontal fog with type (ii) and advection fogz
with type (iii). Radiation fogs typically occur inland whereas advection fogs
generally form over open water or coastal locations. In reality the situation is
not so clear cut as suggested by these simple classifications. For example there
is still some controversy over the relative importance of radiative cooling and
turbulent mixing during the formation of radiation fog. Also a variety of
mechanisms have been suggested for the formation of fog at sea and some of these
will ve mentioned briefly later. :

Before discussing in detail the physical processes involved in the formation,
growth and dissipation of fog, some comments on the definition of fog are required.
The standard metecorological definition associates visibilities of less than one
Kilometer with fog. However a fog with visibility exceeding 500m will be comprised
of unactivated droplets (haze droplets) whose equilibrium size is tied to the
ambient relative humidity (r < 2pm). Once the visibility falls below 500m there
is often a rapid descent into a dense fog (visibility € 200m),. which indicates
that the air has become supersaturated and that some of the haze droplets have
been activated and grown into fog droplets (2 - 20um radius). In the discussion
presented here the term fog will indicate that the visibility is less than a few
hundred metres and activated fog droplets are present.

P Formation of Radiation Fog

The following picture of the formation and growth of radiation fog has
emerged from a combination of observations and modelling eg Stewart (1955),
Roach et al (1976), Brown and Roach (1976), Lala et al (1975). On a radiation
night the ground cools by radiating to space mainly through the atmosphegic
window, a typical value of the surface net longwave flux being 55-75W m © in the
United Kingdom. The surface temperature initially falls rapidly but then more
slowly as the radiative loss is partially offset by heat conducted upwards through
the soil as a result of the temperature gradient established within the top few
centimetres. % typical value for this soil heat flux, measured at a depth of 4 cm
is 20 - 304 m . The turbulent fluxes of sensible and latent heat only make a small
contribution to the surface energy balance because of the low level of mixing with
light winds and a strong inversion.

As the surface cools the air in the lowest few metres radiates directly to
thg1colder ground. The radiative cooling rate in this region can reach 1 or 2;Q1
hr ' compared to a typical value well removed from the surface of 0.1-0.2 C hr .
Once the air at the surface becomes saturated, further cooling leads to dew
deposition and hence a drying of the air. Whether fog now forms depends upon a

balance between radiative cooling leading to saturation of the air and turbulent



diffusion which although it may be cooling the air is also drying it. Both model
results and observations show that radiation fog forms more readily with a low level
of turbulent mixing. This is illustrated in Figure 1 by results from a numerical
model. At the top are the exchange coefficient profiles associated with the model
I-IV temperature and liquid water ‘content profiles presented beneath. Model IV

used only molecular diffusion and fog formed earliest in this case. .The_ model
results of Brown and Roach and of Lala et al agree that K ~ 0.01 m“ s~ for fog
formation on a realistic time scale. The field studies of Roach et ¢1 suggested
that fog forqed when the air was close to saturation and the surface wind fell
below 1 m s . This ties iu with the observations_gf Monteith (1957) that on a
radiation night if the 2 m wind fell below 0.5 m s there was an abrupt decrease in
the rate of dew deposition. He suggestcd this was caused by the virtual cessation
of turbulent transfer under these conditions. Since radiative cooling of the air
will continue, condensation must eventually take place directly into the air.

The above description is based upon work published up to 1976 and since then
it has been subject to some criticism. In particular Jiusto and Lala (1983),
in discussing the preliminary results from a continuing radiation fog field project
at the State University of New York, suggest that it mainly applies early in the
night. They believe that as the nocturnal inversion deepens and the relative
humidity rises the atmosphere becomes conditioned for fog formation. At this stage,
between midnight and sunrise, they suggest that turbulent mixing can intensifly fog, -
although their evidence is not particularly clear. In fact they state:- 'One of
the fundamental elusive questions is the exact sequence of events leading to sudden
onset of dense fog formation'. Gerber (1981) has developed a saturation hygrometer
to measure relative humiditics in the range 35 to 105%. From measurements on one
night, when shallow fog formed intermittently, he concluded that turbulent mixing of

- nearly saturated eddies was the cause of fog formation and the broadening of the

droplet size distrisution. However he made no turbulence or wind measurements and
based his conclusion on the fact that the peak supersaturation was higher and the
development of the fog more rapid than suggested by the predictions of radiative
conductive models. An interesting feature of his observations is that periods of
surersaturation are associated not only with a decrease in temperature but with

a marked reduction in temperature fluctuations. They are therefore open to the
interpretation that a reduction in turbulence was associated with the formation
of the fog.

Met O 9 are currently involved in making a limited series of measurements in fog at
RAE Bedford. They are measuring the wind at 2m vith a sensitive Porton-type
anemometer, in order to try and establish more firmly the proposed link between wind-
lulls and fog formation. Observations from two nights have shown that fog developed
during a lull in the 2m windspeed. Furthermore during the wind lull the chart trace
showed a marked reductisn in the variance of the horizontal windspeed, indicating a
reduction in the level of turbulence. ;

The model of Brown and Roach has been extended to include the 1-D momentum equatione
with the exchange coefficients made functions of the local Richardson number (Ri).
Although the model was extended originally in order to better simulate the mature fog,
it has been used to examine again the development stage, by comparison with detailed
observations made at Cardington. The comparisons indicate that the model windspeed
is too high near the surface, leading to an overestimate of the intensity of the
surface turbulence and the partial destruction of the large temperature gradients
which are a feature of the observations. This in turn reduces the radiative
cooling of the air close to the surface and inhibits fog formation there.

Eventually fog develops aloft, at 50 to 100m, and descends to the surface about an
hour later. Jiusto and Lala (1983) have observed fog to form in this manner. If a
wind lull is introduced into .the model fog develops at the surface on a realistic .
time scule, but not if radiative cooling of the air is removed. The formation of fog
aloft in the model is only delayed by two hours if gaseous radiative cooling is
removed, thus it appears to be predominantly a mixing phenomenon.



In summary the current position appears to be that theoretically fog can
form at the surface without turbulent mixing. Observations and numerical ex-
periments associate fog formation with wind lulls and a reduction in turbulent
mixing but later in the night fog may form without a lessening of mixing.

One problem with the elementary theory whereby mixing of two saturated
parcelsat different temperatures produces fog is that large temperature
differences are required to produce a reaseonable fog liquid water content eg
5°C to produce 0.1 g m ”. Although such temperature differences are found at
the surface it must be remembered that water vapour is not conserved because
of dew deposition. The more sophisticated mixing theories eg Rodhe (19€2),
Oliver et al (1978) do not explicitly consider the mixing of individual parcels
but establish expressions for the equilibrium profiles of temperature and humidity
mixing ratio, produced by mixing. Fog is predicted to form if the actual mixing
ratio decreases less rapidly with height than the saturation mixing ratio. Both
references agree that mixing alone cannot produce the observed fog liquid water
contents (0.1 to 0.3gm~3) and that radiative gooling from the droplets must play
an important role.

3. Development of the Mature Fog

As the fog increases in depth and liquid water content radiative cooling
by the fog drops becomes dominant in the upper part of the fog. With the increasing
optical depth of the fog the radiative loss from the surface is reduced to a
value below that of the soil heat flux and the surface temperature starts to rise.
The inversion then lifts from the surface where it is replaced by a superadiabatic
lapse rate. This process is illustrated by the model III and IV numerical
simulations shown in Figure 1. Both model results and observations show that the
inversion starts to 1ift from the surface when the fog is 20 to 50 m deep.

Figure 2 shows the observed temperature and net longwave flux profile through
a deep mature fog. The inversion has lifted to become almost coimcident with the
fog top, although it is not as sharp as at the top of stratocumulus. The radiative
cooling rate calculated from the net flux profile is also shown. This is lower
than that observed in stratocumulus because of the lower liquid water content
typical of radiation fog. Howeversthe cooling at the fog top cembined with the
warming at the surface produces weak convection and Figure 2 shows a wet adiabatic
lapse rate throughout most of the fog.

The original fog model with specified exchange coefficients eventually
produced unrealistically large superadiabatic lapse rates throughout the fog.
The revised model, in which the exchange coefficients respond to changes in
stability, develops a wet abiabatic lapse rate in the mature fog. Observations
made in mature fog at Cardington and RAE Bedford using a tethered balloon or mini-
sonde have shown that the temperature can remain constant for many hours, despite
the longwave loss from the fog top. About 50% of the longwave loss is offset by
latent heat release, the rest must be balanced by weak convection from the surface
and entrainment of warmer air from above the fog top. The model fog continues to
cool which suggests that the turbulence scheme is underestimating mixing at the fog
top. st

Besides having a significant effect on the thermal structure of the boundary
layer, a mature fog can also modify the windfield. Figure 3a shows a time-height
cross-section of the windspeed on a radiation night when fog did not form. The
windshear is mainly concentrated at the surface. Figure 3b shows a similar cross-
section (on a different night) through a deep fog. The windshear is concentrated
through the fog top and appears to move upward with it during the night. Figures 3c
and 3d show cross-sections from the extended fog model. These are qualitatively
similar to the observed cross-sections and confirm the influence of the fog on the
windfield. The weak convective regime within the mature fog is responsible for this




phenomenon. This enhances the transport of momentum to the surface, especially
from higher levels, where without fog the turbulence would be decaying after
sunset. ' This leads to the momentum deficit beneath the fog top, especially if
the pre-fog inversion has caused ‘the cessation of turbulent transport from levels
above the fog top.

L, Disversal of Radiation Fog

Radiation fog may be dispersed by increasing gradient wind, by the advection
of cloud cover and by solar radiation. .

Analysis of the Cardington fog project data suggests that increasing gradient
wind causes an increase in windshear through the fog top. This enhances the
mixing of drier air into the fog and in the limited number of cases analysed
led to the dispersal of the fog from the top first.

Saunders (1960) has drawn attention to .the effectiveness of the advection
of a cloud sheet in dispersing an existing radiation fog. He found that the
lower the cloud the more rapid was the fog clearance. The ability of clouds
to clear fog also seemed related to the soil-air temperature gradient with
large gradients enhancing fog clearance. This latter result was related by
Saunders to the role of the soil heat flux in dispersing the fog. The mean
dispersal time from all Saunders observations was 2.2 hours.

Figure 4 shows the temperature and liquid water content profiles from a
numerical simulation of the clearance of fog by cloud. A cloud sheet more than :
a few hundred metres thick will have an emissivity approaching unlty and so will
produce & downward flux iRl thé atmospheric window approximately ecual to the

_black body flux at the cloud base %emperature. The cloud has been introduced
into the model at time t by increasing the downward flux in the atmospheric
window from above the top boundary of the model. This significantly reduces
the net longwave loss from the fog. For example in the model integration
111ustraued in Figure 4 the radiative cooling near the fog top was reduced
from 5 °C hr-1 to 0. 3°C hr-1 by the appearance of cloud. However the surface

- continued to. be warmed by the soil heat flux and the upward diffusion of heat
from the surface warmed the air and reduced the fog liquid water content. »
In the example illustrated in Figure 4 the fog has nearly cleared two hours
after the appearance of cloud. Note that a net input of heat of 10 w m~2 into
a fog of depth 50 m and liquid water content 0.2 g m=2 will evaporate it in
about 40 minutes.

Solar radiation is generally less efféctive at dispersing fog than cloud
because the fog top net longwave loss continues undiminished. During the United
Kingdom fog season ‘irect absorption of solar radiation in the fog will be small
compared to the longwave loss. Although accurate calculations have yet to be
performed for radiation fog, the direct absorption is unlikely to exceed 2-3%.
The maximum downward solar flux in the United Kingdom in early December is

~ 300 w n2, giving a figure for the direct absorption around 10 w m-2,
but only several hours after sunrise. Thus thé fog can continue to grow upwards
after sunrise, driven by the longwave loss. The mode of clearance is by heating
of the surface by absorption of the solar radiation and turbulent transport of
the heat to the air. This suggests that clearance will commence at the surface
and this is often observed to happen.

It is commonly believed that fog thickens around sunrise because of enhanced
turbulence. The classical mixing mechanism is generally assumed to be
‘responsible. It is likely that the release of water vapour from the warming
surface is an important factor.’
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S Radiation Fog Microvhysics

The pre-fog radiative cooling rates of 1=2°C hr_1 are equivalent to very
low ascent rates of 5 cm s=1, Thus the peak supersaturation in radiation fog
is believed to be low ~ 0.05 - 0.1% eg Brown (1980), Meyer et a2l (1980).
For a given CCN distribution a lower concentration of nuclei will be activated
in fog than in stratocumulus or cumulus.

The visibility in fog is influenced by the CCN concentration and the model
results of Brown (1980) have shown that the minimum visibility o<
A

where n is the CCN concentration. The CCN concentration influences the

visibility by its effect on the drop-size distribution. As the CCN concentration

is increased a higherconcentration of activated drops are formed and competition
for the available water reduces the mean drop radius. This is illustrated by
the model results shown in Figure 5, The drop-size distributions are shown

which result from increasing the basic CCN concentration by a factor of 2% and 5.

These have a higher drop concentration and lower mean radius. The effect on
visibility (V) can be demonstrated by a simple calculation assuming a mono-
disperse drop-size distribution. From Koschmeider's theory

v = 3.0 T (1)
ATN 2 ;

The liquid water content is given by
, — 2
W= al NI Q)

where N is the drop concentration and Q;L the density of water.

Combining (1) and (2)

Nz J)eT (3)

For a given liquid water content reducing r decreases the visibility.

The microphysical fog model tends to give a mean radius which is larger
than that shown by the majority of the observations. This is probably because
the model underestimates the mixing at the top of a mature fog since it uses
exchange coefficients which are constant in time. This .implies that the
entrainment of drier air and fresh nuclei at the fog top can lead to a
reduction in the mean drop radius.

There does not appear to be a concensds‘opinion about the variation of
liquid water content and drop-size distribution with height in radiation fog.
Jiusto (1980) reports observations which show liquid water content decreasing




with height in shallow fogs but increasing with height in deep fogs. :
The Cardington observations have generally shown no trend or a decrease

of liquid water content and mean drop radius with height, even in deep fogs.
It is necessary to explain these differences before it can be claimed that
the physics of radiation fog is completely understood.

Roach (1976) has shown that the net radiative loss from the rops,
besides cooling the drops and hence the air by conduction, also fundamentally
alters their growth rate. This led him to modify the classical growth equation
by the addition of a term representing radiative exchange with the atmosphere.
Whilst all other terms in the growth equation decrease with increasing drop
radius, the radiative term increases becoming roughly constant at 15 fp m radius.
Thus radiative exchange dominates the growth of the larger drops in layer cloud
and fog.

The importance of this term has been examined using a fog model containing
explicit microphysics. The results are shown in Figure 6 for a low and high
nucleus concentration (nucleus spectrum B and E). A significant effect is
found using a low nucleus concentration, the drops grow larger and thus are lost
from the fog more rapidly by gravitational settling. The radiative term has
very little influence with a very high nucleus concentration. This is because
the drops only experience a radiative loss over a small distance beneath the
fog top due to the large opacity of the fog.

Sea Tog :

\ » i ) »

3 Judging by the relative number of publications, sea ‘fog has been a neglected
area relative to radiation fog in recent years. Most of the work has originated

from the United States and much of this has concerned the formation of fog and

low stratus off the coast of California. Sea fog is generally considered to be

an advection fog but several other mechanisms have been suggested for its
formation and these are mentioned briefly later.

Warm advectlon fog forv'xr when warm air flows over a colder surface. It
generally has a high liquid wafer content (up to 1 g m~ ), can cover large areas
and is stable. Barker (1973) has described a detailed study of warm advection
fog using a two-dimensional radiative-conductive model. The fog generally
formed aloft and descended to the surface downstream. At low geostrohic wind-
speeds the cloud descended to the surface almost immediately. He found that
gaseous radiative cooling was required to make fog form using his 'normal'
geostrophic windspeed of 4 ms™'., Radiative cooling from the fog top played an
important role in ceveloping the fog, as in radiation fog. The radiative loss
from the mature fog was mainly balanced by latent heat release and advection.
Heat loss to the sea was small and the model turbulence scheme produced negligible
entrainment.

Cold advection fog forms when cold air flews over a warmer sea surface.
According to Lee (1975) it has a low liquid water content ( 0.01 g m~2), short
duration (2-3 hours) and is shallow. He studied its formation Yising a two-
dimensional model,if the sea-air temperature difference was less than 1 °C he
obtained a shallow steam fog but when the temperature difference exceeded 4°C
stratus formed. Pilie et al (1979) have summarized the results of seven field
expeditions to study the formation of marine fog along the California coast.
Fog was often found to be associated with warm water patches. From their
‘observations they have built up the following picture of.its formation:-



A Upwind, warm air flowing over a colder sea surface is cooled and
moistened in a layer close to the surface. The stability of the surface-
based inversion which develops inhibits the turbulent transfer of moisture
to hlgher levels.

| ' ii. VWhen a warm water patch is encountered the stability of the surface
layer is destroyed. The resultant mixing of the newly formed warm surface
| air with the near saturated cool air produces condensation.

iii. Radiative cooling from the fog top and warming from the surface ‘ J
drives the inversion to the fog top. The air is cooled further enhancing i
the evaporation from the warm sea surface.

The model of Oliver et al (1978) has been found to realistically simulate
this formation process.

Pilie et al also observed fog to form effshore in a region of low-level
convergence, produced by the interaction of the windfield with the coastal
topography. Although the mean undraught was computed to be 1-2 cm s-1 they
postulate that an organized pattern of stronger updraughts and downdraughts

- persisted, with a net updraught of 1 cm o Fog forms in the updraughts and
~ is prevented from evaporating in the downdraughts by the extra condensation

- generated by radiative cooling. Fog was also observed to form from the lowerlngv
of stratus, especially at night when the longwave cooling is no longer partlally‘
offset by solar absorption. This process was also modelled by Oliver et al.
who found that the lowerlng process can only produce fog at the surfac If;the

:-observatlons.,

A%
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THE PHYSICS OF STRATIFORM CLOUD
by S Nicholls

1. INTROIUCTION

Although stratiform cloud is observed at all levels in the.troposphere,
we will concentrate here in low level layer cloud ie. Sc and St.

The complications of the ice phase will be ignored although many of the
concepts may be usefully generalised to deal with As or Cs.

Sc is a very common phenomenon around the UK (sge Fig 1), is horizontally
extensive (often covering areas greater than 10" km”) and in certain

parts of the world is very persistent, especially around the edges of
subtropical anticyclones where strong subsidence and cool ocean currents
exist (Fig 2)s Its importance lies in the changes in the radiation balance
which accompany ite. This drastically alters the energy transfers within,
and therefore the siructure of, the boundary layer and the surface energy
balance. Forecasts of boundary layer phenomena e.g. fog formation and
dispersal, maxe. and mine. temperatures, surface conditions etc. are therefore
highly sensitive to the presence of layer cloud. On a different
timescale, large semi-permanent areas of low level layer cloud over the
oceans may markedly affect the heat input to the oceanic boundary layer
with consequences for coupled atmosphere~ocean climate simulations.

However, as the important physical processes occurring in such clouds
involve interactions between cloud microphysics, radiation and turbulence,
they are not well understood and forecasting cloud evolution is particularly
uncertaine.

2. PHYSICAL PROCESSES OCCURRING IN STRATOCUMULUS

2.1 General features

In order to simplify the discussion only a single cloud layer will be
considered. The formation of stratocumulus is associated with the cooling
or moistening of the boundary layer or the spreading out of cumulus
beneath an inversion. The general features are best illustrated by
examples (Fig 3). Here cloud has formed at the top of a well-mixed
boundary layer (one in which conservativequantities, e.g. € , q.: see 3.1
below for definition, are nearly constant with height) underneath a
marked inversion and hydrolapse. The mixed layer is turbulent while the
air above cloud top is not,due to the strong static stability. The relatively
large density difference keeps local perturbations of the interface small
so cloud top is quite flat although small amplitude gravity waves can oft-n
be observed. The combined effects of turbulence and radiation keep the
interface sharp. The local interface between cloudy mixed layer and
inversion air (up to several degrees warmer) has been observed to be as
little as a few metres thick (Ref 2). 'In contrast, cloud base is quite
diffuse due to inhomogeneities resulting from turbulent motion.. In a well
mixed boundary layer without entrainment the humidity mixing ratio above
cloud base would be constrained to be the saturation value at the local
temperature. It would therefore decrease with height at a rate determined
by the wet adiabatic lapse rate. The total water content g, would be
independent of height, since it is a conservative quantitye Therefore the
liquid water content g, would 1§crea§§ roughly linearly with height at the
adiabatic value of aboit 1 gm ~ Km ~ « Observations show that in strato-
cumulus qldoes increase roughlylinearly with height but at a somewhat



smaller rate (see Fig 3)s This is probably caused by entrainment of drier
air at cloud top. Windshear within the body of the cloud is generally
small unless the cloud is close to the surface but may be large at cloud
top and within the inversion layer. |

202 Microphysical structure

The increase in g, with height is generally observed to be due to an increase
in mean drop size. On any particular oxasion there is normally little variation
of droplet concentration with height (see Fig 4) althougn thisvalue may vary
considerably between occasions reflecting the different aerosol properties
of the mixed layer air. This is consistent with the peak supersaturation
being attained near cloud base. The concentration of activated drops is
establised close to cloud base and the increase of q. with height is achieved
by condensation on the pre~existing dropse. As soon as sufficient numbers
of_aarg§3dr0ps are formed (drops >~20mm radius in concentration exceeding
10 © cm ~ according to Ref 3), a process obviously favoured in thicker
clouds, coalescence begins to transfer water into precipitation sized drops
( >'V1OQum). An example is shown in Fig 5. Even though this cloud was
only 450 m thick, significant econcentrations of drops radii up to ~10Qum
were observed within and beneath cloud in drizzle. Note that the concentration
of drops < 20mm increased downwards through the cloud while the opposite
is true for smaller drops,illustrating the size ranges over which conden=
sation and coalescence are dominant. Almost all 8f the liquid water is
contained in the small ( < 204m) drops (qi o nr”) but the waterflux due
to gravitational settling (ie, rainfall) is proporfional to wt.q, where
wt is the droplet terminal velocity. Since wt « r° (¥ < 50mm) with a
slightly decreasing power of r at larger radii (Ref 4), wt.qi « .nr’, SO is
much more sensitive to larger drops. This is shown in Fig 6 which shows
the contribution of larger drops ( > 24,um) t0 the rainfall rate increasing
downwards, although the much greater concentration of smaller drops near
cloud top compensates for their smaller fallspeeds. The water flux within
the cloud due to rainfall is therefore approximately constant in this case
~ although decreasing in the unsaturated subcloud layer due to evaporation.
This process is less important in clouds with high particle concentrations
then in maritime clouds where this water flux may be as large as the
turbulent water vapour flux. Evaporation of precipitation beneath the
cloud may also have dynamical effects by cooling the subcloud layers

2¢3 Cloud radiative propsrties:

As we are dealing with a situation whose horizontalscales are large compared
to the vertical ones, the radiative properties may be discussed in terms

of two streams: hemispherically integrated upward and downward fluxes.

The detailed radiative properties have been discussed in other lectures,
here we are interested in the net heating effects, so only the broadband
fluxes will be considered: insolation (0.3—}/4m) and long wave fluxes

(4=40 pm). A typical %?1ue for the net longwave radiative loss from the
cloud top,is 60-100 Wm ~, if there is clear sky above. The resultant »
divergence of net longwave flux, occurring typically over a few tens of 5
metres beneath cloud top, leads to radiative cooling rates of 5 to 10 C hr
(Fig 7)s Note also that there is a slight warming at cloud base due %o

]
N
i
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absorption of 8-13 um window radiation from the warmer surface. The long
wave radiative cooling rate is a function of cloud liquid water content but
is fairly independent of the drop-size distribution.

It is more difficult to summarise the role of solar radiation because
of the variation of the incident intensity with zenith angle (ie time of 5
day, latitude, season). Typical values for the dowpward flux are 1000 Wn
with sun overhead, 800 Wm ~ UK June midday, 400 Wm _ UK October midday.
The albedo of layer cloud (ie percentage of the incident flux which is
reflected back to space) is in the range 40-90% whilst 3=15% of the incident
flux is absorbed in the cloud. The absorption increases with cloud
thickness but reaches a limiting value of about 20% if precipitation is
absente As the zenith angle increases (ie low sun) the albedo increases
and the percentage absorption decreases. There is also some dependence on
drop size. With increasing drop size the cloud refiects less and absorbs
more solar radiation. Note that the depth over which insolation is
absorbed is much greater than the depth of strong long wave cooling
although the net gain (ie flux divergence across the whole cloud layer)
may be about the same. Although this warming is a maximum at cloud top,
it is stillinsufficient to cancel the long wave cooling so that the net
flux (Fig 8) still shows marked cooling near cloud top with warming beneath.
On this occasion the net flux divergence in the cloud layer is nearly
zero, but the distribution of heating and cooling (ie 3R/3z) remains a
strongly destabilising influence. The magnitude of the solar absorption
(~7o Wm ) suggests that thick clouds may display significant diurnal
changes. This effect is likely to be less important in thin clouds since
the net shortwave flux divergence will be disproportionally reduced.

2.4 Turbulence and entrainment

The distribution of radiative heating and cooling would, by itself, promote
an unstable density profile,so turbulent motions are generated to compensate.
These are observed to take the form of relatively cold, negatively buoyant
downdraight descending from the vicinity of cloud top with associated warm
compensating updraughts between (Fig 9a). Such motions therefore comprise
an upward heat flux balancing the radiative cooling: thus the temperature

at cloud top does not decrease at a rate of several degrees per hour.
Radiative cooling therefore generates a positive buoyancy flux or a source
of turbulent kinetic energy (TKE) near cloud top. The downdraughts penetrate
deep into the cloud, losing their bouyancy deficit by a variety of mechanisms
in a very similar way to positively bouyant plumes generated in clear
boundary layers by a heated surface. The degree of penetration of these
elements depends upon the details of the energy balance within the cloud.

The vertical velocities are therefore often greatest just below cloud top
(Fig 9b). Of course there are other sources of TKE besides that due to
radiative effects: surface fluxes, latent heat release and generation by
shear may also be important. This may provide a distinciion between
stratocumulus and stratus: in Sc generation of TKE by buoyancy is important
while in St, shear generation dominates. As the two processes generally
‘display different characteristic length scales (Ref 5), this could account
for their different appearance. -

An important consequence of the cloud being turbulent is that warm,
dry air from the inversion is entrained into the cloud. This maintains the
very sharp interface at cloud top. This is a difficult process to observe
directly since the zone in which significant contrasts between the two fluids
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remain before becoming mixed appears to be only a few tens of metres

deep, Tis is of the same order as local cloud top fluctuations
unconnected with this process. The entrained air, being warmer than the
cloud, represents a downward flux of sensible heat into the cloud.

However this is partially offset by the latent heat of evaporation

required to saturate the dry entrained air. The predominant effect can

be determined from the cloud top step in any variable which is conserved
during evaporation eg. wet bulb or equivalent potential temperature (Ew, Ge).
Under certain conditions, the evaporative cooling might outweigh the higher
temperature of the entrained parcel so that the resultant mixture becomes
denser than its surroundings. If the mixture remains saturated, a
condition for this occurrence (Refs 6, T) is that

cAG, < ©Aq. ()

where A= (value above cloud = in cloud) and f is a clearly varying function
of temperature (typically 0e5=0.6)s Entrainment then acts as a source of
TKE (positive buoyancy) rather than a sink and will augment that produced

by radiative processes. It has been suggested (Ref 8, 9) that such a

situation would be unstable: turbulence promoting entrainment, increasing
TKE production, increasing turbulence etc. resulting in the rapid dispersal
of the cloud. This is known as entrainment instability and it has been
hypothesised (Ref 8) to be the cause the break-up of subiropical Sc into
the Cu=form trade wind regime. However, a more careful appraisal of the

TKE balance within the cloud is required before such a mechanism is accepteds

Energy is extracted by entrainment in a number of ways:

i) against the buoyancy of the entrained air,

ii) to give TKE to the previously quiescent entrained air,
jii) against viscous dissipation and
iv) by generation of gravity waves.

This is usually supplied by transport of TKE from beneath, but on other
occasions local generation e.ge by shear across the interface may also
be importante.

As entrainment proceeds, the mixed layer must deepen unless there is

subsidence: dh
o0 ()

S
wheregE is the rate of change of height of the mixed layer top, w is the
large scale vertical velocity and w_ is the 'entrainment velocity's

Thus e =dh/q¢ in the absence of mean vertical motion or the mixed layer
top remains at the same height if the subsidence rate exactly matches Woe
W, is always positives ' :

L%

With stratocumulus w_x 0.5 cm 5-1 is typical (Refs 10, 11).(Note this

.may be up to 30 times larger than the corresponding value for a clear

boundary layer with the same surface fluxes. This is due to the additional
sources of TKE near the interfacel Thus Wons W and is very difficult to
measure experimentally. :




2.5 Summary

The important processes operating in Sc are illustrated schematically in

Fig 10, Note that the flux gradients associated with these processes

sugegest thay alter the cloud on a timescale of a few hours. Advective effects
controlled by the synmoptic scale flow will therefore be emually important

in general in determining cloud evolution, due both to the mean vertical
motion and advection over different surfaces changing the boundary fluxes.
For this reason alone, instantaneous mean cloud structure is very unlikely

to be determined solely by local conditions.

3., STRATOCUMULUS MODELS

_ Modelling cloud topped boundary layers has received much attention in
recent years (Ref 9, 12-~19) although the two main approaches are extensions
of models originally designed for the cloud free case.

3.1 Mixed layer or slab models

These are fairly simple in concept although the effects of most of the
‘physical processes listed above can be includeds They require little
computational effort yet allow the interaction of different processes to

be investigated. In the situations to which they are applicable, the produce
very similar results to those from the much more complex simulations
mentioned in 3.2

The central assumption of this class of models is that internal
mixing is sufficintly thorough that vertical gradients of conserved quantities
are negligibly small. Profiles of conserved quantities (which may be
defined in a number of ways €«g. 6 ,°'0 ©., h etc see Refs 12=19) therefore
appear as shown in Fig 11. Here wé shill consider ® and eRs defined to
sufficient approximation (in the absence of ice) by

o1 T e )
with L. and C_assumed constant. The profile is therefore forced to be

adiabaVic (eg’Fig 3). If horizontal advection'may be neglected (e.g. small
horizontal gradients or windspeeds) or by following the motion along
trajectories, the conservation laws may be written as

de oz 4
MG, . 2 (uTgl). 2R 5
de oz 7 dz ()

where the flux of total water is expanded to include transport by
gravitational settling (or rainfall, denoted wéql and defined in Fig 6)e

Wil = wgl 4 ;;{i c (6)

(the that = ( + g, remains a épod approximation at all levels:: the
large drops make a large contribution to the water flux but carry a
negligible fraction of the total water substence). By assumption the LHS




of emms. (4) and (5) are constant with height in the mixed layer, so
integration acrogs the depth of this layer yields the height variation
of w’ q/, and w’ ©° given values at the boundaries and R and W.q. as a
function of heighte. .

At cloud top, the fluxes are related to the Jumps lk@e ; [>qﬂ_ occurring
at the upper boundary (e.ge Ref 18)

-

- wle = we AG, r SMlg T e Aty (7)

where w_is the entrainment velocity. _An extira condition is required to
compate  the other fluxes (w'®', wh' Wy, W4] ek ) from wi®! and wi! . |
This is important because the generation of TKE by buoyancy is prorortional

to wey o« 6y (=6(1 +eq ~q, ), where € = 0.61) is not conserved

during phase changes, but J7g; ‘may be diagnosed if it is assumed that the

cloud remains exactly saturated.

With this type of model, the equations must be closed by specifying w, e
Unfortunately, there is presently no satisfactory way of doing this
‘al though several formulations have been proposed based mainly on simplified
TKE balance arguments, which is why cﬁgzis so importante This is currently
an active research area. '

Examples of the results which such models can produce are illustrated
in Fig 12 which shows the predicted variation of the fluxes with height using
initial conditions shown in Fig 3, net radiation flux from Fig 8 and the 1
rainfall rate from Fig 6. These values and that of w_ (set at 0.71 cm s )
were obtained from aircraft measurements. The results display characteristics
typical of this type of model: ar

i) Discontinuities in fluxes of non-conserved variables at cloud
base are due to the simplified model gzeometry. In realtiy
cloud base is distributed across a range of heighis and
gradients are consequently less sewree.

ii) v Double jumps at cloud top in fluxes of variables explicitly
dependent on Re The upper part of the jump represents entraine—
ment fluxes (assumed to take place within cloud), the lower
part reflects the strong radiative cooling.

The buoyancy flux maximum just below cloud top is largely controlled
by the combined effects of radiative cooling (promoting a positive w8} )
and entrainment (promoting negative w/S, in this case, although if eqn(1)
were satisfied, this would be reversed)e In the absence of otherTKE sources,
buoyancy drives the mixed layer from the top and the bottom. Note that
cloud top fluxes are ag large or larger than those at the surface and must
therefore be modelled carefully.

These models generally suggest that processes tending to cool and
moisten the mixed layer e.g. radiative cooling, surface evaporation, small .
entrainment fluxes, are associated with thickening cloud while absorption
.of insolation, large surface heat and entrainment fluxes tend to have the |
opposite effects But since, say, increased radiative cooling tends to |
promote greater entrainment, the balance of these processes in particular
situations is not at all obvious. However, the models show a strong °
sensitivity to the radiative fluxes so strong diumal effects might be
~anticipated.

The predicted cloud evolution due to the fluxes shown in Fig 12 is _
shown in Fig 13. Over the 1% period the fluxes only change a little, their
effect; being to warm and dry the mixed layer, so the cloud thins from the




bottom as the rate of change of the lifting condensation level exceeds the
entrainment ratee.

The main limitation of these models is the well~mixed assumption.
Elevated, detached cloud layers cannot be successfully handled and it is
not always clear that turbulent mixing will maintain well-mixed profiles,
For example Fig 12 shows large negative buoyancy fluxes below cloud basee.
Can these be maintained? Also, the methods used to specify Wy remain
controversiale.

3,2 Higher Order Closure Models

These have included 1=D models which use prognostic equations for higher
order turbulence statistics with a closure supplied at some level (Ref 16, 20)
and 3-D large eddy simulations (Ref 9 ) which use a very small grid
spacing (e.ge 50m) and explicitly calculate motions down to these scales

so that the parametrization of sub-grid scale motions can then be placed

on 2 surer base. However, with the extremely strong stability and con-
sequently very small length scales at cloud top, it is not clear that even
these models can resolve the motions sufficiently well.

These models have the advantage of considerable flexibility gained at
the expense of considerable complexity and ‘computational requirements.
The TKE balance is usually properly accounted for and non-well=-mixed layers
can be simulated. Although the turbulence schemes are quite sophisticated
radiation and cloud microphysics are often treated inadequately or not at
all, Despite these short comings, these models have provided a number of
useful insights. In conditions where mixed layer models are applicable,
the results are often very similar although an additional wealth of
jnformation concerning detailed turbulence structure is also produced.
Results perteining to more complex situations may be found in Refs 9, 16, 20.
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Fig 1 Frequency of occurrence of low cloud types orm AmwawﬁoOﬁaﬁwﬁmv
and C 8 (cumulus rising into stratocumulus) in daytime observations

at a typical UK station. Data are monthly averages taken from Refl.



Mercator Satellite Relative Cloud Cover, 1400 Local,40° N fo40° S, Mean Octas, Semiannual, June through
November 1967-1970. 3

Areas of stratiform cloud denoted X. Taken from 'Global Atlas of
Relative Cloud Cover 1967+#70', NOAA and AWS (1971).
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CLOUD PHYSICS INSTRUMENTATION

by S Nicholls

1o INTRODUCTION

In the past decade, the main emphasis in cloud physics research has swung away
from laboratory based investigations of simple particle interactions to
observational studies of real clouds. This revolution has come about because of
the development of new measurement techniques. This lecture will describe some
of the cloud physics instrumentation currently in use, concentrating on their
basic principles of operation, giving examples of what can be measured and
pointing out the limitations of each device.

The scope will be restricted to in situ techniques only; important remote methods
e.g. radar, which have played a large role in cloud physics research will not be
considered (these must often be calibrated using in situ measurements anyway).
Methods suitable only for laboratory use will also be omitted. Finally, the
lecture is biased towards those devices operated by M.0.15 which is an extensive
subje$¢t of those currently-available, covering a wide range of measurements.

These measurements may be divided into two broad areas:

i. Microscale measurements in which individual particles are examined
yielding shape, size, composition, number density information etc.

ii. Integrated or bulk measurements which refer to a volume averaged
property e.g. specific liquid water or ice content, rainfall rate, temperature
or humidity mixing ratio, where the integrated effect of individual particles
is of interest. .

The different scales on which these measurements are made usually demands different
measurement techniques. :

Another important consideration is the platform from which the observations are to
be made. Although measurements can be made from ths ground, tethered balloons

or towers, the height limitations, restricted sampling capability (waiting for

the cloud to travel past fixed sensors) and the limited perspective gained from a
fixed ground position mean that most observations are now made from aircraft.
This immediately presents a number of problems:

1. Exposug . How to measure an uncoptaminated sample while moving at
100 ms  in something very large.

ii. Response. If an average cloud droplet is characterised by a leggth
scale of ”VIOIMm, its transit time relative to the aircraft is ~ 10 ' s.

iii. Artificial modification. The passage of a powered aircraft through a
-cloud might significantly alter the cloud structure either by the amount of
turbulence generated in its wake or by the ejection of exhaust gases and
particulates (eg Ref. 1 7t

iv. Environment. Measurement techniques must be impervious to wetting.
.Icing conditions are particularly difficult.




These are largely overcome by carefully siting equipment in exposed locations
(i), stringent criteria in instrument design (ii, iv) and by paying close
attention to sampling strategy, flight planning and navigation (iii).

2. MICROSCALE MEASUREMENTS

Here we are essentially interested in single particle counters. The particle
sizes which are of interest vary from < 0.1 mum to a few mm (all subsequent

particle dimensions refer to particle radius or # maximum dimension for non-

spherical particles) as shown in Fig. 1. Dealing with the smallest first:

2l CCN counters:

Recall that cloud droplets grow initially by condensation onto pre-existing
cloud condensation nuclei (CCN). However only a small fraction of the total
aerosol content act as CCN. This is because a small fraction become activated
at very low supersaturations. These activated drops then take up the excess
water’ vapour by additional condensational growth so that the supersaturation
is maintained at very small values. Thus no further condensation nuclei are
activated. ' :

In more detail, recall that the equilibrium saturated vapour pressure over a
solution droplet of radius r, denoted e' (r), is given to a good approximation
by the egqn in Fig. 2 where e (o) refers to the equilibrium s.v.p. over a
plane, pure water surface under similar conditions. The 'curvature' term
represents the increase in s.v.p. over a curved rather than a plane surface,
the 'solution' term shows the reduction in s.v.p. caused by the solute.
Together, these result in the typical variation shown in Fig. 2 (values for
the constants a, b may be found in Ref2p.62). At small r (r < r *), the
solution effect dominates and a droplet can be in equilibrium at relative
humidities less than 100%. Note that the droplet is stable if the RH is
constant: if r is slightly increased, its equilibrium s.v.p. is also
increased, so if the environmental RH remains constant, the droplet must
evaporate back to its original size. Conversely, the RH must be increased in
order for the droplet to grow. This may be continued until the RH is such that
S =8* ( >0) when r = r*. Once a droplet grows beyond r*, its equilibrium
B.v.p. is less than S*, vapour diffuses towards the drop and it will continue
to grow without any further increase in the environmental supersaturation.
Growth will continue until the droplet population removes sufficient vapour

to lower the RH again. Thus droplets which are smaller than r* grow only in
response to changes in RH and are termed 'haze particles'. A condensation
nucleus is said to be activated when the drop formed on it grows to size r*, it
can then grow without the supersaturation exceeding 8* to form a cloud droplet.

Clearly, S* depends on the properties of the condensation nucleus: decreasing

the amount of solute increases the value of S* as indicated in Fig. 2 (very small
pure water drops need very high supersaturations to be stable). The number of
nuclei which will become activated in incipient cloud formation therefore
depends on the nature of the CCN and the degree of supersaturation achieved.
Since the latter is also a function of the cloud dynamics, if we are to
successfully model the growth of the droplet spectrum, we must know the number
of nuclei which become activated as a function ©f supersaturation. This is known
as an activation spectrum. Measurement difficulties stem from the fact that S

is usually < 1% in real clouds, so a reliable method of maintaining small
constant supersaturations is required.



The most popular method is to use a thermal gradient diffusion chamber (TGDC)
which uses the principle illustrated in Fig. 3. Two highly conducting, wet
surfaces are maintained at slightly different temperatures. In steady state
conditions, diffusion will maintain linear temperature ( © ) and humidity
mixing ratio (q) gradients (eg ?94. = Kg 3*0/922 = © and since Kg
.is not a strong function of €, 08/5z = constant). However, Ag AT varies
non-linearly with © and if both plates are saturated, q > Ag A in
the centre (Fig. 3). In fact S varies parabolically with gz, Suax % AB*
and  Spay e /e (Ref 3 ). Small constant supersaturations can thus be produced
by altering AD eg if z = | em , B2 20°C and A0z 3K T Saa TG G

If a sample is introduced into the chamber, some of the CCN will be activated
and grow within a few seconds to several microns. They will then settle out,

s0 the number of drops (r > ~ 1 mm)/unit volume in the centre of the chamber
will initially increase as drops grow, then decrease as they fall out. Measuring
the peak number of drops (which usually occurs after an elapsed time of several
seconds) either directly or by light scattering techniques enables the number of
activated nuclei to be determined (eg see Fig. 4).

Limitations
dis S must exceed 0.1%, otherwise drops do not grow sufficiently large
sufficiently quickly to be distinguishsble from haze drops and some drops

may sediment out before others have had time to grow.

ii. If the number of activated drops is very large ( > e~ 103 cm_3),
the amount of water vapour might be depleted leading to undercounting.

An example activation spectrum obtained with a TGDC is also shown in Fig. &L.

2.2 Small particles, 1-20mm:

The majority of cloud droplets lie in this range.

2.2.1 Impact devices: These were virtually all that were available to
dstermine the droplet spectrum until the early 1970's, although now largely
superceded for most applications. These all involve the inertial capture of
drops on suitably prepared surfaces followed by microscopic examination. Many
different methods were used (see Ref 4 ) being based either around slides or
continuous films exposed for a short (fractions of a second) time to the air-
stream. Slides covered with soot or MgO record particle impacts am craters
proportional to particle size while an oily coating traps droplets and arrests
evaporation. A different method called replication uses a continuous tape coated
with a ~70mm thick layer of Formvar (plastic solution) in which particles
are embedded. The tape then passes into a drying chamber to harden the plastic
which also evaporates the encapsulated particles leaving behind a replica which
can be examined later. : :

Limitations . -

i. All these methods suffer from the major disadvantage that the collection
efficiency is usually strongly dependent on particle size.

ii. Particles may break up on impact.

iii. Craters are only proportional to particle size and require calibrating.




iv. Small samples are necessary to avoid the possibility of double impacts.
Obtaining representative samples is therefore difficult.

Ve Subsequent microscopic analysis is long and tedious.

2.2.2. PMS* forward scattering probes (ASSP/FSSP)*: Developed in the early
1970's by Dr R Knollenberg in the U.S., these devices have almost entirely
superceded the impact methods. The basic principle of operation is to measure
the forward scattering of light by single particles. Fig. 5 shows a schematic
layout of the FSSP. Light from a SmW cw He-Ne laser (0.63/4m) is focussed to

a diameter of ~200um at the centre of the sampling aperture through which air
passes in a direction perpendicular to the plane of the diagram. The collection
optics accepts only light scattered between the angles of 7 and 150 (4° and 150
for the FSSP). At this range of scattering angles, sgall water droplets scatter
an intensity which is approximately proportional to r~. Fig. 6 shows this
intensity as a function of drop size computed from Mie Theory assuming spherical
pure water drops. If the sampling volume is made sufficiently small so that it
contains only one particle at a time, measurements of the scattered light enable
water drops to be counted and sized automatically.

In practice, the scattered intensity depends upon.
i. Particle size and shape.. :
ii. Optical properties of the particle material.
iii. Location of the particle within the bean.
iv. Optical properties of the instrument (beam intensity, uniformity etc)

Particles are assumei to be perfectly spherical and composed of pure water. The
effects of (iii) and (iv) are minimized by restricting the sampling volume. This
is achieved in two ways. The scattered light is passed through a beam splitter
to two detectors, one of which has an annular mask. In focus particles ie those
within ~ +2mm of the object plane form an image on the central dump spot, so
only out of focus images will register. These are rejected. Also, the transit
-time of the particle through the beam is measured, if this is less than the
average, the particle must have passed through the edge of the beam and is
rejected. These two criteria define thE samgling volume: approximately 4mm x
0.62 (200 mm) x 200 mm_ie about 10" " cm . As particle concentrations are
typically less than 103 cm “, the volume will usually contain only a single
particle.

Advantages
i. Samples are relatively uud;sturbedﬁ
ii. Produces a drop size distribution (0.5 - 24 mm) in real time.
iii. Short (0.1 - 108) averaging time. :

iv. Good spectral resolution (15 bins approximately 1 pm wide).

v. Data recorded and can be analysed immediately by computer.

*PMS Particle Measuring Systems Inc., Boulder, Colo.
ASSP Axially scattering spectrometer probe (superceded by the FSSP).
FSsSp Forward 3 ' s 1



Limitations

1. Sampling volume/partiéle rejection is not defined with sufficient
accuracy to enable integrated quantities-e.g. liquid water content to
be obtained directly from the spectra.

ii. The sampled volume is an odd shape: «~ 200um (across) x 100m for
a 18 averaged spectrum. 'This limits the spatial resolution.

iii. Works for water drops only. Specular reflection from ice gives
misleading counts and incorrect sizing.

iv. Mie peaks at small radii (r < ~.3um, see Fig. 6) may lead to
ambiguity when sizing small drops. :

Some examples of data obtained using this device are shown in Fig. 7. A
nunber of intercomparisons between these instruments and impact and bulk-
measuring devices have recently been published (Refs 5,6 p

2.3 Larger particles, 20 um - Lmm

2.3.1 Impact devices: As 2.2.1. for droplets, these methods also work for
larger particles. In addition foil impactors have been used for large
particles (>~v100,um) where the inpact depressions in thin metal foil are
measured (Ref 4 , p606), however the same disadvantage noted earlier remain.

2.3.2 PMS 2-D probes: Again, these have supplanted most earlier techniques
for measuring particles in this size range. As the particles are much bigger than
those measured by the FSSP, essentially geometrical optical techniques are
employed. Two probes are used to cover the size range; the 'cloud' probe
(12.5-4%00 mm) and the 'precipitation' probe (100 mm —‘hmm), although both operate
in a similar manner. A beam of light from a 2m¥W He-Ne??ésses through the sampling
volume and illuminates a linear array of 32 photo-diodes, (Fig. 8). As the
system is flown through the air (Fig. 8), particles will enter the beam and may
shadow some diodes. If the level of illumination of any diode falls below 50%

of its normal value, that diode will change its electronic state. By recording
the state of the whole diode array many times during the particle's transit,

‘a digital image may be built up of its shadow, (Figure 9).

The beam is magnified before it falls onto the diodes; the resolution of the
instrument is determined by themagnification and the actual diode spacing.

The image of the diode spacing in the sampling area of the cloud probe is thus
designed to be 25 pm, and in the precipitation probe 200 pm.

If the frequency with which the diode array state is recorded ("clock" frequency)

is set so that particles move 25 um through the cloud-probe beam between pulses

(or 200 um through the precip-probe),'then the record will maintain the shape

of the shadow undistorted. With the aircraft flying at 100 m/s, this requires

a clock frequency to the cloud-probe of 4 MHz (500 KHz to the precip-probe).

Thus each probe records a 2-D 'plan' view of each particle. To convert this
information to particle density, the sampling volume is required. This is
essentially the product of the sampling area normal to the flow and the airspeed.
The sampling area 'A' is given by A=F x W wvhere W is the diode array width and F the
depth of field. Were it is not for diffraction effects, an object placed in a
parallel beam of coherent light would cause a shadow which was itself rectilinearly

- propagating. The shadow's image would be brought to a sharp focus in the focal plane
of a lens wherefver the shadowing object wey® situated. In other words,




illumination by laser light would produce an infinite theoretical depth of
field; the actual depth of field would be limited only by the probe's physical
aperture. .

However, diffraction effects mean that the object's shadow is appreciably in

focus only when the object is confined ‘within a depth of field which is more
limited, and size-dependent. In fact, Ref.7 has shown that a reduction in
intensity of at least SO%_gil be achieved if a spherical object of diameter

D pm is within # 7.5 x 10 © D7) of the object plane ( A in um) and that the
inferred size will be correct to within 10%. The depth of field must therefore be
calculated for each image. It is limited by the physical aperture (i.e.

distance between the probe ends) for particles whose radius exceeds 80 um (cloud
probe: aperture 6.1 cm) and 166 mm (precip. probe: 26.3 cm).

Bulk quantities e.g. liquid water content, radar reflectivity, rainfall rate
may therefore be deduced. However for non-sphericsl particles assumptions must
be made regarding the third dimension in volume calculations and also about
density if particle mass is required.

Advantages: As FSSP,.

D e

Limitations:
i. Discrete detector size , A x4 (L= 25mm: cloud probe, 200 mm precip.
probe) leads to counting problems for particles smaller than several 2

in diameter. fThis causes severe undercounting of particles in the smallest
categories.

ii. The resolution of even quife large particles is poor due to the large
‘pixel' size. Only particle shape tells you whether it is composed of ice or
water.

iii. The sampling volume is again dependent on measured particle dimensions.
These are difficult to gauge for non-spherical particles.

Some examples of images obtained are shown in Fig. 10.

2.4 Other methods:

2.4.1 High speed photography: Has been used but the major 1im§gati3n is the
available depth of field. Sampling volumes are therefore ~ 10 - cm” which are
unlikely to contain many particles although drops as small as ~1 pam may be
detected. Analysis is alsoc time consuming.

2.4.2 Holography: Developed by M.0.15, this technique overcomes the depth of
field limitations of conventional photographic imaging. Highly coherent light
from a pulsed laser is passed through a diverging lens illuminating the sampling
volume (Fig. 11). Light scattered by particles interferes with the original
beam in the plane of the film forming a set of fringes. When illuminated with

a c-w laser, the hologram acts as a diffraction grating and an image is formed
as shown. This reconstructed image may be altered by moving the hologram with
respect to the source of illumination, .thus successive planes in a 3-D volume -
can be scanned (Fig. 12) so that the effective depth of field is extremely
large (several 10's of cm).

A high power Nd-YAG laser is necessary to provide sufficient light to expose the
hologram, but a frequency doubling lithium iodate crystal is required because no
sufficiently sensitive emulsion is available in the near IR (1.06 um). A very
short pulse length (20 ns) effectively freezes the motion of the particles, even
at aircraft speeds, and a short ( ~ 2 ms ) camera shutter speed eliminates
daylight fogging of the film. The laser may be fired several times a second.

6
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The use of divergent beams results in the real images being substantially
magnified. This varies as the hologram is moved away from the illuminating
source during reconstruction (decreasing with increasing distance). Further
magnification is provided by the use of different wavelengths for recording and
reconstruction (0.53/0.63 pm) and by using a CCTV camera and monitor ( 23x).
Overall magnification factors up to several hundred may be obtained.

Particles fron nvS/Am to a few mm can be resolved by the system.
Advantages:
B Instantaneous, compact sample of about 0.51 volunme.

ii. Resolution of the images is much better than that of 2D probes making
ice/water determination much easier and giving much better shape information.

iii. Sofie information in the third dimension is available as different
parts of the particle image may be brought into focus by moving the hologram.

iv. The system records the actual relative positions of the particles in space
so that positions and separations can be measured. : ’

Limitations:
A% Noise in the reconstructed images due to laser intensity variations in
recording and film characteristics cause provlems in detecting small drops
and effectively eliminates the possibility of fully automated image processing.
ii. The need for human pattern recognition means that analysis is fairly
lengthy (n.b. it is not clear that processing of complex images from the 2-D
probe is any better, although counting is much quicker).

Some examples of reconstructed images are shown in Fig. 13 and Ref UL,

3. BULK MEASUREMENTS

3.1 Liguid water content: As we have seen, sampling limitations or uncertainties
about sampling volume preclude determining the liquid water content by integrating
the droplet spectra even though the particles are known to be spherical and have

a well defined density. Ice water or mixed ice and water content measurements are
even more difficult. There is therefore a need for bulk condensed water measurements.

The most widely used device, designed primarily for airborne use, is the Johnson-
Williams probe (other instruments working on similar principles also exist). The
sensor consists of a short ( ~ 2 cm) length of heated wire (diam.~0.5mm) exposed
transversely to the airstream (Fig. 14). Inpinging droplets are evaporated and
cool the wire altering its electrical resistance. The heat balance of the wire is

Electrical dissipation = Rate of loss of sensible heat + evaporative loss.

The heat loss depends upon the ambient temperature and airspeed as well as the rate
of .accretion  of drops. To compensate for the first two, a second heated wire is
mounted longitudinally. Its heat loss also depends on ambient temperature and air-
speed but is not &s sensitive to water content. The difference between the power
dissipated in the two wires is therefore related to the rate of accretion of water
from which the liquid water content of the air may be obtained. The collection

~ efficiency of the wire is clearly important. This is good for small drops

\(r&(«ﬂE,um) although there is presently some discussion about its response to

larger drops. The accuracy of a well maintained sensor is about +5% (Ref 8 ).




The response time is about O.4s (Ref § ).

Limitations:

3 v

A The device saturates if G = ~3gm when there is insufficient heat

dissipated to evaporate all of tne Crops.
ii. Sensitive to water drops only.
iii. Needs frequent baselining (zero adjustment) in clear air.

iv. Misreads in icing conditions when ice can form on the compensation wire
mount.

An example of data from this device is shown.in Fig. 7.

3.2 Total water content:

Here the water in condensed phases is evaporated and the vapour density measured.
This is useful because it is often the total water content which you wish to

know rather than the proportion in different phases. The problem lies in designing
an efficient evaporator, but with sufficient heat input these instruments can '
respond to water, ice and ice & water mixtures. Furthermore, fast response times
are possible if Iyman-o hygrometers are used (eg Ref.10),

3.3 Temperature: Although a basic thermodynamic variable, it is notoriously
difficult to measure in cloud due to possible evaporative effects. This is
“especially true for aircraft where dynamic heating of up to several degrees can
occur ie the air is no longer saturated and significant evaporative cooling is
possible. Immersion thermometers (eg platinum resistance wires) are therefore
carefully designed to try and keep the sensing elements dry, however, the degree

to which this can be achieved is somewhat uncertain. Other techniques are therefore
being investigated. ;

One method is not to measure dry bulb temperature at all, but to try to ensure the
sensor stays wet. Problems are encountered here in ensuring that the shroud stays
wet and also because of sen51.1v1ty to the chemical composition of the wetting
agent.

Another possibility is to use a radiation thermometer. For this to work well,

the chosen wavelength must lie in a band where the atmosphere absorbs very
strongly (giving a low sensitivity to droplet shape, composition and concentration)
and-where sensitive detectors are available. M.0.15 are developing such a device
based on the 4.% um CO absorptlon band where 80% of the signal orlglnates from
within 10m of the instrument. It is expected that a resolution varying between
0.1K (at 20°C) and 0.6K (at -20°C) will be possible with a response time less than
0.18,

L,  SUMMARY

Table 1 summarizes some of the characteristics of the instruments discussed above.
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Instrument Ice/water Size range Sampling Limitatione
(radius) details
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CCN counter
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0il 1um - )second exposure | Particle shattering on

MgO or soot’ both 10,mm —» Jtime impact.

Foil 100 um — Few secs Small samples.

Tedious analysis.
Replication both i
; Sampling volume uncertazuty
FSSP water 0.5-24 pm 0.18-10s and ahnde. :
average
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Fige 13 Examples of reconstructed holographic images. These show ice
crystals observed at the base of a Cs layer, T=x~230K.
(From Ref 11 ).
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WEATHER MODIFICATION ( ( 4JuL19%0 )

1. Physical basis

mankind has been going on for a very long time. However, it is only in

the last few tens of years that practical means have become available

which may make this possible. Here we consider for the most part techniques
which affect the microphysical processes in clouds and which have been tried
repeatedly in the field, often with'considerable success to modify weather
over areas from tens to thousands of square kilometers.

Clouds form when moist air is cooled below its dew-point and condensation
takes place upon sub-micrOSOOPiC hygroscopic particles. The cooling, of
course, may be the result of radiation to space, of convective ascent of
buoyant air masses originating as cool air moves over a warm surface, of
meso-scale or synéptic-scale motions which produce widespread lifting, or
of the mixing of two air masses at different initial temperature and
humiditiess

As the cloud grows, the droplets increa= in size and tend towards a
single radius which increases with height above cloud base. Particularly if

there are very large concentrations of condensation nuclei the resulting

cloud is likely to be colloidally stable and no precipitation may result

even if the cloud grows quite large. Such clouds often form, grow and
evaporate over inland areas without producing any significant raine.

However, if the concentrations of nuclei and droplets are relatively low
and there are a few giant nuclei resulting in a few much larger than average

droplets, both of which conditions are common in maritime air, the larger

‘droplets will fall and grow by collecting the smaller ones in their path.

Provided the cloud is deep enough, they will grow to sufficient size to fall

to the surface as rain. Y



g e T R

If the cloud grows tall enough to exceed the height of the freezing
level the droplets will normally supercool, and indeed this supercooling
can occur in natural clouds down to temperatures of - 20C. Ultimately,
however, and always before they reach a temperature of - 40C, the droplets
will freeze. Alternatively, ice crystals may form directly from the vapour
upon freezing nuclei. As soon as ice particles of any form appear in the
presence of.supercooled water droplets, the cloud becomes colloidally
unstable because the saturation vapour pressure over ice is less than that
of water at the same temperature and hence ice particles grow rapidly at the
eipense of the water droplets. As long as the concentration of ice particles
is small in comparison to that of water droplets, the former will grow quite
large by this process and commence to fall, collide with and collect the
_water—droplets and other smaller particles in their path. Again, provided the
cloud depth is sufficient, the particles will grow large enough to precipitate
to the surface. ' | |

These two natural precipifation processes are of immédiate interest to
the weather modifer because, by adding quite small concentratidns of giant
condensatibﬁ nuclei or of ice. nuclei to clouds where their absence or low

. nptural concentrations prevents or renders inefficient the development of
precipitation, it is often possible to augmeﬁt the amount of precipitation
which would otherwise occur. '

There is another situation which is of interest from the viewpoint of
weather modifications This is when a dbnvecfive cloud becomes significantly
supercooled but where its growth is limited by atmospheric stability conditions
and where comparatively small increases in cloud buoyancy could result in

. considerable growth of the cloud giving greater precipitations In such grwoth-
limited supercooled clouds where the concentration of natural ice nuclei and
resulting ice crystals is not excessive, the addition of very large numbers of
artificial ice nuclei in the upper levels.can result in complete glaciation of
substantial regions of supercooled water. The release of the latent heat of

i
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freeging can produce sufficient buoyancy to produce considerable cloud growth
and significant increases in precipitation.

These mechanisms havé all been explored with varying degrees of success
and the reéults or typical experiments will be described briefly. It is
important to realize that on average the increases that can be expected from
precipitation enhancment techniques are relatively modest and are often well
within the natural variability of the precipitation it is hoped to change.
Hence quite sophisticated statistical teéhniques are essential to determine
whether any changes in precipitation which are observed are associated with the
modification treatment or merely part of the natural fluctuation.

2¢ Precipitation enhancement in warm clouds

In tropical or semi=-tropical countries many of the potential rain-—
producing cloud are convective in ﬁature and their tops often do not exceed
A the height of the freezing level. This is particulary true in conditions
whenylittle natural rain falls and there is the greatest interest in precipit=
ation enhancement. Hence, the possibility of increasing rainfall by enhancing
the efficiency of the ¢ollision=coalescence process is of considerable concern.
When clouds develop whose tops do not significantly exceed the height of the
freezing level, it may be possible to initiate or enhance the effectiveness
of the precipitation process by seeding them with water droplets or hygroscopic
particless Only a limited number of experiments have been carried out to
test the effectiveness of the technique because it is clear that large masses
of seeding material are necessarye. If seeding is to be carried out with 10/dm

diameter salt particles of density 2 g om >

and each particle ulimately grows
to a 2.5 mm diameter raindrop, it can readily be calculated that the original
particles will increase in mass by a factor of nearly 167. One mm of rain
over an area of 1 000 km2 has a mass of 109 kg so that if is to be induced by
gseeding it would be necessary to employv106 kg of seeding‘materiél. The
situation would be much more favourable if a "chain reaction" occurred, in

which drobs break up after first growing by coalesence to a large enough size

and the fragments then serve as growth centres for new large dropletse.
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However, little evidence exists that such a process occurs extensivley in
natural clouds. In spite of these limitations, a few encouraging experiments
have been carried oute.

Braham et al carried out experiments in which up to 400 gallons of
water was released from an aircraft into the tops of individual cloudse.

In each case the seeded cloud was chosen at random from a pair of essentially
similar clouds and the differences studied between the behaviour of each
cloud of the pair. In most cases both treated and untreated clouds produced
rain at some time after they were firét examined; however, the treated clouds
rained much earlier than those‘un—treated although the amount of rain they
produced appeared the same.

Indian workers have carried out by far the greatest number of salt
seeding experiments aimed at increasing precipitation from convective cloudse.
Biswas et al reported the results of lontherm programmess They used salt
as a seeding material, ground to about 10/undiameterdispersed by blowers at
a rate of about 2.5 kg min-1. All experiments were randomized with upwind
Qontrol areas and showed increases of up to 40% in precipitation associéted
with the seeding.

3. Precipitation enhancement in cold clouds (microphysical)

In the most commonly employed technique for seeding cold clouds (those
rising above the height of the freezing level), moderate concentrations of

jice forming nuclei have been introduced in order to enhance the efficiency

of the microphysical process described earliere. As the simplest possible

hypothesis of the effect of seeding, it might be assumed that one ice nucleus

produces one raindrop. Depending uﬁon the seeding material employed and the

temperature levél at which it is introduced or becomes effective, one gram of
12 :
material may result in the production of 10 to 1015 ice nuclei. Hence, if

each micleus results in the formation of a 2.5 mm diameter raindrop, less
than 100 g, and possibly less than 0.1 g of material could suffice to produce

1 mm of rain over an area of 1 000 kma.

¢
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It would be impossible to review ﬁere the very many precipitation enhancement
projects which have been carried out throughout the world in the past few
decades but two well documented cases wili be examined.

The first Israeli experiment éommenced in 1961 and continued in all
subsequent winter seasons until 1967. A cross—over design was employed
in which either a northern area of a southern one was seeded on a random
basis with a buffer zone in between never being seeded. OSeeding was from an
aircraft flying just off the coast, dispersing silver iodide smoke into the
bases of the clouds which approached from the west. An increase in rainfall
of 15%% significant at about the 5% level, was achieved over the whole ’
target area with greater and more significant increases in the interior
region of the northern area. In the second Israeli experiment, which ran from
1969 to 1975, the seeding line for the northern area was moved inland somewhat,
allowing a control area to be available for statistical analysise. Using
this control area in a preliminary analysis, Gagin and Neumann deduce that
an increase of the order of 15%, significant at better than the 5% level,
aCCurred in the northérn target area. The increas was found to be greatest
when cloud top temperatures were between =12 and =25 C.

A long-term randomized experiment was carried out in Tasmsnia between
1964 and 1970 over the éatchment area of a hydroelectric authority. As
reported by Smith et al there were 54 seeded and similar number of unseeded
periods each of 10-18 days duration with the experiment running only on
alternate years. Seeding with silver iodide smoke was carried out from
aircraft either at cloud base or at the -5°C level or above, depending upon
cloud type. Results-were analyéedseparately'season by season. The authors
concluded that seeding increased autumn rainfall by 20-40%; significant at
the 2-4% level, that the winter rainfall increased by about 10%, significant
at about the 0.1 level, but that any changes during spring or summer were

not significant.



4e Precipitation enhancement in cold clouds (dynamical)

It was noted very early in the experiments in which cumulus clouds
were seeded that occasionally marked gfowth occurred. However, it is
only comparatively recently that deliberate attempts have been made to
cause such growth by masive seeding of convective rlouds with a view to
obtaining greatly enhanced precipitation. The physical principle on which
the experiments are based is simply that when large quantities of Supercooled
water can rapidly be caused to freeze, the release of the latent heat of
freezing will produce sufficient buoyancy to enable the cloud to grow much
taller than would otherwise be the case. Greater cloud depth will in tﬁrn
allow greater growth to take place on precipitation particles, longer cloud
lifetime_and more precipitation.

In the Florida Area Cumulus Experiment individuallcumuli forming over
an area of about 104 lcm2 were sgeded by dropping pyrotechnic flares
containing large quantities (100 = 1 000 g per cloud) of silver iodide into
the upper levels of active supércooled clouds on days for which a simple
numerical model suggested that such a procedure would result in significant
cloud growfﬁ. It was claimed that significant increases in precipitation
. were obtained, particulary in cases where merging of adjacent clouds followed
seeding. Woodley et al - report the usé of more efficient pyrotechnic
devices in 1975 and give the results of further statistical analysese
For certain methods of analysis and certain categories of clouds (as defined
by whether or not their radar echoes showed significant motion) positve,
statistically significant effects are reported.

The North Dakota project was, conducted in the summers of 1969-1972
and was intended to test the effects of seeding upon both rainfall and hail.
The seeding rate was adjusted from 10 or 20 g or silver iodide for rain
stimulation from émall cumuli to continuous seeding rates exceeding 1 kg h£—1

for hail suppression if “the project meteorologist judged a storm to be




approaching hail intensitye. Theexperimént was randomized with 25% of days
reserved as non-seeded days. The analysis suggested that on days on which
a cloud model predicted dynamic growth would follow seeding there was a
significant increase in frequency of rain evenis as well as an increase in
actual rainfall in the target area.

Se Cold cloud precipitation enhancement (conclusion)

Of the many large=-scale area experiments (order of 103 .- 104 km2)
in which moderate concentrations of artificial ice nuclei were dispersed

in clouds, only a few have demonstrated at a satisfactory statistical

significance level that seeding increased precipitation. The increases in

precipitation were typically 10;20% when averaged over the target area for
the full operating season. In many experiments no statistically signifi&ant-
increases were observed and in a few experiments there appear to have been
decreases in precipitation following seedinge.

These apparantly'ContradiCtOTy'resﬁlts may well relate to the fact that
clouds supercooled to the same extent but which have different micro=-
structures and different ice budgets could be expected to respond in a
different manner to a given seedihg technique._ The high colloidal stability

of the winter stratiform clouds in Tasmania of the winter orographic

clouds in central USA and the winter "continental"™ cumuli of Israel seem to

render these clouds more favourable to seeding for microphysical effects

than is true for maritime cumuli. These le%ter clouds have been found to
produce naturally high ice particle concentrations at some stage in their

life cycle and it may well be that the addition of additional ice nuclei

would be detrimental, resulting in either no change in precipitation or
possibly a decrease. It now seems that the vater-ice budget of the clouds

is probably one of the more crucq'.al factors governing the releaée of
precipitatioﬁ. Thus it is in those caseé when the processess of ice nucleation
and particle growth areslowerthan the rate at which moisture is released in

clouds by the updraught that seeding can be expected to produce positive effectse.



6. Artificial Dissipation of fog

Fogs are tradionally classfied according to the cause of their
formation; however from the sténdpoint of dispersal it is more relevant
to classify them according to their constitution and temberature, since
the method of modifying them depends upon these factors rather than the
fog's origine Ice fog is a suspension of small ice particles genefally
only occurring at temperatures less than —30°C. Studies of this fog have
been made and these have resulted in some practical recommendations for
decregsing its occurrence by minimizing the production of moisture from
human activities. However, no practical method has yet been found for
modifying an ice fog once it has formed. Supercooled fog is composed of
water droplets which remain unfrozen although their temperature is below
0°C. Provided the temperatufe is not too low and there is a relative
absence of ice nuclei to stimulate freezing, such fogs are naturally stable.
They can be modified quite readily by introducing artificial nuclei.
The third type, warm fog, consists Qf water droplets at above freezing
temperature. It is the most common type of fog and is difficult to disperse
artifically : nevertheless, a number of methods have been developed which
are successful.

Considerable effort has been devoted by many groups to the development
of warm fog dissipation techniques based upon seeding with hygroscopic
chemicals. The basic idea is that if hygroscopic substances in the form of

either dry particles or solution droplets are released within a fog they

" absorb water vapour from the air, causing the fog droplets to

evaporate. The hygroscopic particles themselves grow large enough.to
precipitate out of the system. Kﬁ;kel and Silverman have explored the best
chemicals to be used for this pufpose and have considered methods of
encapsulation of the material. Theoretical models have been used to determine
the optimum particle size and seeding strategy. Environméntal considerations

are also of major importance in hygroscopic seeding, since large quantities
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of material may be necessary which ultimately is precipitated to the
surface, and encapsulated urea has been put forward as the optimum choice.,
Successful development of a seeding agent and its use in small-scale

field trials has not yet been followed by similar success over a large
airport runway. Delivery of the seeding material at the right time and
place to effect clearing more~or-less continuously of a runway some distance
dowvnwind from the seeding line has not proved reliable. More widespread
seeding, which might be effective in clearing fog, is economically not
practicable.

Anéther method that has been developed for clearing warm fog involves
mixing of the relatively &ry air often found above radiation fogs or stratus
decks down into the fog or cloud layer. The method involves the use of the
downwash from a large helicopter stationed juét above the top of the fog,

It has successfully createdlholes and clear lines in fogs up to 100=150 m
thick. It has had operational success in special circumstances, such as
helicopter rescue and supply operations in which the helicopter is able to
land through holes in the cloud which it has cleared for itself.

At the present time the only major warm fog dissipation technique being
used operationally is the thermal system in which sufficient thermal energy
is used to evaporate the’ fog droplets and to raise the temperature of the air
'sufficiently to accommodate the additional water. Operational systems involve
large, permanent, expensive installafions, they consume large amounts of
fule and are practical for only the busiest and largest airports where fogs
are common ococurrences. In addition to two French installations a prototype
system has been constructed in the U§A, aftgr extensive small-scalk testing
_and engineering trials. A key attribute of this new system is the use of

propellors to distribute the heated air.



Warm fog dissipation methods based upon the use of artificial
electrification to increase the natural rate of coalescence and precipitation
of fog droplets or the use of léser heating have not so far led to practical
applicationse. |

The. dissipation of a supercooled fog is achieved by seeding it with
material which produces ice crystals which, because of the differeﬁce in
vapour pressure over ice and water at the same temperature, grow by depostion
of vapour supplied by the fog droplets which thereby decrease in size. The
reduction in fog droplet size itself inéreases the visibility but the main
effect occurs when the ice crystals grow to such a size that they fall out.
While the physics of the process has some similarities to that in which
‘hygroscopic particles are used to clear warm fogs it is much more effective
in that §rders 6f magnitude less material is required to form effective
ice nuclei than to form effective. hygroscopic growfh centres.s A
number qf operational procedures for d;earing supercooled fog have been
developed, including seeding from an aircraft with dry ice or silver iodide
or from extensive ground installations in which the expansion of propane gas
produces sufficient cooling to generate large quantities of ice crystals.

These methods of modifying supercooled fogs are in fairly wide use today,
but are limited to the relatively few regions of the world where supercooled
fog isasufficiently important operational hazard. Operational clearing is
conducted in France, Germany and Norway as well as in the USA and USSR.

Te Hail suppression

Worldwide losses of agricultural production due to hail damage are
estimated to be in excess of 2 x 109 dollars annually. However, in contrast
to other weather-related disasters such as drought, floods, .hurricanes etc.,

hail losses tend to be very localized. The interest in hail suppression

is worldwide as shown by the results of a survey conducted by WMO in 1972.




Hailstorms are complex meteorological phenomena which have extreme
variability in time and space and this makes it very difficult to assess
the results of any programmes aimed at thier modification, several efforts
in operational hail suppression have been carried out over the last three
decades. However, because of the fundamental difficulty of evaluation, it
has only been possible to provide a limited assessment of the effectiveness
of such programmese.

Many hypotheses have been proposed for suppressing hail. Those which
have recieved widest discussion are:

(i) Enhancement of competition among hailstone embryos;

(ii) Glaciation of the medium on which hailstones grow;

(iii) Promotion of coalescence, followed by freezing; and

(iv) Dynamic effects, e.g., destruction of cumulonimbus clouds

by initiation of downdraughis.

Glaciation, meaning conversion of supercooled cloud water to cloud ice
requires unrealistically large amounts of ice nucleating agents, and promotion
of coalescence cdncepts need very largeamounts of hygroscopic material.
Dynamic effects, while potentially very important, have not been sufficiently
studied to yield a useful working hypothesis. This leaves enhanced
competition among hailstone embryos as the only hypothesis which is genefally
accepted as showing promise for success based on the current understanding
of hailstorms. This hypothesis can be simple stated as follows:

“"If the number of growing hialstone embryos can be increased by a
large factor (n'100), then the competition for the available water supply
prevents any embryos from growing large and thus the resulting hailstones
either melt before Taching the ground or are too small to cause any damage'.

To implement this hypothesis it is necessary to increase the concentration
of hail embryos in the hail growth zone. To produce this effect by means of

seeding with ice nuclei requires the production of additional hail embryos to
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compete with the natural embryos for_the available supply of supercooled

water in the hailstone growth region. The seeding agent must act when

and where the embryos form, and this may be at some distance from the
hailstone growth region.

The most favourable regions for rapid growth of large hailstones are

those with moderate to strong updraughts (2 12 m e t), appreciable

liquid water concentrations (-2 gm-B), and low temperatures (g =15°C).
Embryo formation on the other hand is favoured by weaker updraughts, say

5 m 37]. In much stronger updraughts, newly formed ice particles would
be carried up to the cloud top before growing large enough to become hail
embryose Two types of embryos have beern distinguisheds One type results
from the freezing of supercooled raindrops, the other from the growth of
graupel. Which type predominates in a storm presumably depends upon clouds -
base temperature, updraught speed, liquid water concentration, cloud droplet
sige spectrum and activity'og the ice.nuclei which are present. Analysis of
hail suggests there is a higher percentage of frozen~drop embryos in the
large stones compared with small stones.

Kearly all hai; suppression projects rest upon the assumption that hail
is due, at least sometimes, to a deficiehcy of natural ice nuclei in the
atmosphere. Nevertheless, no correlation between hail occurrences and
. variations in the concentration of natural ice nuclei, which often vary
by a factor of ten or more, has been notedes While it is still possible that
there is a threshold concentration required to suppress ﬁail, the threshold
(if it exists) probably exceeds the maximum observed concentration of
natural ice nuclei. Therefore, if hail processes are to be modified by
addition of ice nuclei, the concentration of artificail nuclei must be

lafger than the typical concentration of natural ice nuclei by a large factor,

of perhaps 1 000. Such changes have in fact been produced.



In cases where hail forms on graupel embryos, the concentration of
graupel can, in prinoiple,-be increased by seeding early in the lifetime
of new convective cellse A genera}ized concept of seeding new growth regions
for this purpose has emerged independently in several hail projects, despite
lack of precision in estimating the subsequent trajectories of such
additional graupel particles and in ignorance of whether they in fact
would enter the important regions to compete with the natural embryos.

Important questions have been raised about the required dispersion of
the nuclei. For example, line sources (rockets, droppable pyrotechnics
and airborne generators) offer an advantage over point sources (exploding
shells). However, rockets and shells offer a chance for very rapid response
to threatening situations. Also,  problems of deactivation of nuclei by
sunlight and by wetting in warm cloud have been raised, but these problems
can be avoided when the seeding agent is injected directly. When airborne
or ground~based generators are used, deactivation can be reduced by careful
control of the chemical composition of the seeding agent.

The implementation of the seeding concepts in specific hailstorm
situations requires very careful attention to the storm structure. In storms
where each cell has a simple vertical structure and the hail embryos grow
into hailstones near their place of origin, seeding in each new cell
before the natural hail embryos appear offers a possibility of suppressing
damaging haile In more complex and persistent storms, where hail embrycs
may move in a continous stream from the embryo growth region to a quite
distinct hail growth region, more subtle techniques are likely to be required.

In spite of very intensivé efforts by many groups in many countries
seeding effects have not been cleérly identified in the physical parameters
of hailstorms., It is therefore still necessary to rely mainly on statistical

evalution of a hail suppression experiment to determine the likelihood that



the variations are not simply chance fluctuations. Crop damage is ultimately

the most relevant parameter, but due to the great variations among crops
and their different rates of maturing during the growing season, crop
damage is not recommended as a primary response variable. The relation
between the variables derived from hailstone number and sizes (e.g., mass
or kinetic energy) and crop damage need to be better established.

In many regions where hail damage occurs, it is the same storms which -
produce much of the rainfall neede& by agriculture. There is no observational
evidence to show whether or not seeding for hail suppression increases or
decreasés rainfall in the defined target area or in nearby areas. However,
this is a potential problem which needs further investigation and should
be built into the design of future hail suppression experiments.

8. Tropical cyclone moderation

Tropical cyclones contribute significantly.to the annual rainfall of
many areas, but they are also responsible for considerable damage to
property and for a large loss of life. Therefore, the aims of any modification
procedure should be to reduce the wind, storm surge and rain damage, but
not necessarily the total rainfall.

Recent field experiments in tropical cyclone modification have been
directed at reducing peak vind speed; a reduction of 10 to 15
: percent in the maximum winds will result in a reduction of 20 to 30 percent
in the maximum force of the winds. Research relating damage to wind speed
suggestes that a given pefcentage reduction in wind speed could reduce damage
by an even higher percentage. The storm surge is a function of several
paramters; the principal influences are the sustained wind speed and the
- slope of the ocean's bottoms This suggestes that in most cases a reduction
in the maximum wind speed will also reduce fhe storm surge. It seems

reasonable to suppose therefore, that if the maximum surface wind speed




could be reduced by even 10 tropical cyclone damage could be reduced very
significanilye. .

Tropical cyclone modification experiments have been conducted by the
United States in the Atlantic Ocean. They are designed to cause a reduction
in the maximum wind speeds through an alteration in the location of energy
released near the storms centre, A tropical cyclone draws most of its
energy from latent heat released during the convective overturing of the
atmosphere. At low levels, warm moist air spirals over the tropical sea
toward the storm's centre., As this air flows into the storm, it acquires
additional energy from the waxrm oceaﬁ. Most of this air flows upward into
the eyewall, a band of clouds ringing the relatively calm eye, and into
the surrounding rainband cloudé. The rising air releases latent heat gnd
thus furnishes most of the energy for driving the storm. The air, already
jurning slowly because of the rotatian of the earth before it start its
inward spiral, gathers tangential speed through comservation of angular
momentum as it draws nearer the storm's centr¢, This results in winds of

destructive violence in the eyewall region before the air moves upward and

then away from the storm's core at high levels.

The area of cdnvective-ecaie ascent of air from the inflow to the upper
tropospheric outflow layer is small compared to the total area of the
tropical cyclone, the typical value of the ratio of the eyewall convective
area to the total tropical cyclone area being less than 1 percent. This has
important consequences for proposed experiments since only a very small
region of the storm need be modified to produce a significant result.

There is good reason to believe that the location and intensity of tﬁe
convective=scale ascent can be modified through use of "dynamic seeding'.

Dynamic seeding may provide a means of causing changes in the location
of the major vertical mass transporte. The additional heat reléase in the
ascending cénvective currents increases cloud buoyancy and causes more

vigarous and deeper ascending motion.
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Observations ‘of tropical storms suggest that in most of the areas
radially outward from the eyewall there are clouds that can be made to grow
rapidly by seeding. The growth of these seeded clouds provides the mechamism
for shiftiﬁg the major vertical mass transport to a larger radiuse. The
reduction in the wind speeds comes naturally from this sequence of events.
Thus, air flowing inward ascends in a new eyewall region before‘ it reaches
the tangential speeds that it would have achieved had it spiraled into the
old eyewalles As there is no longer a bountiful supply of warm, moist air
ascending in the old eyewa.li, it graduvally weakens and dissipates.

‘Numerical model experiments suggest that creating a new eyewall,

réducing maximum winds and dissipating the old eyewall are feasible.objectives,
and that the new eyewall may prove to be a stable circula'tion mode for at
least a good portion of a day. Calculat.ionSShow, for example, that if the
inflowing air can be induced to ;‘ise in enhanced convéctive updraughtsat a
radius 80 % laf‘ger than that of fh'e pre existing eyewall, the
maximum winds will be reduced 30 %, °

In 1969 Hurricane Debbie was seeded twice over a period of several hours
a;qcording to the hypothesis described above, and reductions in peak wind
of 15va,n'd 31% , wére 6bserved by aircraft at 3km, Nevertheless, wind
speed variations of this magnitude occur na’gurally in tropical cyclones, and
the hypcthesis of deliberate modification is not easily proven. In particular
measurements made during these experiments did not éllow each of the links in
the chain of 2vents described earlier to be verifieds Furthermore, while
other experiments have been performed,'only this single hurricane has so far

been seeded over a period of several hours to the hypothesis described above.
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