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Abstract—Results of a field experiment on studying soler radiation pagsing in the visible wavelength
range are described with the model aerasol media ereated in the surface atmosphere, High-efficiency
thermocondensation generators were nsed for creating model aerosal media. The index of refraction and
an average size of the eerosol particles formed are close to those characteristic of the natural strato-
spherie aerosol. The composition and technical characteristics of the equipment complex uged in the
experiments to control acrosol optical and microphysical parameters end meteorological condilions of
the experiment are considered. Tﬁc Gaussian model of impurily dispersion in the boundary layer is used
for the enalysis and interpretation of measurement results. It is found that with a number concentration
of aerosol particles of ~10-10" em™ (which corresponds 1o the aerosol density in the deposited layer of
about 110 mg/m? with the layer thickness along the iy path of about 100 m) the solar radiation attenu-
ation.with artificial acrosof layers accounts for 110 10%. Model estimates are in satisfactory agrccment

with the measurement resulis.

DOL: 10:3103/5106837390905001X

1. INTRODUCTION

Due to the ever-increasing tendency toward climate warming in recent years, the world community feels
concern ebout possible measures for climate stabilization. One of such measures is the acceptance of the
Kyoto Protacol, which requires reducing greenhouse gas emissions from industrial entetprises into the
atmosphere, However, 4 positive effect of this measure could be pronounced over centuries, when itrevers-
ible consequences of climate change can take place, :

As early as in the 1970s, & well-known Soviet soientist MLL Budyko (4] put forward an idea concerning
climate management with finely dispersed acrosol particles igjected into the stratosphere, which would re-
duce part of the incoming solar radiation onto the Earth’s surfa'cc.m order to compensate warming. Accord-
ing to the estimates, approximately 1% attenuation of soler radiation is sufficient to reduce a mean tempera-
ture over the Earth's surface by about 0.6-1°C (which is sufficient to maintain the present-day climate [8]),
It is recognized that injection of reflecting acrosol submicron particles inta the siratosphere can be an opfi-
mal option to compensate warming [9, 12].

Such studies have been initiafed in the Russian Federation, They include a search for optically active
acrosols, theoretical investigations of optical cheracteristics of acrosol layers, and cxperiments in special
imitation chambers, Optical characferislics of stratospheric aerosol layers modeled with sulfuric aerosol
with parameters (the index of refraction and diameter) close to the natural stratospheric aerosol arc studied
in these experiments. It is found that with the formation of the acrosol media with a particle number concen-
tration of 102 cm™? and a particle diametcr of about 0.5 um when the layer thickness (along the ray paths) is
about 100 m, the radiation attenvation at the wavelength of 0.63 pm, which is close to the wavelength of the
solar radiation maximum, amounts to about 1%. The next stage in these studies is to perform limited field -
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cxkperiments in the atmosphere on measuring the solar radiation attenuation with artificial aerosol layers of
known optical and microphysical parameters close to the stratospheric aerosol cl}amctensruca: .

This article is devoted 1o describing such an experiment, where solar radigtmn passing in the visible
range was siudicd with a mode! acrosol media created in the surface atmospheric jayer.

2. EQUIPMENT AND METHODOLOGY

The cxperiments in the sueface atmospheric layer were conducted with an equipment complex that pro-
vided measuring basic meteorofogical variables in the surface atmosphere (stratlﬁcathn. temperature, air
humidity, and wind speed) and microphysical and optical characteristics of acroso) particles.

The meteorological unit consisted of two meteorological complexes that provided simultanc0u§ meteo-
rological measurements at iwo separate points. The meteorological complexes are used to continyously

~measure meteorological parameters at a height of up to 4 m and above the underlying surface and to record
instantancous values of three components of the wind velacity vector, temperature, humidity, and pressure.
Mcan, maximum, and minimum wind speed and direction, temperature, humidity, pressure, and turbulent
characieristics are calculated. -

Acrosol mictophysical parameters were measured with a photoelectric aergsol counter, which has the
following characteristics: .

—ihe range of measured sizes (in diameter) from 0.3 to 10 jm;

—the upper limit of measured concentrations 6x 107 em,

—the lower limit of measured cancenfrations 1 cm-3;

~fhe diameter measurement error 20%:

—the concentration measurement emror 10%. , ‘

Weakening propertics of acroso) Iayers were controlled with two ground-based automatic photometers
(developed at Taifun Scientific Industrial Association and an automated 8ystet for recording the total
and dircel solar radiation (developed at Central Aerological Observatory). The photometers were devel-
vped based on the ground-based antornatic UV-meters [10] and are intended to measure the direct solar ra-

diation inlensity at the wavelength of 0.53 pm with data recording on a personal computer. The photometers
have the following characteristics: '

~angle of vision 2°:

—minimally required sngular altitude of the solar digk 20°;

—the Sun tracking error for six hours of operation 1°,

The automated system for recording total and direet solar 1adiation congisted of three actinometrical

measuring modules, Each module consisted of two pyranometers, and analog-digital transducer, and a

personal computer. One of the pyranometers measured the total (total in the cntire semi-sphere of 180°)
solar imadiance, the second one measured the direct (in the sector of 90°) irradi

surement range s from 0.01 to. 1.6 kW/mw?, and the wavelength range is from 0.3 10 2.4 pm, The instrument

sensors were 1015 m away from the control boacds and 2 recording point and were installed on the grass
ground at 3 bieight from | 102 and 4 m above the carth level. &P on the grassy

The sources of acrosol were mobile high~t_:t‘ﬁciency submicron aerogol thermocondensation generators
that formed voluminous aerosol plumes, Aviation ang ground-based aeroso] gencrators mounted on the

ground-based genorators it was formed as & result of ¢ondensation of th

individual fraclions of pelroleum products releaged at a high rate. The ground-
acrosal generator has the following parameters:

~—the lincar ratc of the substance removal from the BENErator wy = 200 m/s;
—ihe nozzle radjys Ry=03m:

~—lhc.inclination of the senerator nozzle to the horizon o = 122,
—the air overheat at the ECnerator output compared to th
—the nozzle height above the earth level Ay =2 m,
—1the acrosol gencrator output O = 0.1 kgfs;

87 s on of the solar radiation attenuation wirh the generated acrosol particles o, is

¢ environmenra] ajr temperature A7 = 425°C;
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Flig. 1. Aerosol generntors instatled (a) on the helicopier and {b) on the car chassls.

During the ¢xperiments, the aimospheric stratification was close to neutral, the gir temperalure T was off

‘about 20°C, the mean wind speed at a height of 2 m ;= 5 m/s and at 8 height of 4m ;= 7 m/s, the mea-

surements were cartied out st distances of up to 1.5 km from the acreso! generator.

Figure 2 shows schemes of experiments onp measuring solar radiation passing through acvosol forma-
tions, When the aviation generators were used, the helicopter ereated the acrosol plume when flying over
the measurement area in the conirary directions at heights from 200 to 50 m (Fig, 2a) The width of the
plume fromi the helicopter with aerosol generators was equal 1o the path length of the helicopler from turh to
furn and amounted to about 5-6 km.

The ground-based acrosol generator, afler the wind dircetion and speed were measured with metcoro-
lagical complexcs, was located downwind and oricnted in a way that the acrosol jet passed with its cdge
through the measurcment point and the solar sighting line passed through the acrosol jet thickncss.
Photometers and pyranometers together with the aerosol counter were located ata measurement point on
the periphery of the jet, at a distance of 1 km from the acrosol generator downwind. Schematically, the solar

ray path through the aerasol jet is shown in Fig, 2b,
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- 3. RESULTS oF THE FIELD EXPERIMENT
Figure 3 shows 5 Scparate series of

. S ' photometer Mmeasurements of djrect
when the peripherg| Pan of the jet passes acrosg the
the ground-based acrosol penerator, The

on the periphery of the Jet. and, wh
radsation attcnualion reaches 1002

solar radiation transmisgion

1 neasurement point located at a distance of 1 km from
radiation attenuation in these neasy

TeIents ranges from 1 to 20%
tn the ceqmg| patt of the jet Passeq acrogs tha neasurement point, the
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Fig. 3, Dependence of the I/, passage through the acroso! layer on the time pfthe periphery jer passing through the measure.
ment point.
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Fig, 4. Changes in the total irradiance when the aerasol Jer is formed at the surface,

‘Generally, g basic equation for (he intensity / of light that passed throygh the acrosol Inycr'ol‘ thickness L
is used 1o estimate the direct solar radiation alichustion,

=1, ex —éHD:NpU,,L}. ()

where 1y is the intepsity of the incident Tight; é D Np = M is the acrosol mass conecntration: D is the

ncan cobic diameter; N is the acrosol mumber concentration: p is the acrosol panticlc density: and g, is the
mass cross-section of attenuaiion (sce the gencrator paramciers given above). .

Figurc 4 shows imadiance values obtained with a pyranomecter included inlo an actinometrical complex,
The curve in the figure presents valucs of the fota) imadiance measured with a completely apen
pyranometer, which recorded the total solar radiation atteauation of 41 %. :

Figure 5 shows data on irradiance measyrements when an acrosol plume was gencrated by the helicopter,
In the experinicntal arca, cloudy weather with sky clearing was obscrved. It made difficult o deject g POSsi
ble change in the solar radiation caused by the artificial acrosol sample passing over the instrument com-
plex against the background of natural changes associated with cloud windows. A high degree of variabiliry
of the data obtained can be noted. The arrows in the figure denole the areas with the changed irradiance
causcd by the passage of the acrosol formation over the instruments. Possible changes in the imadianee yre
estimated in this case rather approximately. The irradiance reduction in this case was about 288,

4. ANALYSIS OF THE FIELD EXPERIMENT RESULTS
To calculate the field of a mass acrosol concentration in the actosol plume formed by the

thermocondensatjon generators, in practice, we use models developed for describing dispersion of plymc
emissions from industrial chimneys in the surface atmosphere [3, 7, 11]. When describing the dynamics of
the acrosol jet, the whole interval ofits motion is ustally divided into two: the initial portion is between (he

jet injection point and the point where the jet velocity becomes equal lo the mean wind' speed and a jet
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Fig, 5. Changes in imadiance when the serosols are formed with the hel p of the helicapter. (1) Tatal radietion: (2) direct
radiation: errows (3) denote the sections where the ioradiance is measured when pagsing ebove the instrumems of acrosol
formatlon, :

riscs to gome effective height duc to the initia} velocity and jet overheat, This portion is mainly charactez-
ized by parameters of the aerosol generator used. The second is g basic portion with a jet-free motion along
the mean wind dircction,

In the initial portion of the aerosol jet motion, the initial rate of emigsions @, and their overheat AT

relative fo the environmental air temperature canse iis rige. The effective height of the aerosol jet rise is
determined from the following expression: . |

Hy=H+AH, | @,

where A is the height of the generator nozzle above the surface and AH is the height of the jetrise above the
nozzle planc, . .
The empirical expressions for AH take into account the relation between the vertical component of the

acrosol jet motion rate w, and a horizontal transport speed, i.e., the mean wind speed u, assuming that at a
height of Aff above the source the value of w. 18 small compared to ¥ [3];

AH o K wRyeina + Kyw,gRyAT.
Voo YA
where K »4, K3~ 5 are the numerical cocfficients; g isthe gravity acceleration; Ty is the environmental
emperature. The rest of parameters (w, , Ro, 0.) are determined above,

Ful:thel: csﬁmate§ will be made for the aerosol Eenerator (its experimental dara are given in Figs. 3 and 4)
operating In the regiime of a constant source. The effective jet height, calculated with formulas (2) and (3)
with allowance for the aerosol gencrator elevation ahove the surface is about 40 m, '

, ()

At high mean wind speeds, when the majn contribution to relation (3) is made by the first term on the

- right-hand side of the equation, i.c.. the role of the thermal lift is com i i
ight-he ‘ ion, i.c., the paratively small, for ealculating the
seclion of the outgoing gas jer in the initial gas portion, the mode! of drowned ﬂ):)w can be used; according
to this model changes in the seetion Sj can be described with the following relation [1):

S1= Syldx + 1), @

where Sy =xR,, is the nozzle section; A = 34a,JS /n;a is the coefficient characterizing the intensity of the

induced turbulence in the jet (q ~ 0, 1) x = AHlsina is the distance from the generator,
Then, the effective jet section at the end of the initial portion
{4), for the acrosol generator will be close to 3 x 13 m?,

th At ““i‘ basic site, the aerosal jet evolution in the atmosphere is affected by the particle turbulent diffusion
8t resuits in the jet broadening, The acrosel particle number concentration is determined at the beginning

RUSSIAN METEOROLOGY AND HYDROLOGY Wol. 34 No.5 2009



LUkt 2009 15017 049 551 395014 ‘ Ne 3155 S,

FIELD EXPERIMENT ON STUDYING SOLAR RADIATION . 27}

(3 K -
AN rel, umiis

izl
10"

10 100 D.um

Fig. 6. Normalized functions of aerosol particle size distribution (/) in the plume at the beginming of the basic ﬁoﬂi&n 3hd (2)
et 1 ken windward from & permanent aerosol sowrce [1 1], ) .

of the basic jet portion from a knowa relation of N, - QISuV,p. where ¥, = wD; /6 is the aerosol particle

volume. Generally, the acrasol thermocondensation generators produce acrosol particles of tenths parts of s

micron in diameter [6], In the preliminary experiments with the acrosol generator, according to
-measurements, the mean cubic particle diameter was D, ~0.16 pm [11]. Hence, we shall obtain the estimate
of the total particle concentration N, = 105 cm- at the beginning of the basic portion of the jet. It can be seen
from Fig. 6 that the contribution of the fraction of the optically active aerosol with diameter D > 0,3 pm,
measured in tliese experiments with a photoelectric counter, amounts to about 5 x 10 2N at the beginning
of the basic portion of the jet, which corvesponds to the number concentration of about 5 x 104 en-3 (N, is
the total acrosol concentration in the diameter size range from 10-3 to 10 pm),
To analyze the evolution of the aerosol Jet considered and describe changes in the mass acrosol coneen-
tration in the jet, we shall use the known Gaussian model [2. 71, For a point continuous source clevated 1o
the height Her, the expression for a mean acrosol concentration is as follows:

D el | I :‘f‘s{."l -.'.':.L’.‘-';I..L:.
M, 3, 2y SR 20Y S e G)
2myo, (x)o, (x)

where x, y, and z are the coordinates of the observational point in the-coordinate system with the origin at
the point where the source is located (the axis X is directed along the mean wind, the axis Y is perpendicular
to the axis X'in the horizontal plane; and Z is the vertical axis); M(x, v, 2) is the mass acrosol concentralion;
a(x) end o,(x) are standard deviations (turbulent diffusion parameters). : ‘

For the characteristic conditions of the neutral stratification of’ the surface atmospheric layer and diffu-
sion times £ 3H,¢/u., where u, is the friction velocity and 1 = x/u», the following standard deviations G.{x)

and o.(x) will be used [2]: _
G,(x) = 0.08x(1.+ 0.0001x)™, G,tx) = Q.06x(F + 0,000%¢) ", C(6)

The friction velocity u, will be estimated in the approximation of the logarithmic wind profilc
e, = —lln(:"/.‘:., h (M
K

where = 0.4 is the vor Karman constant and z, % 3 ¢m is the roughness parameier of the surface of a rural

locality [2, 5]
Taking into account the fact that in the experiments the mean wind speed u, at an altitude of 4 m was 7 mys,
we shall get from formula (7) that u, is about 0.57 m/s and from formula (6) we obtain turbulent dispersion

parameters o,(x) = 80 m and 5,(x) = 50 m.
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Let us return to Fig, 6, where the shape of the normalized acrosol d.ist‘r‘ibufion fu‘nc'(im? is shown in the
process of the jet motian, The conservation of 3 distribupon function is indicative ofan insignificant role of
coagulation processes in the jet portion considered, while 3 comparatively small dispersion of the particle
size distribution function makes it possible in the future to use the monadispersity approximation, assuming
that D; = 0,16 um [6], Accordingly, the Stokes's particle deposition can he 1gnored, and for the caloulation
of the acrosol number concentration a simple relation can be used _

) Nex, yo 2y = 6M(x.y, zympD? . - (8)

where the mass particle concentration M(x, y, z) along the route of spreading is found from relation (5).

The calculation with formula (8) of the number concentrarion of particles near the Jetaxis gives an cs-
timate N; ~4x10¢ em- for the aerogo] Béncratox gt the beginning of the basje portion and ¥, ~ 105 cm? gt
! km from the generafor. Taking into account the contribution of the optically active acrosol of > 0.3 lm in
diameter, equal to ~ 5 x ] 02 N, these concentrations pear the jet axis will amount 1o ~105 em? for the be-
ginning of the basic portion and -~ 5 x 10> cm~3at 1 km from the Benerator. The caleulated values are in satis-
factory greement with the exXperimental data derived with the help of photoelectric counters (~10% ¢m)
near the jet axis at 1 km from the penerator,

Since the aerosol jet is much meandered, its peripheral part, at g distance ftom lo,(x) to 3o,(x) from the
axis, passed through the measurement point, wherp photometers, pyranometers, and acroso| counters were
located. In accordance. ith (5), the total particle number concentration changes from eVN, aty= a,(x) to
€3N, aty= 20,(x) and fo 3N, aty= 3a,(x), which is in satisfactory agresment vith the experimental
data mcasured ‘with a photometric counter, The length L of the solar radiation absorption layer in the
aeroso] jet is dotermined by the jot height & and the Sun elevationg: L = Hbino. The mean ¢ value during

cxperiments wag about 30°. The jer height, according to estimates, was Approximately 2a.(x) ~ 100 m.

acrosol concentration of about 102_]02 o,

layer of aboyt ~10 mg/m? with the layer thickness along th I
. . » . = a th b
attcnugtion with the arficial acrosol layers ranges ﬁ(rom lgto tio%.pa )ofsbo

Based on the eXperimenta] res;|ts obtained in our it i it is princs i
. . &3 r Work, it is shown how it 1s principally possible to
control solar radiation passin thiough artificial L O Prncipally possib
ent optical thicknegs. & ficially created aerosol fmmahons. i the atmosphere with differ-
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