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OPENING OF THE MEETING AN:> APPROVAL OF AGENDA

l.

1.1
The Meeting of Experts on Aerosols and Climate organized by JSC
jointly with the WHO-Commission for Atmospheric Sciences and IAMAP - International Radiation Commission was opened by Professor B.R. Doos, Director of
the WMO World Climate Programme Office and of the WMO/ICSU Joint . Planning Stoff for
the World Climate Research Programme, at the WMO Headquarters in Geneva, at
10 o.m. on Monday 27 October 1980. The list of participants is given in
Appendix A.
1.2
In welcoming the participants, Professor Doos briefly described
the four components of the World Climate Programme which ore the:
-

World
World
World
World

Climate
Climate
Climate
Climate

Research Programme (WCRP)
Application Programme (WCAP)
Data Programme (WCDP)
Impact Studies Programme (WCI P)

He noted that in developing the plan for WCRP the JSC gave a prominent place
to studies on,inter olia,the climatologically significant radiation processes .
The significance of aerosols for climate derives mainly from their involvement
in these atmospheric radiation processes and in cloud generation processes.
1.3
Professor Doos recalled those main topics for study in the aerosols
and climate field identified by JSC-I. They were (a) development of realistic
aerosol models suitable for sensitivity tests, (b) comparison of existing radiative transfer models in order to assess the accuracy of the algorithms and the
magnitude of the aerosol effect, (c) implementation of parameterized radiative
transfer models in climate models used for sensitivity studies and (d) determination of global aerosol concentration distribution and type needed for climate modelling. Further, Professor Doos conveyed the decision of JSC-I that
the IAMAP Radiation Commission and COSPAR undertake the efforts under (a) to
(d) and requested the WMO Commission for Atmospheric Sciences (CAS) to give
appropriate emphasis and collaborate. As a first step in this undertaking the
present joint JSC/IAMAP/WMO-CAS meeting on aerosols and climate was organized.
This meeting was charged with building on the findings and recommendations
mode earlier by expert discussions organized by the JOC ad hoc working group
on aerosols and climate and by the Radiation Commission of IAMAP, as well as
on specific contributions already prepared by some of the participants.
1.4
The Chairman, Professor H;J. Bolle, referred briefly to previous
studie s in this field and emphasized that the pllrpose of the meeting was to
review the current state of knowledge and to identify areas and priorities for
activities necessary to enable a proper assessment of the impact of aerosols
on climate. He reca lled that the first sensi tivity tests with climate models
hove produced preliminary qualitative results which suggest tnot aerosols play
on important role in various phenomena of climatic importance. Also the methods
to investigate aerosols hove been refined to a l evel where reliable results ore
obtained from individual experiments conducted at various locations in the
world. It seemed therefore to be timely to approach this problem in c pragmatic
and more coordinated manner than was previously possible when the researc h potential was still in a developing stage.
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1.5

The agreed agenda is reproduced in Appendix B.

1.6
It was agreed that from the many ospects of aerosol research the
emphasis in this report would be the implementation into climate models of such
aerosol effects which are obviously of the same order of magnitude as other
processes in determining the state of climate and its variability. Therefore,
this report attempts to summarize briefly the relevant statements of the earlier
documents as well as the most recent results, and finally to propose a plan for
further studies which clearly states the priorities .
1.7

The sections of t he report cover the fo llowing areas :

Section 2 - gives some background and an outline of the genera l
research approach;
Section 3 - summarizes the experimental possibilities and the
present knowledge on aerosol properties without going into instrumental details .
Section 4 - analyzes a proposal f or aerosol models submitted by
the Radiation Commission of IAMAP, and specif ies fu rther improvements;
Section 5 - discusses results of theoretical sensitivity tests
carried out with a variety of different generalizi ng assumptions about the
aeroso l and its optical properties. This is the central chapter of the report
from which most of the conclusions for the implementation plan hove been drawn;
Section 6 - draws attention to the interference effect of aerosols on measurements from satellites of climate parameters such as temperature
and humidity fields or surface albedo;
Section 7 - outlines the implementation plan for specific research
act ivities which need to be endorsed by the J SC ;
Section 8 - an exec utive summary.

2.

THE ROLE OF AEROSOLS IN CLIMATE

2. 1

I ntroduction

2.1 . l
The transparency of the air has been investigated by physic al means since
the 18th century known to us through the pioneering work by Bougeur (1760) and
de Saussure (1789). Towards the end of the 19th century, there is a lonq list of
theoretical and experimental investigations,with those of Lord Rayleigh (1871~ 1899)
being the best known.
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Aerosolresearch with climatological aspects can be traced back for more than
100 years when the variable turbidity of the atmosphere was noted. It was explained
by
air turbulence and the suspension of particulate matter and was related to volcanic eruptions, desert dust and bog fires, whose particles . were transported very
long distances, (MUller, 1883) .
2.1.3
The investigation of possible effects of aerosols on climate was intensified in the middle of the present century. This was due to the increasing knowledge
on aerosol size distributions and refractive indices coupled with the solution of the
radiative transfer problem in a turbid atmosphere made possible by the development of
computers .
2 0 1 04
The analysis of paleoclimatic ice cores indicate that during the last ice
age the deposition of aerosols first increased slowly to a much higher value than before
and afterward~ and decreased rather abruptly at the end of the glaciation .
Nature of aerosols
2. 2
2.2.l
Aerosols are small sized particulate matter that are suspended in the
atmosphere. This term encompasses all varieties of liquid and solid particles in the
troposphere, stratosphere and at higher elevations, except for cloud droplets and ice
crystals.
2.2.2
The dominant type of aerosol in the stratosphere consists of submicron
sized droplets of concentrated s ulfuric acid (""' 75% H2S04 and 25% H20 by weight),
which ore generally situated between the tropopouse and 30km altitude. These particles
are believed to be generated, chiefly in situ, from sulfur containing gases by photochemical conversion processes. Chief sources of these gases include volcanic material
injected into the stratosphere and sulfur gases mixed up from the troposphere .
During the earliest phases of a volcanic event, ash particles are often the more
abundant species, but they fall rapidly out of the stratosohere. Exceot for times
close to a volcanic explosion, the stratospheric aerosol i~ reasonably. uniformly distributed across the globe. Optical depths range from .003 to .3 depending on the
proximity to a large vo~canic explosion.
2.2 . 3
The troposphere contains much more variegated and inhomogeneously distributed aerosol particles which are concentrated in the bottom few kilometers of the
atmosphere. A much wider range of particle sizes exist, including a condensation size
range (< O.l;um) ; an accumulation size range ( ...... 0.1 - 1 fJm), produced m~stly
by gas to particle conversion processes; and a mechanically generated range (l-30f!m).
Regional types of aerosols include "urban" or pollution aerosols, which consist of
sulfate, graphitic and hydrocarbon material; ''continental" aerosols, which consist
mostly of sulfates and dust; "desert" aerosols, which are composed of fine sand grains,
and marine aerosols which consist of salt and water. Optical extinction ranqe from
0.025 km-1 for marine aerosols to as much as 1.16 km-1 for dense . desert aerosols. Thus,
in some places, most of the incident sunlight is either scattered or absorbed by aerosols.
2. 3

Aerosol loads, sources, sinks and dynamics

2.3.1
A rough estimate shows that under naturally, or man-made pollution conditions, the mass concentration can be of the order of 3 x 1Q-7kg/m3 and sometimes
larger. If one assumes that the same concentration is maintained throughout the
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lowest tw~ kilometers of_ the otmosp~ere and thot the density is about twice that of
water, this mass lood will result in a layer about 3 x l0-7meter thick at the bottom
of the atmosphere if the aerosol is sedimented out . Even though this thickness is
small compared to the precipitable water or to the other optically active gases in
the atmosphere, aerosols ploy an important role in various atmospheric processes
such as the radiation balance and cloud-formation on regional and global scales
(e.g. Twomey 1977) and affect:; other quantities of.jnterest to Mon, e.g . visibility,
or the remote sensino of th~ properties of the atmosphere, and the surface.
2.3 . 2
It was recalled that the former JOC Working Group on Aerosols and Climate
(WGAC, 1977, 1979, 1980), discussed the aerosol sources, sinks and dynamics. A
summary of the relative production processes is presented in Table 2.1 .
S~ffice it is· to state here.that aerosols are involved in different sources,
sink and transport processes which govern the distribution of aerosols around
the globe.
The regional aerosol distributions ore strongly affected by topography, the distribution of potential aerosol sources and sinks and the structure of
the atmospheric boundary layer includin g the friction parameter of the surface. For
instance, it is well known that t he world's deserts are a major aerosol source about
which concentrations may reach high up into the troposphere often under well- mixed
conditions . On crossing coas ts , this aerosol is transported in a layer several kilometers thick and undercut by the oceanic boundary layer. It is weakened by sedimentat ion as the aerosol "cl oud" moves but regularly reaches areas thousands of
kilometers away with little change from the source .
2.3 . 3
In the stratosphere, the distribution of the aerosol depends on (o) the
photochemical reactions which lead to gos-to-particle conversions; (b) the location
where injections by volcanoes occurs; (c) the circulation systems in the stratosphere;and (d) on diffusion processes. Strong variations from day to day in vertical
stratospheric aerosol concentration profiles have been measured.
Table 2.1

Estimated Relative Rotes for Aerosol Production Processe~ in per cent, ofter
Pet erson and Junge (o) (1971), SMIC (b)(l971), Twomey (c) (1977b) and
Dittberner (d) (1978)

Process
Sulphates (from H2S and S02 gos-to-particle conversion, including volcanic and man-made)

a

b

35

27-15

c

d

1

8-10

Ammonium salts

29-18i 41-37
9-12.J

Sea-salt spray

33

31-11

33-14

23-27

Soil and rock debris

16

10-19

11-23

14-16

Organic volatiles from plants, forest fires, agricultural burning and hydrocarbons from natural decoy

6

9-17

9-16

9-17

Volcanic dust

2

3- 6

3- 7

7- l

Nitrates (from NO)

6

9-18

3- 2

3

Man-mode particulates (heating, industry, engi ne
exhausts)

2

3- 6

3- 8

3- 4

. ..
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Climate effects of aerosols

2.4.l
It is necessary to discriminate between three aspects: (i) how much does
the present aerosol concentration contribute to the state of climate and what feedbacks exist between the aerosol content of the atmosphere and other climatic factors
(such as cloudiness, surface albedo and other surface properties); (ii) what would
be the effect of an increase or decrease of the aerosol load of the atmosphere or a
re-distribution in height; and (iii) to what degree would it be possible to detect
or predict aerosol changes.
2.4.2
By interacting with and by modifying solar and terrestrial radiative
fluxes, aerosols act as part of the climate system. Due to variations with time of the
aerosol optical depth, as occuxs in the stratosphere after volcanic explosions and in
the troposphere due to air pollution and dust storms, aerosols act as a driver for
climate change. Aerosols may also indirectly affect climate by modifying cloudiness
and the radiative properties of clouds.
2.4. 3
Non-absorbing aerosols will increase the albedo of the atmosphere thus
reducing the amount of solar radiation which reaches the surface. As the aerosol
absorbs in the shortwave range of the spectrum, energy is directly transferred to
the atmosphere. The effect is a heating of the atmsophere and a cooling of the underlying surface. If the aerosol absorbs and consequently also emits radiation in the
infra-red part of the spectrum, this has the reverse effect: energy is withdrawn fromtre
upper troposphere due to emission to spa~e and the greenhouse effect near the · surface
is increased. The net effect depends on the ratio of the absorption coefficients in
the visible and infra-red but also on the albedo of the surface. The change in the
radiative fluxes by the aerosol thus leads to changes in atmospheric temperature profiles and stability, as well as in surface temperatures.
2.4.4.
The effect of aerosols in regulating cloudiness is twofold. Aerosol particles serve as condensation nuclei thus governing the life-cycle of droplets, and
the aerosols within the droplets and imbedded between the droplets modify the radiative transfer in the clouds . On the other hand,due to the radiative effects of the aerosol , the condition s for cloud formation may be influenced, e.g. by changes in boundary
layer fluxes of water vapour to the condensation level · and changes in the location of
the lotter due to heating of the troposphere .
2.4.5
The impact of aerosols on climate , like that of any other climatically
important parameter, may be d~fficult to assess since the "climate signal"
produced and its variability often cannot easily be separated from other signals
generated e.g . by clouds, atmospheric water vapour and surface effect changes, and
from "noise". Due to recent satellite and lidar measurements, the situation is
slightly better for the stratosphere, where interference with other factors is smaller
and where, for a few years now, data on the aerosol concentrations and their variability as a consequence of volcanic eruptions ore available. It is, however, even in
this case, still difficult to assess the climatic impact of the stratospheric aerosol,
since it depends critically on the optical properties and geographical distribution
of them. These optical properties ore, at present, derived from isolated in situ
samplings and from measurements made at a few wave-lengths and extrapolated to the
whole spectrum. This cannot, in all cases, be uniquely done with the data available.
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In the troposphere, the climatic effects ore twofold: by direct modulation of the radiative transfer in cloud-free areas and by a change of optical or geometric properties of cloud. Especially for the first effect, the surface albedo is
on additional and very critical parameter for the direction into which the aerosol
drives the climate system -· heating or cooli ng. The surface albedo determines how
much of the incoming solar radiation posses the aerosol layer twice, which has an
important impact on the amount of the absorbed radiative energy.
2.4.7
An assessment of our current understanding of the importance of aerosols
for climate and for climcte change is given in section 5. It is concluded that there
exists good evidence that, at times of frequent volcanic explosions, the climate has
been significantly altered by volcanic aerosols. Also, incipient studies of the
climatic effects of tropospheric aerosols suggest that they could also be important
climate agents. While these investigations provide a basis for believing that aerosols may affect climate, it is still too early to make any definitive statement on
this subject. Rother, high priority should continue to be given to sensitivity
studies with 2- and 3-dimensional climate models to more accurately establish the
importance of aerosols as on element of the climate system .
2.5

Research aspects

2 .5.l
Encouraging progress has been mode in both experimental and theoretical
areas. It hos now become feasible to model the overage global effect of aerosol on
the radiation balance, and to estimate its variation with latitude. Experimental data
in different locations of the world have been used in these model computations in a
very much idealized way. Information on the variability of aerosols,both in time
and space, hove become available not only from the tropospheric turbidity observations mode from the surface, but, with the advent of LIDAR and satellite techniques,
also for the upper troposphere and the stratosphere. Nevertheless, it was felt that
there exists several important gaps that need to be overcome to permit a more
accurate knowledge of the climatic effects of aerosols. Fortunately, many of them
should be filled in the near future and specific actions to accomplish these are
contained in the recommendations to this report (see section 8 - The Executive
Summary).
2.5.2
In the assessment of the climatic effects of aerosols, model computations
will, in the future, ~lay a central role since it is deemed extremely unlikely to be
able to assess the impact of aerosol changes on climate, e.g. as expressed by the
variat ion of the surface temperature, directly by world-wide measurements. The signal is too small to be extracted from the data which could be gained from an operational network. It will, therefore, be necessary to develop further the implementation of codes which are capable of simulating the radiative effects of aerosols in
the different types of climate models.
2.5.3
It is possible to model the atmospheric radiation transfer due to aerosols
to almost any desirable accuracy, provided the input parameters are known to the
some degree. However, the algorithms to be applied for such computations ore not
efficient enough to be used in time dependent climate studies. Porom~terized codes
hove to be used, the precision of which can only be determined by comparisons with
the more elaborate methods.
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Any computation locks accuracy if the input parameters for the aerosol
optical properties are not known or chosen inadequately. Only specific (monochromatic)
aerosol properties are normally monitored,e.g. by turbidity measurements or LIDAR
soundings. From this information then the radiation properties of the aerosol hove
to be constructed from other {climatological) knowledge for the whole spectrum. To
date, it is not known what degree of accuracy is achieved by this procedure, especially
if one deduces the heating and/or cooling rates due to the aerosol. There have been
a number of attempts to gain such information in "complete", "complex" or "overdetermined" radiation experiments (e.g . CAENEX, GAARS and in GATE) which have not yet lead
to clear answers to this question (Kondrotyev 1973; Deluisi et.al 1976; Carlson and
Benjamin 1980). Controlled validation experiments best made in connexion with other
l arger meteorological field experiments in selected areas have therefore to be considered in the overall research approach.
2.5.5
It was therefore felt that the immediate research actions have to be directed to demonstrate more reliably and accurately the role of aerosols in the climate
system.
2.5 . 6
Much work hos been done in the calculations with 0 and !-dimensional models
and a few pioneering studies hove been mode with higher dimensional models to evaluate
the climatic impact of different types of aerosols . In some coses, a significant
impact was found . High priority should be given to new climate sensitivity e xperiments with 2- and 3-dimensional climate models to more firmly determine the role of
aerosols in the climate system. Such studies should be carried out for two extreme
steady-state conditions - no aerosols, and a large, but realistic amount of aerosols.
If key differences ore found between these two situations, then more sophisticated
time dependent calculations can be planned.
2.5.7
For these studies, it i s vital that the spatial distribution of the aerosols be known across the globe . Spacecraft experiments have begun to provide this
information for stratospheric aerosols, and ground-based turbidity networks hove
yielded very l imited data on tropospheric aerosol s. Key action items include the
pursuit of techniques to spatially mop tropospheric aerosols from space and to
validate and expand the turbidity networks.
2.5.8
A number of key aerosol properties need to be measured in order to permit
an assessment of their climatic effects . A start towards obtaining such comprehensive and simultaneous data from airborne platforms has been made and the further
development of such capabilities is strongly encouraged. It is also important to
begin obtaining field measurements directed towards the problem of aerosol/cloud
interactions .
2.5.9
The introduction of time dependence in aerosol properties wil l also depend
in port on the development of microphysical models that will provide a predictive
capability by which specific data sets con be generalized . A start is also warranted
on microphysicol models of aerosol/cloud interactions. As an ultimate gool,models
will hove to be constructed which ore capable of adjusting the concentration, distribution and type of aerosol according to the climate which is developing on earth .
This implies e .g . that, if by internal or external forces the climate belts are
changing, this must be reflected in the aerosol, since over arid oreas, in principle,

- 8 other types of aerosols are found than over large areas covered with ice. An idea l
solution for this problem would be a mcdel which generates it s own aerosol as for as
internal sources are concerned . As major natural sources, gos-to-particle conversion, sea spray and wind-b lown dust hove to be looked at . Such models therefore, need
sophisticated boundary layer, earth surface and phot o-chemical sub-sections. Though
for the time being also anthropogenic sources con be considered, it will be diffi c ult
to predict their changes durin g climate excursions. Here also non-meteorolopi cal
feedback mechanisms would have to be considered, such a s result from social structures.
2.5 . 10
Models with the required complexity need to be developed at a later stage,
if aerosols turn out to be a "critical" parameter in the climate system, whic h means
a parameter which is likely to vary with such an amplitude that it will affect the
temperature near the surface whi ch is generally accepted as a measure of climate
variations.
3.

MEASUREMENTS OF AEROSOLS

3.1

Gene ral

3.1. l
In developing a strategy for determing the global distr ibution o f ae rosol
properties relevant for climate modelling, the meeting reviewed first t he available
data base, its usefulness, and then the technology needed t o improve and/or expand
these data. It stressed that all of this should be done keeping i n mind the aerosol
parameters important to climate and the particular use o r application for the data,
that is, whe ther one is studying an aerosol regional or globa l effect . This
section d i scusses i nstruments and t echniques for measuring the proper tie s o f aerosols
that potentially impact climate vis-a-vis a local or global hea t ing or cooling, and
the existing data base for these prope r t i es. Future needs for deve loping on improved
aerosol climatology will be dealt with in Sec t ion 7.
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Observing technology

3.2.1
In climate related calculations, aerosols ore usually described in terms of
their optical depth, S, albedo for single scattering, (;;1>, and phase function, P,
(or anisotropy factor, g), all as a function of wavelength and space and time .
Al t ernatively, they may be described in terms of their size distribution, n(r),
shape, composition, and complex index of refraction. Since different instruments
measure different characteristic parameters (and usually only one), past data sets
hove not typically included a self-consistent and completely descriptive set of
these radiatively important parameters . Radiative calculations, therefore, have used
assumed sets of input parameters that were thought to be representative of the spatial
and temporal regime being studied (Fig.3 . 1) For example, in the stratosphere, radiative effects of aerosols are primarily determined by their optical depth, S , their
single scattering albedo, ii.)0 ~heir size distribution or overage size, anisotropy factor,
g, and the albedo of the underlying surface and atmosphere. Very seldom, if ever, hove
all of these paramet~rs been measured simultaneously for the same stratospheric
air volume.
3. 2.2
Table 3.1 lists a number of available schemes for measuring the relevant
optical properties of aerosols including laboratory, ground-based, airborne, and
satellite techniques. These ore described in a number of textbooks and review papers
concerning their capabilities and limitations. A ~ood example is the paper by Whitby
(1978) of which Table 3.2 is reproduced here.
Table 3.2a li3ts the major integral
sampling (sensitive to brood size ranges) and measurement methods and 3.2 b lists the
major size resolving methods.
Gerber (1980) hos very recently written a review
on optical techniques for the measurement of light obsorption by particula t es with a
thorou~h survey on imaginary indices.
Textbooks such as those by Cadle (1975) and
Lundgren, et al.,(1979) present comprehensive reviews of the many techniques and their
capabilities available for measuring aerosols. Numerous methods ore in use to
measure aerosol properties. Little is known about the accuracy and compatibility of
the various instruments. A first step in this direction hos been mode by the First
International Workshop on Light Absorption by Aerosol Particles organized by
H.E. Gerber and E. Hindman in Ft. Collins, 1930. The outcome of the instrument intercomporisons carried out at this workshop will be on important contribution to the
assessment of the present state of achievable measurement accuracies .

A.

Ground-based and aircraft-based measurements

--------------------------------------------

3 . 2.3
As can be seen in Tables 3.1 and 3.2 many techniques ore available for
measuring aerosol properties in situ or remotely . Most hove been implemented from
the ground, many from airborne platforms, but few from satellites. The ground-based
measurements ore attractive because of minimum operational, environmental, and
configuration constraints. The representative nature of their data on a regional or
global basis, however, is always questionable.
3.2.4
Each instrument usually yields only a single particular parameter or piece
of information. This is easily seen in Table 3.2 where, for example, a particular
technique yields only the number of particles greater than a given size or between
specific sizes, or just the moss of impacted material. Analysis techniques on the
collected sample may yield only information on the elements heavier than a given
element like sodium. As mentioned previously, in order to use the~ data in climate
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atmos pheric air volume. A good example of a field experiment that attempted to
measure o sufficient set of aerosol properties required os input for radiative
calculations is GAARS, for Global Atmospheric Aerosol and Radiation Study (DeLuisi,
et al., 1976). It included ground-based and aircraft sensors. Fiqure 3.1. is f~om
this paper and describes the sequence of inputs from oerosol physical and chemical
properties to the determination of their radiative effects. A similar approach wos
Made within the Complex Atmospheric Energetics Experiment (CAENEX) in which a num~er
of aerosol parameters hove been determined (Kondratyev, 1973). Also more recent cloud
experiments of the University of Lille (NEPHOS, THERMOCLINE and MOUSSAFRICA) provide
valuable data with relevance for the aerosol problem, (Bonnel et . al 1980).
3.2.5
Another excellent example of o programme designed to characterize aerosols
and their radiation properties is the ACE programme, for Aerosol Cli mati c Ef fects,
that is being sponsored by NASA . Its specific objective is to obtain a comprehensive data set for assessing the climate effects of aerosols. To dote, it hos
focused on the stratospheric aerosol, flying a number of experiments onboord NASA's
U-2 aircraft (NASA, 1979). Observations hove been taken by ACE in Alaska
during July 1979 in conjunction with a SAM II/SAGE ground truth exercise in which
other airborne platforms participated, at a time when the s tratospheric optical depth
was close to a minimum for the lost few de codes ( --..003). Observations hove been and
ore continuing to be token from both the U-2 and satellites of the volcanic plumes
of Mt. St . Helens. Key results include the first determinations of the aerosols'
single scattering albedo and the identity and concentration of the precursor sulfur
gases for the sulfuric acid particles. Obviously, airborne measurements expand t he
geographical experiment volume from that of ground-based measurements but also ore
i mportant in complementing ground-based and satellite measurements. The latter is
very important since the aircraft hos the flexibility to perform its measurements in
nearly the same volume as the satellite remote sensor. For these reasons the ACE
programme has been cou pled closely with NASA's SAM II and SAGE satellite programmes.
3,2 6
Ot~er, more limited data sets on the stratospheric aerosol, ore being obtained
with worldwide, ground- based and airborne lidars, the University of Wyoming 's bolloonborne
dustsonde (Rosen et al. 19751 and similarly the balloonborne measurements in Australia
(Gras and Michael, 1979, and Bigg, ·1975 and 1976) . The high-alti t ude capability of
the Department of Energy's Airstream programme is also providing size segregated
compo~itional aerosol data.
3.2.7
There hove also been a number of other comprehensive programmes to measure
various properties of tropospheric aerosols on a larger geographical basis than
GAARS . Perhaps the GATE experiment is one of the best examples for desert aerosols.
Both direct measurements of composition, si ze, complex index of refraction and optical
depth and indirect measurements of the radiation fie ld were obtained. The locali zed
measurements .of desert dust by the University of Tel Aviv (Levin and Lindberg, 1979;
Levin et al, 198Q) and Arizona {Kinq, et al, 1980) ore reoresentotive examples. T~e most
extensive data set on marine aerosols is probably the one obtained in the GAMETAG proj~ct soonsored by the U.S . National Science Founnation (Pntterson, 1981 onrl Pntterson,
et al., 1981).
3.2.8
Besides the ground-based measurements mentioned above, and a number of lidar
stations for monitoring stratospheri c aerosols (less than 10), there exists a network
of ground-based l oca tions where the total aerosol opt ical depth (turbidity) and local

- 11 suspended particulates ore measured . The WMO turbidity network was established in
1970 and the U.S. network in 1960. Figure 3.2 shows the locations of the WMO network
(NCC, 1980). Additionally, stations exist near important aerosol source regions: so
the map is incomplete to a certain degree . The WMO network for suspended particulate
matter which primarily uses high volume samplers and glass fibre filters is shown in
figure 3.3.
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Table 3.1 *

l.

Available measurement s chemes for climatically relevant optical
.QEQPerties of aerosols.

Optical depth, S(x)

(a) Direct, ground- or aircraft -based meas ur e ment by pyrheliome ter or
sunphotometer.
(b) Direct limb scanni ng via satelliteborne sunphotometers.
(c)
albedo .
(d)

Inference from satelliteborne photometers over cloud-free areas of known
Inference via lidar, either ground-based, aircraft or satellite-borne

(e) Direct measurements of sca t tering and absorption coeffi cients as a
function of height, as well as integrated amounts.

(f)

Effect of RH on total sca t tering componen t of extinction
- via humidified nephelome t er
- via sample moss as f(RH ) and cal cu la t ed effec t

(g) In some coses, estimation of the extinction coefficie nt from day-time
visual range will provide optical thickness, S , if a mixing depth i s available.
2.

Single scattering albedo, W , or absorption coefficient, <r
(a )

0

Direct measurement of fl ux divergence.

(b) Direct measurement of the absorption coefficient on collected samples
(integrating plate method) .
(c) Calculation of absorption via size distribution, Mie formulation and
imaginary refractive index .
-

from Kubelka-Munk's method
from integrating sphere method
in the thermal IR from KBr pellet me t hod
inferred from chemical analysis

(d) By subtracting the mea sured scattering component of extinction from total
extinction.
(e) By inversion calculations based on the ra t io of diffuse t o direct radia t ion
and on the size distribution.
(f)
3.

By inversion from angular scattering coefficient and si ze distribution.

Angular scattering fu nction, P
(a)

Direct measurement via a polar nephelome t er.

(b)

Calculation from size distribution and Mie formulation.

* Report of the Meeting of the JOC Working Group on Aerosols and Climate
(Bou lder, CO , 7-11 August 1978), Geneva, Oct ober 1978.
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Size distribution, n(r) (usually requires combined methods)
(a)

Optical particle counting (r ) O.l5f<-m).

(b)
(c)

Aerodynamic separation by impactors (r . --..r·0.05 pm).
min
.
Electrical mobility analyzer (r < 0.3,f'm).

(d)

Sampling and optical or electron microscopy.

(e)

Diffusion battery (r<0.3pm).

(f)

Calculation via inversion of
- aureole data
- wavelength and polarization dependence of extinction and
scattering
- bistatic lidar (limited usually to a narrow size range).

5.

Ma ss and composition
(a)

Gravimetric analysis.

(b)

Wet chemical analysis .

(c)

IR absorption spectrum .

(d)

Raman spectroscopy .

(e)

Particle bombardment (neutron activation, x-ray fluorescence, etc.)

(f)

Via humidigram (humitity independence of scattering).

3.2.9
The monitoring of three-dimensional aerosol distributions and properties in
order to build a data base for the development of a climatology, quite naturally
leads to the need for satellite techniques. Most applications of the latter have
been to stratospheric aerosols. The SAM II and SAGE satellite systems (McCormick, et al ,
1979) for example , ore presently obtaining routine stratospheric aerosol extinction
profiles globally. These data ore providing for the first time, a global climatology
of . aerosol extinction or optical depth for the stratosphere at 1.0 pm. Their groundtruth programmes ore complementing these data (Russell, ot al., 1981 a and 8. The addition
of more wavelength channels to SAGE II, which should be launched in 1984, will
allow a
three parameter optical model to be constructed. This should provide a
much improved stratospheric global aerosol climatology when augmented by a properly
designed ground-truth or correlative measurement programme as mentioned earlier.
3.2.10
In addition to the limb extinction technique of SAM II and SAGE, stratospheric
aerosol measurements con be made from space utilizing limb scattering and lidar .
Both techniques complement the limb extinction technique and appear viable with the
obvious increase in data capt ure per spacecraft orbit. The limb scattering approach
is a passive one using scattered sunlight as o source, thus the inversion tech niques
ore much more difficult than for limb extinction. The use of lidor from space
shuttle appears as an advanced future tool. NASA has set up an international working
group whi~h has performed various analyses showing feasibility for measurin~ the
stratosphe~ic and tropospheric aerosol and cloud backscatter profiles.
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Presently, there are two types of experimental systems obtaining tropospheric
aerosol data from space, neither of which were designed for that purpose. One is by
analysis of satellite imaging data obtained by Landsat, and geo-stotionary meteorological satellites, while the other is by analysis of limb extinction data over cloud-free
paths being obtained by SAM II and SAGE. Some studies have show~ the great ~otential
in using the satellite imaging systems for the retrieval of physical properties and
spatial extent of tropospheric aerosols. Studies by M. Griggs (1979) and R. Fraser
(1974, 1976)~ ~oepke and Quenzel_ (lY/Y) and ; Y. Mekler and Y. Kaufman (1980) hove
shown that the existence of tropospheric aerosols can be extracted from Landsat,
SMS/GOES and other imaging systems especially during pollution episodes (stagnant
air masses of low visibility and high sulfate content or desert dust outbreaks).
Using low-albedo surfaces such as over the oceans or stepwise changing albedos,
they have been able to delineate the spatial distribution and ascribe some optical
prope rties to the spatial distribution of these large aerosol masses. While provid ing some data, these point out the limitations of, and yet the potential for, making
tropospheric aerosol measurements from spa ce which would be of benefit for the WCRP;
3. 2. 1 2
In addition to the above, there ore few techniques that con orovidP.
tropospheric data from space. A very good candida te is lidor, which could provide
vertical profile information on aerosols and clouds and with calibrated t argets,
possibly total extinction or optical depth at the various loser wavelengths used.
A combination of simultaneous or correlative measurements would, of course, with all
these sensors, provide much more aerosol informa tion when token coilectively. If the
NASA shuttle lidor programme materiali zes, these measurements will probably be among
the very first attempted.
3.2.13
Another active technique could utilize ground-stationed flash lamps or
other suitable light sources t hat are coded for location and st imulated during
satellite overpasses. Aboard the satellite would be simple detector systems that
cou ld measure the atmospherically-attenuated signals. In this manner the wavelength-dependent total atmospheric optical depth could be monitored. As on example,
sources could be located at the WMO turbidity sites ; ground-based lidors could
determine the boundary layer aerosol vertical distribution and the presence of clouds
and ground- truth would thus be simultaneously ava ila ble. Obviously, this would not
be as globally representative as a shuttleborne lidar data set.
3.3

Existing aerosol data base

3.3.1
The
previous sections hove shown that there are few coordinated data
sets being obtained worldwide on the radiatively significant aerosol properties.
This coordinoti0n should also be, when possible, executed in the same air moss and
at the same time. Furthermore, t here are few long-term data sets being obtained.
Most of the data on these aerosol radiative properties lie in the literature and are
usually singular in nature, for example, like the imaginary component of the index
of refraction for o particular substance. Although valuable, it is difficult to
put them together for broad use in climate modelling. Some of the literature as
previously stated, does describe the measurement of a number of propert ies token
nearly simultaneously, of the some air moss. These ore very valuable for climate
modelling use as they correspon d to o more or less self-co nsis tent set.
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There appear to be only a few sources of long-term global data being routinely
archived in an accessible data bank. These are the data from the WMO turbidity sites
and the satellite sensors, SAM II and SAGE (Kondratyev 1980a and 1980~. The turbidity
data are being archived in Asheville, North Carolina, USA .at the National Climate Center
(.NCC), and are available in publisheq fonn(NCC .1980) . The SAM II and SAGE data are beinq
archived at the National Space Science Data (enter (NSSDC), NASA Goddard Space Flight
Center, Greenbelt, MD, USA. The data include stratospheric aerosol extinction
coefficient profiles, stratospheric optical depths at l.Of'm wavelength and number
density (with assumed conversion constants). These are presented in a number of
formats, like weekly, seasonally, and zonally averaged for a number of pressure
levels or in profile form. Tapes of the raw radiances are also available . In
add ition, SAGE includes aerosol data at 0 .45p m and ozone data. The arch ival of these
da ta should commence in the summer of 19~1 with most of the 1979 data set. (SAM II
data begi ns with its laun ch in November 1978). The SAM II and SAGE da ta will be
available for the cost of reprodu ction.
See the Nimbus 7 User 's Guide, for details
of the SAM archival (Goddard, 1978).
3,4

Conclusions

3.4.1 Very valuable information on climatically relevant properties of aerosols have
been obtained from ground-based, airborne, and spacecraft platforms. In a number of
senses, these are complementary data sets . Spacecraft observations of fer the
possibility of mapping the spatial distribution of aerosols, a goal that hos been
reali zed for stratospheric aerosols and one that needs to be vigorously pursued for
tropospheric aerosols. Ground-based turbidity networks con provide long time baseline
observations of aerosol l oading but much work is needed to validate the current dota
and to significantly expand the number of participating stations. Airborne observations
con help to ensure that a full suite of aerosol properties is available for climate
modelling. In this regard, multi-experiment observations that strive to obtain
comprehensive, and simultaneous aerosol data for climate purposes are to be strongly
encouraged.
4.

AEROSOL MODELS

4.1

Introduction

4.1.l
Most of the s tudy of possible aerosol effect s on climate has been on the
global scale, except for work on urban environments. While thi s may be appropriate
for some types of aerosols, (e.g . stratospheric aerosols) it is not the case gen eral ly.
Aerosols are generated in specific source regions, transported by the a tmosphere as
well as transformed and mixed by hydro-dynamical and chemical processes. A significant port of each aerosol is deposited on the earth's surfa ce again in the course of
its transport and trans formation after time s depending on horizontal transport as
well as vertical sedimentation processes.
4.1.2
The above picture makes clear the difference between atmospheric aerosols on
the 0ne hand and gases, like co , on the other. While carbon dioxide is well mixed,
2
both vertically and horizontally and its secular changes ore global, the a tmospheric
aerosols have none of the above properties. They are heterogeneous in composi tion
and size distribution in both time and space. The atmospheric mix of aerosols at

- 18 any particular place and time depends on distance from those regions and on weather
phenomena that the aerosol hos experienced. It is clear therefore that one needs to
know many more statistical properties of the aerosols than just a global mixing ratio
and its secular change in order to try to model its effects on climate. The logistic
problem of buildi ng up a data base appropriate for studies of possible climate effects
of aerosols is formidable and only recently hos the possibility arisen of compiling
on appropriate data base for t he stratosphere by judicious combina tion of satellite
monitoring and ground--or air-based studies.
4.1.3
Models of aerosols must include appropriate theories of generation at the
surface, vertical and horizontal transport, modification and generation processes in
the atmosphere including heterogeneous gos to particle conversion , coagu la tion,
sedimentation and extreme mixing. In addition, source and sink regions must be
geographically and temporally specified. When these data and theories are available,
it will be possible t o introduce aerosols into atmospheric models in terms of a
continuity equation, in the radiative transfer part of t he heat equation as well as
in future cloud life cycle parameterizations.
4.1.4
At present, it is not feasible to present o useful model of on atmospheric
aerosol in the complete form outlined. Enough data has recently become available,
however, to specify o first set of stationary state mode ls that are credible enough
to serve as in put to initiate sensitivity tests in order to investigate the impact of
aerosols on a hierarchy of climate models.
The development of more elaborate aerosol
models depends on present and future inter-disciplinary cooperation between specialists
on land surfaces, atmospheric dynamics, atmospheric chemistry and cloud -physics. In
addition, more data occumulotion on global and regional scales is needed in the form
of in tegrated and multi-faceted experiments and monitoring programmes. All of the
above also depend cruc ially on the results of sensitivity tests from which it is
expected that o hierarchy of aerosol and aerosol distribution properties will ensue
in terms of the latter's impact on a tmospheric models.
4.1.5
The aerosol models in order to be use ful for sensitivity tests must be
representative of a reasonable range of naturally occurring haze conditio ns in t he
atmosphere. The basic aerosol types adopted and the optical properties of which ore
shown in Figure 4.l(o)(b) and (c) and their variants to be described here ore
different enough from each other in their optical properties to probably lead to a
varied range of responses of atmospheric models, especially if they ore introduced
at different locations and altitudes.
4 l 6
The models on overage aerosol properties suggested in this section are
;e~erally biased toward slightly high values in view of the low signal-to-noise
ratios generic to models of climate, especially of the three-dimensiona l G.C.M. type.
4.1.7
The models include the optical properties of the aerosols - extinction
scattering and absorption coefficients, olbedos for single scattering and onisotrophy
factors - all as o function of wavelength between 0.2 and 40 )Jm and height from the
surface to 70 km. In addition, size distributions, composition and refractive
indices are to be given. Th is will make it possible for experimenters to use their
own Mie codes to calculate the optical properties as well as to use the aerosols in
a consistent manner in future tests of their effects on cloud formation.
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Basic aerosol types and components

4 2.1
Consideration of the presently available data on both globa l and regional
s cales suggests t hat t here ore some different aerosol ~that sh ould be s tudied
in terms of their climat e impact:
- In the planetary boundary layer:
(a )
(b)
(c)
(d)
(e )

Urban - I ndustrial Aerosol (URB)
Continental Aerosol I (CONT I)
Maritime Aerosol I (MAR I)
Continental Aerosol II (CONT II)
Maritime Aerosol II (MAR II)

- In the free troposphere:
(f) Free Troposphere Aerosol (FTA)
- In a well mixed (convect ive ) troposphere:
(g) Conve ctive Troposphere Aerosol (CTA)
- In the stratosphere
(g) Unperturbed Stratospheric Aerosol (USA)
(h) Volca nic Stratospheric Aerosol (VSA)
- In the stratosphere above 30 km and in the mesosphere:
(a) Upper Atmosphere Aerosol (UAA)
4 .2 . 2
It may seem at first sight that s uch a mu l titude of models is cumbersome,
unwieldly and maybe unnecessary. However, there ore clear physical reason s for the
prese nce of each member on the lis t in term s of optical propert ies and seasonal and
occasional spatial and tempora l dis tribut ions of atmospheri c aerosols. Fu rth ermore,
all the aerosols ore composed of a mix of only o few basic componen ts from spe cific
sources with a definite dependence of chemical composition, size distribution and
other physical properties on the source mechanisms. This dependence will lead to
high sensitivity of the integral optical properties of the mixture on the way mixing
occurs , eit her in na ture or in hypothetica l mod els . For example , mechanical processes,
such as those leading to wind-blown dust, tend to produce the large moss mode
(coarse par ticles LO<
10 . 0f'"A).

Y<

4.2.3
On t he other hand, go s-to- particle conversion as well as Brownian coa gulation
lead to the formation of " fine " particles (0. 01 - l. 0 µm). High temperature processes
a nd in-situ nucleation often resul t in particles bel ow 0.1 µmin si ze . These, however,
coagulate mostly into the 0 .1 - l.Of'm medium si ze or accumulation moss mode . Soot
aerosol particles may tend to hove sizes we l l below 0 . 1 µm. Many of these (WGAC 1980),
however , may attach to partic les a bove lf.lm in size .
4.2 .4

I mport a nt components of the five basic aerosol types con be cate gori ze d:
o.
b.
c.

Coarse mechanically produced mineral dust;
Coarse Oceani c sea-salt particles;
Fine directly produced soot;

- 23 d.

e.
4.3

Fine and medium sized products of gas-to-particle conversion and other
non-light absorbing material, possibly, water-soluble, in t he 0.01 1. 0 )Jm size range;
volcanic ash.

Chemical composition and refractive index

4.3.l
The various components in each aerosol type are usua lly externally mixed.
That is to soy that in each aerosol type they remain as chemically separated modes in
the atmosph ere. It follows that the compos i tion of the modes differ and that therefore
both the real and imaginary ports of the refractive index of any composite atmospheric
aerosol type are usually strong functions of size.
4.3.2
It is suggested that the basic aerosol types be considered on t he average,
to be made up in the proportions given in Table 4.1 for the different source materials
(McClatchey et . al. 1980). The following sections are based largely on the compilations
provided by tre Radiation Commi ssion ad hoc Working Group on a Standard Radiation
Atmosphere , as well as an the Reports of the JOC Working Group on Aerosols and Climate
(~AC , 1977, 1979, _1980), and amended to include current kQowledqe and the needs of
sensitivity tests.

Table 4.1
Composition of Aerosol Types in Percentage by Volume of Aerosol Components

Model

(1)

(2)

Mineral
Dust

Oceanic
Haze

(3)
Soot

(4)

Gas-to particle iv'o lca nic
or water soluble Ash

Continental

70

1

29

Urban-Industrial

20

10

70

Mari time
Unperturbed Stratospheric
Volcanic Stratospheric

95 . 0

(5)

5.0
100
100

Mineral dust is composed of quartz and several types of silicaceous cloys in varying
proportions (e .g., Potterson 1980). Oceanic haze is composed of water and salt-spray
particles in the proportions 70:30 by moss (McClat chey et al . 1980). Soot is assumed
to be graphitic carbon (WGAC 1980). The gas-to-particle or water soluble components
consist, depending on their source and location, of 75% solution sulphuric acid in
the stratosphere, hydrous ammonium sulphate in continental air-masses or sulphuri c
acid-ammonium bi-sulphate in maritime tropical air (Vanderpol et al 1975, King et al
1980). Stratospheric volcanic aerosol may consist of sulphur ic acid solutions or fly
ash dependin~ on its time of residence in the atmosphere (Toon and Pollack 1976 ).

- 24 4.3.3
The appropriate refractive indices os o function of wavele ng th ore presented
and f ully elaborated upon in the Report o f the Radiation Commission Ad Hoc W/G on a
Cloudless Standard Radiation Atmosphere (McClo tchey et al 1980) as wel l as in previ ous
compilations (She tt le and Fenn 1976, 1979)

4.4

Size distributions

4 . 4.1

The size distributions of the various components as set out in Table 4.2
have been adopted (WGAC 1980, McClatchey et al 1980)

4.4.2
The t ropospe ric size distributions are each given by the log normal
distribution.
dN
dlogr

N

=

logcr'Jiir"

( logr - log r )
--2-_,.(-lo-~--.......2-m_2 _

exp

l

Those in the stratosphere are qiven by the modified Gamma func tion
where N = N(r) is the number of par t icles with radii smaller thon 1:
The coefficients ore given in Table 4.2 .
Ara.:.

dN
dr

Table 4.2

exp

[

- br~

Parameters of the Distribution of

Aerosol Type Components (WGAC, 1980, McClotchey et ol 1980)

(a)

Troposphere

I

Size Distribution

( (.µm)

Fine Soot

Log-Normal

0.012

2.000

Accumulation

Log-Normal

0.00

2.985

I

Log- Normal

0.500

2.985

: Oceanic

Log -Norma l

0.300

2.512

Aerosol Component

Coarse (Dust Lie)

(b)

()

Stratospheric

I 'i

I

b

Aerosol Component

Size distribution

Unperturbed
Stratosphe ric

Modified
Gamma

324

1.0

LO

18

Vol conic Stratesp heric

Modified
Gamma

5461

1.0

0. 5

16

A*

O<..

Note (•) A is defined such t hat the total number of particle s is
normalized to un ity.
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The tropospheric component size distributions ore normalized to values of
total N such thot the final extinction coefficient of the composite mix (Table 4.1)
at o wavelength of 0.55)Jm is normalized to one . The si ze distributions ore
considered here to be invariant with altitude.
4.5

Optical properti es

4.5 . 1
The optical properties of five basic aerosol types of which ore composed all
others (see sect ions 4 . 6 and 4.7) ore given in Figures 4.1 o, b and c from Table 8*
of the Radiation Commission Draft Report (McClot chey et al., 1980). The se provide
the spectral extinction coefficient normalized to one a t 0 .55 µm, the scattering
ond absorption coefficients, the single scattering albedo as well as the asymmetry
parameter. All these are provided as o function of wavelength from 0 .2 to 40 )Jm.
In addition, the number and volume concentration ore given under the conditions of
normalization to an extinction coefficient of one at 0.55 )Jm. These tables ore
the basic building blocks of the present models and may be used in various ways.
4.5.2
The optical properties-extinction coefficient normalized to l km-lat
0.55 )Jm, the albedo for single scattering and the asymmetry fa ctor - are also shown
in Figures 4 . l(a), 4 . 1 (b) and 4 . 1 (c) respectively.
4.5.3
It may be concluded from these figur es that there is o significant difference
at practically all wavelengths between the five basi c aerosol types. This would lead
to different solar, thermal and total heating rote profiles, particularly when coupled
to the different height profiles suggested in the Report .in different locations
(see section 4.6).
4. 6

Spatial and temporal distribution of the present models

4.6.l
The tables of optical properties discussed in the previous section ore used
to generate ten different atmospheri c aerosol model profile s, based on the fact of
the !otters' occurrence in the atmosphere.
4.6.2
The outline of the model profiles construction is given in Figure 4.2. This
figure shows six suggested planetary boundary layer models . These merge at two
different altitudes into a free atmospheric profile up to o tropopouse at 12 km.
The lo tter may abut on each of two possible stratospheri c profiles between 12 and 30
km . Both possible stratospheric profiles are con tinued into the upper stratosphere
and meosphere by one single profile. The distribution with altit udes in each sublayer is homogeneous, except for the 'CQ'lvective Troposphere' and the 'Stratospheri c
Aerosol' coses above 20 km, where t he iatter decrease linearly up to 30 km and profile
IV, where the desert aerosol hos a scale height of 3 km. The extinction coef f icient
in each sub-layer of a given profile is determined in each case in terms of o realistic
average optical depth for that sub-layer.

* The table for the urban-industrial aerosol will hove to be modified so as to
PIQYide for an albedo for single scattering of 0.65 at A.= 0.55 ;im (Weiss et. ~l.

lY/8, Gerber/1980) .
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Tropospheric Profile I (URB) models a n urban -industrial environment. In
the plonetar}' boundary layer, below 2 km, the re is an Urban- Industrial Aerosol with
on optical depth of . one a t a wavelength of 0. 55 )Jm and o ~o"' 0. 65 (!~ be corrected in
McClatchey, et al..1980). The extinction coefficient is therefore 0 .5 km
Above thi s
layer there ·is a " Free Tropospherical Aerosol", up to 12 km based on the continental
type, with on optical depth of 0.025 leading to an extinction, cons tant in height,
of 0.0025 km-1. Tropospheric Profile II (CONT I) , is supposed to model the av erage
rural-continental oertsol content and is therefore based on its entirety on the
continental type. The opti cal depth in the boundary layer is 0 . 2 and the extinction
coefficient 0.1 km- 1 . T11.e "Free Tropos pheric Aerosol" region is equal in extent and
properties to that in Profile I. Tropo spheric Profile III, MAR I, models a typical
marine region. The Maritime type aerosol exists in the boundary layer with on optica l
depth of 0 . 05, leading to on ext in ction coefficient of 0.025 km-1. Abov e it again,
we have the Free Tropospheric Aerosol up to 12 km. Tropospheric Profile IV (CONT II),
models o continental desert atmosphere under conditions of fairly heavy haze. The
desert planetary boundary layer of the continental type extends up to 6 kms wi th on
optical depth of 3, which a ssuming o sca l e heig ht of 3 km lea ds to on exti nction
coe ffi cient at the surface of 1.157 km-1 . Above the desert haze layer, we again have
the "Free Tropospheric Aerosol" up to 12 kms with on optical depth of 0.015 and on
extinction coefficient of 0.0025 km-1. The tropospheric profile Number V (r~.R II)
models o desert haze outbreak over the luw latitude Atlantic Ocean. The planetary
boundary layer extends up to 2 km and contains o marine type haze, MAR I, like in
Profile III. However, above that marine haze, there is o continen ta l type aerosol
layer from 2 to 6 km with on optical depth of 3, similar to Profile IV, leading to on
extinction coefficient of 0.75 km-1. Above the desert haze layer, we again hove o
Free Tropospheric Aerosol with on optical depth of 0.015 and on extinction coefficier.t
of 0.0025 km-1. A lost tropospheric profile is proposed, Number VI (CTA) in which
the total optical depth up to 12 km is kept to 0.2 .and o scale height of l km is
introduced to keep most of the aerosol in the boundary layer.

4 . 6.4
Finally, o few words should be said about when to apply the various tropospheric profiles. Profile I (URB) shou l d be a ppl ied to all ma jor settled and
industrial areas on the continents as well as over oceanic areas close to Ea ste rn
coasts of continents. Profile II (CONT I) should be applied to all other con tinental
areas, except for deserts. Profile II; (MAR I) is to be applied over all oceanic
areas except for the low latitude Northern Atlan t ic Oce a n during spring, summer and
f all, when that area is usually overlain by an aerosol of Profile V (MAR II). The
desert areas of the world, especially during spring and summer ore often over-loin
by Pr ofile IV (CONT II) .
4.6.5
The particles in Model IV and V ore not neces sarily extremely large. There
is no specific "desert" aerosol model. All large particle fractions of the "continental
aerosols " are modelled by the same "dust-l ike " component. Over the desert this would
not describe a sandstorm, but kind of a steady-state dust-poll. The aerosol over
deserts shows large variations in space and time of the refractive index, depending
on the source of t he absorbing particles, their length of stay in the atmosphere and
thi s distance from the source. No model is proposed for the time being for such
conditions. This task has to wait until one goes to a new climatology.
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4.6.6
As a simplification the boundary layer model s, if combined with the free
troposp here model, expose strong continuities at the top of the boundary layer.
Such con ditions sometimes exist und er high pressure conditions and are t herefore not
unrealistic . For mea n convective situations, however, a more smooth distribution hos
to be applied as offered by the CTA model.
4.6.7
Each of the six tropospheric aerosol models may be matched with each of the
two suggested stratospheric aerosol models - t he Unperturbed and the Volcanic,
depending on the conditions to be modelled .
The Unperturbed Stratospheric Aerosol \USA) extends between 12 and 30 km,
4 . 6.8
with o total optical depth of 0 . 003 . Th~ extinction coefficient is constant
between 12 and 20 km, namely, 2 . 18 x 10- km-1. Above 20 km, the extinction coefficient
decreases lin early in altitude to 3.32 x 10-5 km-1.
The Volcani c Stratospheric Aerosol (VSA) is distributed in height in a
4 . 6.9
manner similar to that in the unperturbed case. The extinction coefficient is
constant between 12 and 20 km and decays linearly with height between 20 and 30 km to
a value at 30 km of 3.2 x l0- 5 km- 1 . The value of the constant extinction coefficient
between 12 and 20 km, /1(20), as well as that of the total optical depth depend on
the stage of volcanic activity.
4.6.10
When volcanic outbreaks ore recent, within a timespan less than one year,
t he optical depth is 0.3 and con s equently t he extinction coefficient at 20 km is
0.0231 km- 1 and the aerosol is of the USA-type in Table 8 of the SRA Report
(McClatchey et al 1980).
4.6.11
When one models a time span of one to five years since an eru8tion, the
optical depth is 0.1, the extinction coefficient,
(20), is 7.7 x io- km- 1 and the
material is of the USA-type .
When the time since eruption is longer than 5 years
up
30, the optical depth is 0.05, the extinction coefficient,,6>(20), is 3.8 x 10-3
krr.- , the material USA- type .
It should be again emphasized that the "Volcanic
Aerosol"-type in Tables 8 of the SRA is supposed to model on ash-type ma te rial and is
therefore to be used only during the initial first few weeks of a volcanic erup ti on.

t8

Io

4.6.12
The top-most layer of the atmosphere is occupied by the los t aerosol-type,
the Upper Atmospheric Aerosol (UAA).
Its properties may be token to be starting
from 30 km, as specified in the SRA (McClotchey et al. J.980).
5.

RESULTS OF THEORETICAL SENSITIVITY STUDIES OF THE CLIMATIC EFFECTS
OF AEROSOLS

5.1

Introdu ction

5.1.l
Aerosols can directly effe ct the Earth's climate through their interactions
with incoming solar radiation and upwelling terrestrial thermal radiation. By
absorbing solar and terrestrial radiation, aerosols tend to worm the regions of the
atmosphere within which they ore located and, by changing solar and thermal net
fluxes at the top of the atmosphere, they can alter the overall heat balance of the

- '29 Earth. These radiative perturbations con be significant in that t hey may result in
important changes in atmosphe ric and surfa ce temperatures and in that they may alter
atmospheric circulation pa tterns and hence indirect ly modify precipitation patterns.
This section reviews current knowledge about the possible climati c effects of stra tospheric and tropospheric aerosols and the sensi t ivity of these effects to various
aerosol and environmental parameters.
5.1.2
As many of the t heoretical calculations hove involved es t imates of the temperature changes caused by aerosols, it is usefu l to define threshold values for the s e
c hanges, a bove whi ch they ore climatically significant and below which they o re not.
First considered ore globally averaged s urfa ce temperature, <T ). Du ring the los t
several decodes (T > has c hanged by several tenths of o degrees C, o change that is
considered climoti~olly significant. A value of 0.05°C for the threshold value for
~T) seems reasonable sinc e it is o fraction of the above observed cha nge and since
itswould be very diffi cult to measu re o change below this value. Similarly, a
threshold value of 0 .5°c may be appropriate for changes in stratospheric t~mperatures,
based on the magnitude of the changes that accompany quasi-bienn ial oscillations
(Pollack et al, 1979al.
5.2

Stratosphere

5.2.1
The meeti ng first cons ide red the possible climati c effects of s tra t ospheri c
aerosols due to bot h natural and man induced ca use s. The radiative effects o f stratospheric aerosol s ore determined chiefly by the following parameters: t heir si ngle
scattering albedo , ~ , the amount of light preferentially scattered into t he forward
he mi sphere, <:cos e>. t'heir mean particle si ze r, their optical dep t h in the visible,(~
and t he albedo of the unde rlying su r fa ce, A , and a tmosphere, A (Pollock et ol, 1976
o and b; Chylek and Coakley, 1974 ; Weare ei al, 1974). For mo~t purposes, the above
list of key proper ties con be somewhat shortened. Except for r values much less than
O.ljJll, which ore not of interest, <cost)) is expected to devia te very little from a
typ.ico l value of 0.7 (Pollock and Toon 1900; Hansen and Pollock, 1970). Als o, for
globally averaged situat ions, A wi ll , of course, remai n constant and the cha nge in
A , due to cloud feedback proce~ses, ore difficult to pred ict at the pres ent time .
F~nally, for the r of interest, u.;- is always qu ite small in the infrared, a nd hence
only its visible value is critico~ (Pollock and Toon 1980).
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- 30 5.2.2
Using stratospheric aerosol properties measured in Ala ska during July 1979
by ACE experiments on board NASA Ames' U-2 aircraft and NASA's SAM II satellite
experiment , Pollack and Toor:i 1980 have carried out a series of sensi ti vi ty experiments
to determine their impact on t he global radiation budge t . Exce pt where noted be low
the mean partic l e radius equal l ed about Ol,Lffl. Also, the visible optical de pth
e qualled 0.003 , a value close too mini mum' fo r t he last severa l decades. Figure 5. 1
illustrates the dependence of the c ha nge in the Earth's spherical albedo caused by
t he stra tospheric aerosols as a funct ion of their single scattering albedo (;:;
A cr it ic al value of~,of 0.94 s epara tes doma ins where the a erosols ca us e on igcrease
(i>J">.94) and decree s~ (w,~.94) in the spherical albedo . This critica l value i s
insensitive to t he ch oi ce of r.
5.2 . 3
Figure 5.2a, b , and c show the steady sta te c hange in a t mospheri c te mpera tures
caused by the presence of the stratospheric aerosols f o r various values of ~ and
par tic le si ze fac t or, F. F is o c ons t an t by which t he a er osol sizes duri ng J~ ly 1979
were multiplied. In al l cos es, abs or pt ion of su nlig ht and thermal r ad i a tion causes
tempera tures t o i ncrea se in the po rti ons of the lower stratosphere where the ae r osols
are situated, with the amount of worming being quite sensitive to the val ue s of
and F, as hos been pointed out by Fiacco et al (1976 ) and Polloc k et al (1976a and b ).
The surface can worm or cool depe nd in g on the values of We and F. The sign o f t his
change reflects the competition between cool ing caused by o dec re ase in the amount of
sunlight reaching the troposphere and o worming caus ed by on increase in dow nward
directed thermal radiation from the s t ratosphere. The importance of_Jhe aerosols'
infrared opacity con be appreciated by comparing t he curve labelled \Ne = .99, i n whi ch
it is included in t he calcu lation, with the cu rve labelled "no i nfrared opoci t y" in
whic h it is no t incl uded. The above temperat ure changes ore applica ble when the ae r osol
optical depth is sustained for periods in excess of t he therma l response ti me o f t he
atmosphere ( -11 mont h for the s tra t osphere and ...,..5 years for the troposphere du e t o
the thermal inertia of the oceans).
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5.2 .4
During the Alaska flig ht series (Ogren et al, 1930a) UJ - values cf 0.95 1 00 were measured. Thus, these "background " aerosols caused an°increose in the
Earth's spherical albedo, an increase in the stratos pheri c temperatures, and ejther
a warming or a cooling of the surface . However, because their optical depth-C was
only 0.003, none of these chan ges ore climatically significan t by the standards set
above. Since the calculated changes scale approximately linearly with the aerosols'
optical de pth, minimum values of 0.03 fori: ore required over the response time of
t he atmosphere (or larger values for short durations) to cause a climatically
signi ficont change. But values as large as 0 . 3 and 0.1 hove been recorded over a
year or two year period followin g individual volcanic explosions and over o decade
during times of multiple volcanic explosions, res pective l y (Pollock et ol, 1976b).
Therefore , it would seem that volcanic ae r osols have been climatically sign ifican t .
Values of 0.995 for1'30 were measured in the volcanic plumes of Mt. St. Helens during
the first several weeks following its explosions in Moy and June, 1930 (Ogren et al,
1980~ . Also F = 1.5-2 (Chuan et al, 199.0) . According to fi gure 5.2, these values
for <>-Jc and F imply that volcanic aerosol s tend to cool the surface.
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The above conclusions about the climatic significance of volcanic aerosols
is in accord with studies of the temperature effects of single and multiple volcanic
explosions. Hansen et al (1978 ) were able to reproduce statistically significant
temperature changes measu red in the troposphere and stratosphere over o per iod of
several years following the explosion of Mt. Agung in 1963 with a 1-D time depend ent
radiative-convective model that incorporated reasonable aerosol properties. Making
use of measured changes in stratospheric optical depths over the lost century in a
1-D heat balance model (figure 5.3a), Pollock et al (1976b) showed that freq ue nt
mu ltiple volcanic explosions between 1880 and 1915 could account for mu ch of the
depressed values of <T >during this time interval (figure 5.3b) . In both these
calculations, ~ in th~ visible was set equal to l, in approximate agreement with
the Mt. St . Helegs measurement cited above.
5 .2.6
There hos been some concern that man's activities could sign ificantly
enhance the " background" stratospheric aerosol layer, by introducing additional
sulfur co ntaining gases and condensation nuclei into the stratosphere. However,
calculations by Turco et al (1980o) with a combined radiative transfer/aerosol growth
model indicate that no climatically significant perturbation to the stratospheric
sul furic acid layer i s expected to re~ult from the eff l uents of Super So nic Transports
and Space Shu ttles flying through the strat osph ere for an ticipate d traffic levels
over the next several decodes. Nevertheless, there is a subtle effect that warran ts
further study: emissions of grophitic carbon into the stratosphere by high flying
aircraft might lower ~ (Pollock and Toon 19BO). Es pecially during times of enhanced
opti cal depth, such on 81teration could be important. Finally, Turco et ol (1980b)
hove similarly i nves tigated the poss ibl e effects of su lfu r gases emitted in the
bottom of the troposphere that diffuse into the stratosphere. They find that o ten
fold increase over current day va l ues in the amount of S02 emitted into the lower
atmosphere due to fossil fuel burning could enhance the opt ical depth of the s tratos pheric aerosol layer so that a 0.1°C decrease in <.T > resul ts . Thus, in the fu t ure ,
man's industrial activitie s might augmen t t he strot~spheric aerosol layer by a
climati cally significant amount.
5.3

Troposphere

5.3.1
The potential climatic eff ects of tropospheric ae rosols differ in some
important ways from those of stratospheric ae rosols. First, since tropospheric
aerosols ore concentra ted towards the surface and hence emit thermal radiation a t a
tempera ture only slightly lower than that of the surface, their interaction with
infrared radiation is less important than for stratospheric aerosols.
5.3.2
Second , due to their short resi dence time in the atmosphere (-"'l week),
there ore la rge spa t ial variations in their number density and furthermore, the makeup of these aerosols differs wid el y from one region to another. Thus, while i t is
useful to consider the global impact of these aerosols, their regional impact may be
more pertinent. Quite sizeable op tical depths cha racterize some regional types of
tropospheric aerosols in particular locations. For example, desert aerosols derived
from the Saha ra sometimes ore chara cterized by on optical depth of 3, while urban
aerosols occasionally realize an optical depth of 1. The time scale of changes is
determined by the time scale over which their sources change (weeks - month s) rather
than by the residence time of in dividual aerosols.
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The change in <T >due to tropospheric aerosols is chiefly a function of~0
and (
and to a lesser degree <:cose> and r (Chylek and Coakley, 1974; Yomomoto
and Tanaka, 1972; Hansen et al, 1978~.
According to the 1-D radiative-convective
calculations of Hansen et al (1973) with the aerosol properties of Toon and Pollock
(1976), a critical value of 0.85 for
exists for tropospheric aerosols, above
which they cool the Earth and below whicg they warm it . Since measured values of
0:) range from 0.6 ta 0.95, depending on the regional type of aerosol investigated
cw:iss et al, 1978), it is difficult to choose on appropriate value for the globally
average value of
and, as stated above, it is perhaps more pertinent to consider
separately their impact on a regional basis. In this case, they will tend to warm
some regions and cool others, although the sign of this effect will also depend on
the albedo of the underlying surface (Weare et al, 1974)

LO

We.

5.3.4
If a globally averaged optical depth of 0.125 is used (~oon and Pollack
1976), then the tropospheric aerosols could result in a worming of'-" 3uC for a <:::,
of 0.6 and a cooling of .....,...1°C for al.0' of 0.95 (Hansen et ol, 1978 ) . These changes
ore even larger in regions of enhonceS turbidity. Since man may be responsible for
several tens of percent of t he aerosols currently in the atmosphere (Toon and Pollock,
1980), he may already have altered the climate, especially on regional scales, in
significant ways. Even larger changes can be expected in the future due to increasing
levels of industrial and agricultural activities .
5.3.5
Several studies have been carried out to elucidate the poten tial impact of
particular types of tropospheric aerosols. Bryson (1972) suggested th a t there may
be a positive feedback relationship involving desert aerosols between man's grazing
practices and desertification. He pos tulated that overgrazing could lead to an
increased loading of soil aerosols in the atmosphere, which enhances the infrared
cooling of the lower troposphere. The lotter could result in increased subsidence
and thus l ess rainfall . However, more recent calculations by Horshvordhan and Cess
(1978) indicate that suspended dust enhances the infrared cooling by a much smaller
amount than that estimated by Bryson (1972).
5.3.6
During certain seasons, large amounts of dust ore raised in the Sahara
desert and transported across the Atlantic Ocean as for as the Caribbean Sea.
Using measurements of the radiati ve properties of t hese aerosols, Carlson and
Benjamin (1980) have computed their impact on radiative heating rates in the atmos phere. The~ find that their combined solar and thermal heating rates con be in
excess of 1 C per day for atmospheric layers below the top of the suspended dust.
These rotes could significantly alter temperatures in the lower troposphere, stabilize
the temperature lapse rate there, and indirectly modify atmospheric motions.
5 . 3.7
Ackerman (1977) has investigated the possible impact of urban aerosols with
o 1-D model that took account of odvective heat transport and the exchan ge of sensible
and latent heat between the surface and atmosphere. While there was a large change
in the net radiative heating of theotmosphere and surface, the resultant temperature
changes were partially suppressed by a negative feedback on the sensible and latent
heat fluxes: the stabilization of the lapse rote by the aerosols resulted i n a
decrease in the e nergy gained by the atmosphere and lost by the surface due t o
sensible and latent heat fluxes and this partially compensated for changes of
opposite sign in t heir radiative heating .
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Ohring (1979) hos used a 2-D climate model t o investigate the latitudinal
dependence of t he radiative ef fects of aerosols. The ~rosols were uniformly
distributed with latitude and hod a sufficien t ly hig h LV 0 to cause cooling on the
overage. The globally averaged change in (T >computed with this 2-D model was
quite similar to values obtained with 1-D mo~els. Thus , for calculating this quantity
the l otter models appear to be quite odequote. Accord i ng to these calculations,
aerosols cause o cooling at all latitudes, in por t due to transport effects, with t he
pol a r regio n cooling more th on the equatorial regions when t he ice/albedo feedback is
inclu ded, bu t the oppos ite occurs when this fee dbac k is neglected.
5.3 .9
Joseph (1977) hos pioneered t he incorporation of aerosols into genera l
circ ulation models. Runs carried ou t with soil aeroso l s a bove all the major deserts
of the world indicate that they con lead to statistically significant c hanges i n
temperature, atmospheric motions, and preci pitation not on l y for the re gions in which
they o re si t uated , but olso for other por ts of t he world. Inc l usion of the infrared
effects of the ae ros ols hod on important impact on the se results : the sign of the
change in surface t emperature due to aerosols ond the geographical location of the
largest change in this variabl e differed between runs i n which only the solar effects
were inc luded and ones in which both solar and in f rared effects were i ncluded.
5.4

Cloud - aerosol interac t ion

5.4.l
Tropospheric ae rosols con also affect the Earth 's radiation budge t by modify ing the propertie s of water clouds. Suc h modifications con be brought abou t by both
the very sma ll tropospheric a erosol s that con act as cloud condensation nuclei (CCN)
ond by the larger sized aerosols. Increases in the number of CCN du e to enhanced
amounts of pollution con be expected to increase t he number of wate r cloud part icles
and thereby raise the optical depth and reflectivity of t hes e c l ouds . However, t he
mean s ize of the cloud droplet s decreases os the number of CCN increases . Since the
absorption by cloud droplets in t he visible is probabl y determi ned by the absorption
characteristics of the CCN, the absorpt ion cross section per particle stays app roximately t he some, while t he scat te ring cross sectio n and t he single sca tterin g
albedo dec l ine. For a f i xed optical depth, a dec rease in the single scattering
albedo lowers the cloud's re f lectivity.
5. 4 . 2
Twomey (1977b) hos examined these competing effects of enhanced air pollu tio n
on the reflectivity of clouds . He assumed that linear relationships existed between
oir pollution and both the number of cloud partic l es and the absorption optical depth
of the cloud s and that the liquid water content of t he clouds was on invariant.
Under these cond itions , he found that the optical depth effect is the dominant one
for thin to moderately thick clouds. Hence on en hanced level of pollut ion causes
these clouds to br igh ten and the climate t o cool. However, the absorption effec t is
the dominant one for sufficiently thick clouds , in whic h case pollution causes them
to darken and the climate t o worm.
5.4.3
Chorlock and Sellers ( 1980) incorporated Twomey ' s calculation into a 1-D
radiative-convective model to es tima te the change in the globally averaged surface
temperature of the Earth due tc enhanced levels of a ir pollution. For this purpose,
they modified only the reflectivity of the low al t i t ude water cloud of their model
since pollu tion te nd s to be concentrated towards the bottom few kilometers of the
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( .25 km) cloud. Under these assumptions, a doubling of CCN over both land and water
results in an increase in the reflectivity of low altitude clouds in both locations,
with t he mean surface temperature of the Earth declining by about 0.9K. This amount
of cooling can be contrasted with a cooling of about l.3K that results when t he
number of troposp heric aerosols in cloud free pla ces is doubled and these aerosols
ore assumed to have a high single scattering albedo. Thus, the modification o f the
reflectivity properties of water clouds by enhanced amounts of CCN can hove o comparable impact on t he Earth's radiation budget to comparable enhancements of larger
sized tropospheric aerosols in cloud free regions. Furthermore, both t hese effects
could perturb the climate in o significant way. However, more detailed studies ore
needed to determine the relationships between air pollution and cloud properties
before even the sign of the effect con be know n with confidence.
5.4.4
Ackerman and Boker (1977) examined the radiative effects of t he l arger
sized (unactivated) aerosols in clouds. They considered a range of coses involving
hydrophobic and hydrophilic particles and ones that absorbed visible light and ones
that did not. For reasonable concentrations of t hese particles, they found that the
amount of sunlight absorbed by these particles within c louds wos comparable to t he
latent heat released. Hence, such partic l es could ploy on important role in cloud
dynamics. Increas i ng levels of pollution cou ld result in modification to such
properties as c l oud thickness.
5. 4 .5
By altering static stability and tem perature, tro pospheric aerosols in cloud
f ree area can influence the conditions o f fo rmation and na ture of the resulting water
clouds . Thu s, they could alter the frequency o f cloud formation os well as the
altitude of the c l oud base, its depth, and its horizontal extent. Eac h of t hese
changes cou ld significantly alter the contributio n of c louds to the Earth's rodiotion
budget .
5.5

Other planetary atmospheres

5.5 . l
Fi nally, the study of other planetary atmospheres may provide important
insights in to t he pote ntial cli matic effects of aerosols. For example, depe ndi ng
on t he season, the optical depth of desert aerosols over much of Mars ranges from
about 0.3 to 6 (Pollock et al , 1979b), with large increases occurring within o week
ot ·times of global dust storms. Because of t his large dust loading and the absence
of oceans on Mars, it is easier to detect the e f fect of these aerosols on c l imate
than in the case of terrestrial aerosols. In fact, very good evidence fo r such
changes hove been obtained from observations mode by the Viking and Mariner 9 spacecraft. Mart i an dust particles ca use o significant stabilization of the atmospheri c
lapse rote (Gierosch and Goody, 1972; Pollock et ol , 1979b), greatly strengthen
tidal winds and the Hadley circu l ation (Leovy et ol, 1973), and con marked l y alter
the pattern of borocli nic disturbances (Ryon and Sharman, 1980). Venus hos on
optically thick layer of sul furic acid particles and Titan, Saturn's larges t satellite,
hos on optically thick layer of photochemical smog . There may be us eful lessons to
be drown for terrestrial climatology fr om studies of these ond other pla netary
atmospheres.
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Conclusion

5.6.l
In conclusion, volcanic aerosols represent the best documented case of
significant climatic effects by aerosols. The optical depth of tropospheric
aerosols is sufficiently high that it seems likely that they will also noticeably
impact climate, especially on a regional scale. Finally, studies of the effects of
aerosols in other planetary atmospheres could be very useful for terrestrial investigations by providing "cleaner" ond clearer evidence of the impact of aerosols on
clima te .
6.

EFFECTS ON REMOTE SENSING OF NON-AEROSOL CLIMATE PARAMETERS

6.1
The meeting discussed the possibility of monitoring aerosol propert ies from
space using modulat ions in the radiation field as on indication. In fact t his possibility can only be utilized fully, if the undisturbed radiation field is known . The
desirable mani festation of the aerosol in the emerging radiation con on the other
hand be a severe handicap for the remote measurement of ot her interesting parameters
suc h as surface temperatures, temperature profiles and other trace co nsti tuent
concentrations such as water vapour and ozone. Since the WCRP relys heavily upon
the remote sensing of some parameters it seemed appropriate to discuss also this
problem in the context of this report.
6.2
The effect of aerosols on the accuracy of remotely sensed parameters hos to
be considered in the UV, visible and ir region. No data ore available concerning
aerosol properties for the microwave region but it is generally accepted that the
aerosol influence (absorption) in this region is negligibly small, so that clinote
parameters derived from microwave measL•rements are not offe c t e d by aerosols.
Neglecting aerosol effects at shorter wovelenqths can lead to errors in the neriverl
parameters which are difficult to correct as long as the amount and optical properties
of the aerosols are not precisely known.
6.3
The most serious e ffect of aerosols is on the determination of sea and l and
surface temperatures from space. Mineral dust or des ert aerosols especially hove
strong abs orption bands in the 8-12 fm atmospheri c window which reduces the obse rved
effective surface tem perature particularly in cases of strong dust storms. The temperature reduction con reach seve ral degrees Kelvin depending on the aerosol concentration (Joseph 1977, Takashima 1978). Desert aerosol is quite frequently observed over
the low-latitude Atlantic Ocean and there ore in di cations that the some is true for
other parts of the oceans (Joseph et al 1980). For average conditions over the oceans
the reduction of the sea-surface temperature by aerosols may be in the order of 0.5K .
Temperature gradie nts whi ch are of interest for the determination of ocean currents
and heat transports may thus be spuriously simulated or modified by spa tially varying
aerosol concentrations.
6.4
The effects of aerosols adds to the absorption properties of water vapour
in the 10-12 )Jm region, and, in the humid air of the tropi cal belt, the swelling of
aerosols due t o relative humidities above...,.. 70% has to be considere d (Hoene! and
Bull rich, 1978).
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The monitori ng of ozone by means of the backscatter method in the shortwave
range of t he spectrum is strongly affected by the presence of aerosols. According
to Dove (1978) the total ozone va l ues determined from backscattered UV radiation can
be in error by about ~ 8% under conditions of strong par t iculate contamination and
still higher during very severe episodes. The sign of the error depends on the solar
zenith angle. The occurocy in the determination of the vertical ozone profile by
Umkehr measurements from the ground is also sensitive to stratospheric volcanic
aerosols and tropospheric aerosols. For the lotter e ff ect, o correction scheme hos
been developed by Dave et al (1980). The errors are significantly negative in the
uppermost layers (5.5, 2.8 and 1.4 mb) and significantly positive in the lower layers
(500 and 117 mb).
6.6
Only a few investigations exist of aerosol effects on the determination of
the temperature profile from measurements in the ir co bonds. These investigations
2
(Stowe 1974, Molkevi c h and Pe trenko 1978) show that using spectral measurements
within the 15,.um regi on, in general the error is in the order of 0.5 - 0.7 K f or
mean conditions but con reach about 1.7 Kand more for extreme situations. Especially
important is the aerosol co ntent in the upper troposphere and in the stratosphere.
6.7
Presently there ore few data available to what degree aerosols may degrade
limb soundings. It con, however, be expected t ha t under conditions of strong stratospheric perturbations the accurate retrieval of gas concentration will depend upon
information on the aerosol content in the optical path.
6. 8
Toking the figur es given above for aerosol effects on ot her remotely sensed
climate parameters, and considering the inhomogeneous aerosol distribution in space
and time, the aerosol correction term in retrieval schemes cannot be toke n as a
constant value but hos at least to be based on on aerosol climatology. There is a
need for further i nvestigations in this field to ensure whether aerosol climatology
is sufficient or if synoptic aerosol patterns hove to be taken into account. Additionally, for retrieval procedures where the aerosol influence has not been investigated
yet, as in the limb problem or for the determination of the water vapour content and
profile from nadir observations, investigations should be initiated early.
7.

PRELIMINARY IMPLEMENTATION PLAN

7. 1

Introduction

7 . 1.l
The aims of including aerosols into a tmos pheric models is to investigate
the formers' possible role in climatic phenomena on regional and global scales. The
time has now come from several points of view to approach this old problem in a
pragmatic and more comprehensive manner than previously a t tempte d. Enough data is
available to specify on initial set of aerosol models and their distribution in space
and time. Secondly, fast and yet accurate radiative transfer models ore available
for a paramiterizoti on of aerosols effects in climate models. Thirdly, sufficie nt
though sometimes circumstantial, evidence is available on the significant effects of
aerosols on phenomena of cli ma tic importance as well as on remote sensing of climatic
parameters to justify and necessitate a concerted approach to the effects of aerosols.
Lastly, aerosol research is now reaching a stage when it can also bene fit from
guidance through sensitivity tests on the relative importance of t he various aerosols,
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their relevant optical properties as well as th e ir spatial and temporal variations.
The strategy for sensi tivity tests should reflect the needs outlined here.
7.2

Proposed research strategy

7.2 . l

The group proposed that research should presently be encouraged on two fronts:
(a)

Sensitivity studies wi th more elaborate aerosol models whi ch
ore defined in this report (Phase I).

(b)

Advanced methods to be developed to determine climate effects
of aerosols in the following areas (Phase II):
(i)

Climate models which allow va riable aerosol concentrations
in space and time,

(ii) Construction of advan ced aerosol models on the basis of
improved global aerosol property measurements which are
currently being made,
(iii) Experimental validation of the accura cy by whi ch the radiation
transfer is modulated due to varying aeroso l conditions .
The envisaged ultimate goal with respect to modelling is (Phase III)
(c)

Development of climate models which generate their own internal
aerosols and allow for aerosol adjustment in the case of volcanic
eruptions.

Phase III, port of which hos been initiated already will be necessary if it ~urns out
from Phase I and II that aerosols are important enough climatically to justify this
additional immense modelling effort. The research efforts which the group regards
necessary to reach this conclusi on are specified below.
?!_n~}~i~i!Y--~~~~~

7.2.2
(i) Aerosol models should be intercompared in local radiative heating
and radiative convective equilibrium models. This will lead to three results:
a)

the relative importance of the optical properties
distributions of each aerosol will be assessed;

and of spatial

b)

the relative importance of the different aerosol
clear;

c)

simple parameterizations of profiles of the deviations of atmospheri c
radiative and other heating rat es from the clear case will become available. These could be used in the heat equation of atmospheric models as
a first step, so-to-say a zero-order inclusion of aerosol, requiring
little effort in changing the models. In considering the advisability
of such tests, it should be borne in mind, that such a chang e will
already, from the point of view of numerical experimentation and
analysis, be a full-fledged sensitivity experiment.

models will become

(ii) Aerosol models should be introdu ced separately and in combination into
regional models of the atmosphere - e.g., P.B.L., sea breeze or other meso-scale
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such climatically important phenomena in the troposphere as boundary layer fluxes of
heat, momentum and moisture, as well as on conditions for the formation of clouds or
rain will be tested. In addition, it will be possible to investigate such matters as
the effect of areal e xtent of aerosols in different geographical regions or layers of
the atmosphere.
(iii) After the regional impa ct has been analysed and compared with the
resu l ts of 1- D or regional models, it will be feasible to plan the inclusion of
aerosols into larger scale 2-D and 3-D atmospheric models. It should then be possible
to study the redistribution of the aerosol effects in the affected regions by large,
global scale dynamical processes and the possible global impacts of o single aerosol
or of several neroso~s imult aneously, each in its appropriate location.
7.2.3
The above circumspect approach to the inclusion of largely regional aerosols
into sophisticated 2-D and 3-D models is necessary to obtain a clear picture of
physical effects and cause and effect relotions. It is very difficult to use these
complex models efficiently without such preparation, due to problems in analysis and
interpretation of the results of such large scale experiments as well as due to the
large amounts of computing time generally needed for meaningful sets of experiments.
It will be necessary to do sensitivity tests not only in the sequence outlined above,
but also to repeat, at each stage, the experiment in different atmospheric models of
the same level of complexity. This should ensure that the conclusions will be as for
as possible independent on the i dios yncracies of individual models.
(iv) The rational and pragmatic mission oriented approach o~lined above will
achieve several aims:
(a)

it will demonstrate effects of the aerosols and their magnitude,
both in comparison with one another and with other factors in
a sequence of atmospheri c models of increasing complexity.

(b)

the tests will indicate which of the many relevant quantities
of aerosols should be most extensively studied. The lacunae in
our knowledge of aerosol climatology will become more clearly
identified, thus making possible more rational planning of future
research and monitoring activities.

In order to execute the sequence of tests outlined here, suitable scientific bodies,
as well as individual scientists, should be involved. The tests should be carried
out by teams that include both atmospheri c and aerosol modellers.
7.3

Ae rosol models and distributions
Initial ae rosol models

7.3.l
The initial sensitivity tests should be carried out with the model profiles
outlined in Section 4. The results will then of necessity be reoresentotive of a
stationery state as no temporal variations ore specificed with regional aerosol
loads and any variations in basic aerosol properties away from sources. The various
aerosols should be introduced in appropriate a tmosphe ric volumes and not treated in
a globally averaged manner, except possibly for the stratospheric aerosol.
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The group discussed in detail the aerosol models submitted by the Radiation
Commission ad hoc Working Group on o Standard Radiation Atmosphere a nd acknowledged
the thorou gh work done by this group. The models pre sented in the draft re port
submitted by the Chairman of the Gr oup, Dr. McClotc hey,we re a cc epted, oft er sui table
modifications in concordance wit h current developments in aerosol research, and the
needs of the sensitivity test programme not only as o basis for comparisons of
radiative transfer models - for whi ch they primarily hod been developed - but also
as the basis for sensitivity studies in the WCRP.
7.3.3
The changes propose d by t he group to make th es e model s fully a cce ptab le
for use in climate studi es ore lis ted below. The ad hoc group on the SRA is
requested to include these changes into its final report before publi cation, in order
to ovoid the confusion that would be genera ted by two such model s appearing within
o short time interval. The above final r epor t is ex pe cted to be a va ilable in 1981.
7.3.4

The proposed cha nges follow:
(o)

In addi tion to the Table 8 wi t h the attenuation coefficients of
t he mixed aerosol models the attenuat ion coeffic ients of the
indiv idual components should also be listed for future use when
it may become des ira ble to construct other mixtu re s.

(b)

The model for the urban aeros ol should be re-computed with a
single scattering al bedo of 0.650 i nstead of 0.792 a t 0.55 ~m.
This modification seems to be necessa ry in the light of rece nt
surveys.

(c)

Table 9 and Fig. l in the SRA-Report should be replaced by Fi g.4. 2
of this report,ond on appropriate description for the use of the latter
in connexion with the data presented in Table 8 of th~ SRA report s~ould
be given . This change will provide a clearer picture of the various
possible variations with altitude of atmospheric aerosols and avoids a
mis-leading relation of a complete profile to sea level visibility.

(d)

It should clearly be stated in the SRA report that no dependence on
humidity of the optical aerosol parameters hos been token into account
since the relative humidity of the model atmospheres does not exceed
7(J'/o. A warning to the users should be included that, if the models ore
used in connexion with more humid atmospheres, t he relevant publ ications
of Shettle and Fenn (1978) or Hoenel and Bullrich (19n) should be
consulted .

(e )

The a tte nuation coefficients resulting from Fig. 4 . 2, whi ch will
replace Table 9 and Fig. l of the SRA Report ore to be inter pola ted
linearly with height where indicate d, but dis conti nui tie s s hould
remain a t the boundaries of layers.

f u_!:u_r~

!_me_r~v~m~nts

7. 3 .5
The models de scribed in Section 4 represent a conce ns us among many aerosol
a nd radiative transfe r speciali s ts. The co nsensus i s that the se models are suffic-
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iently rea l istic to se rve as a temporary initial basis for sensitivity tests. If the
initial tests indicate some degree of response of the c l imate models to the presence
of these aerosols, more detailed ideas on the latter are needed.

7.3 . 6
The first feature that will have to be included is the effect of humidity on
the aerosols, primarily on the refractive index and t he size distribution. This may
be done in the manner outlined in the li terature (e.g., Shettle and Fen n 1979.
Haenel and Bull rich 1978).

7.3.7
Secondly, the aerosol models will
external mixes of two or more components .
introduced for the percentages of the mix,
distribution with height. The lotter will
(e.g . Potterson et ol 1981).

have to be defined not as standard
Ranges of variability will hove to be
the masses of the components and the
probably be different for each component

In addition, all t he above properties will depend on season (e.g. King
7. 3. 8
al., 19~0 Vanderpol et al., l 975 1 Weiss et al. 1978).

et

7.3.9
It is therefore necessary already now to initia te the first steps for the
second stage aerosol models based on present knowledge. It is suggested therefore
the publications of the optical properties of the separate components of which the
models in Section 4 are mixed. In the future, these optical properties should
include the effect of humidity and have each a separate dependence on height.

7.3.10
An effort should be mode to assess the variation of the amounts and mixes
that compose aerosols around major sources like urban and desert areas or volcanic
eruptions.
7.3.11
Lastly, on effort should be mode to correlate the various available studies
on seasonal variation of aerosols (e.g. Vanderpol et al 1975, Fouquart 1981), into
a useful data set for second stage sensitivity tests.

7. 4

Improved aerosol climatology

7.4.l
From the discussions in the previous sec ti ons the meeting concluded that
present knowledge on aerosol climatology, the regional distribution of the aerosol
sources and sinks and their strength as well as their seasonal variations is
insufficient. As a result of t he SAM and SAGE missions our know l edge is much better
about stratospheric than about tropospheric aerosols, but even for t he stratosphere
further investigations are necessary in order to give a full and adequate description
of the stratospheric aerosol in perturbed and unperturbed periods. An improved
aerosol climatology will be necessa ry if the initial sensitivity tests with atmospheric models indicate o significant response to aerosols. Nevertheless, it is
highly appropriate to begin with activities for on improved aerosol climatology
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provide enough background material for more advanced modelling,
enable climate diagnostics studies.
7 . 4.2
For a spatial inventory horizontal resolution which is comparable t o tha t
chosen for other climate parame ters should be approached i.e., one signifi cant va l ue
within grid areas of about 1000 by 1000 km in size. It may be practicable to
distinguish between 3 layers: lower stratosphere middle and upper troposphere,
planetary boundary layer. The resolution in time should be high enough to allow for
observations of seasonal and interannual variations. Measures must be found to
overcome the strong diurnal variotionsoccurring within the pl anetary boundary layer
over continents. In addition to obtaini ng global coverage of the spatial dis tr ibution of one or several aerosol parameters, it is also importa nt that comprehensive
measurements of other key aerosol properties be obtained in well selected locations
from mul t i-experiment airborne platforms. I n this way, all the aerosol parameters
that ore needed to model their interactions with solar and thermal radiation wi l l
be known.
Sa tellit e measurements
Stratosphere
7.4 . 3
Present satellite measurements based upon occu l tation technique provide a
unique source for a er osol information in the upper troposphere and the stratosphere.
The four dimensional dis tribution of aerosol can not be assessed better by other
means. Due to the size-distribution - wavelength relat i on of aerosol scattering there
seems still to be plenty of room for improvements of the methods by multi-spectral
measurements (which ore planned by NASA). Further improvement may be possible by
measurements made under different scattering angles. The responsible space agencies
should therefore Se encouraged to contin ue and improve on the so far very succe ssful
measuring programme. Because of the lo ng lifetime of stratospheric aerosol and the
possible variability in aerosol types resu lti ng from individual vo lcanic eruptions
long observation periods are necessary to arrive a t ensembles representative for
the volca nic events which may occur during a century.
Troposphere
7.4 . 4
It hos been demonstrated t hat satellite imagery hos the potential to detect
aerosol in dusty areas (Quenzel, 1980; Mekl er and Kaufman, 1980, Fraser, 1974, 1976;
Griggs, 1979; Koepke and Quen ze l, 1979) . Up to date these tech niq ues ore not
sensitive enough to detect and measure the concentration of background aeros ol. It
is obvious that this problem ho s not yet received the attention by the experiment
designers which it deserves also in the light of correc tions neces sary to interpret
quantitatively ea rth surface observations. The space-borne Lidar technique a l so
shows promise for measuring tropospheric aerosols and clouds on a globa l scale.
More effort should be directed towards determining what aerosol a nd cloud characteristics con be obtained by Lidar backscatter. It is t herefore recommended that
COSPAR be invited to develop on implementation plan to monitor t ro po spheric aerosol
f r om space by application of passive techniques and space-borne Lidar techniques .
The Meeting on Aerosol Measurements f rom Space, planned for 1982, should provide an
adequate basis for such a study which shou ld be availa bl e not later than at the end
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existing techniques, and on what can be expected if more specific spectral channels
and/or polari zation techniques ore used. The followi ng items should be discussed,
inter olia;
optimal spectral channels and geometry of observation
improvement of algorithms for i nterpretation
on board data reduction to cloudf ree areas
use of existing space mi ssions
data management and archi vi ng.
7. 4. 5
A similar thorough look should be mode for Lidor studies. How data analys is
co uld be improved and validated, should also be discussed, if a fe w. selecte d ground
stations ore integ rated i nto the moni toring system. This could perhaps be done by
au tomatic stations or a t least by ground - to - space links.

~:~~~~=~~~=~-!~:~~~~!~-~=~~~:=~=~!~
7.4 . 6
The global distribution of the stations observing turbidity and suspended
porticulote ma tter although not completely compiled in Figs . l and 2 of section 3
indicates that there is a lack of observations especially around the very important
source regions of desert aerosols. Therefore, it is especially desirable to expand
t he ground-based network in these regions.
7.4.7
The second WMO Exper t Meeting on Turbi dity Measure me nts (October, 1978)
stated that monitoring of tu rbidity a t t wo wavelengths is not sufficient and recommende d measurements at four wavelengths (500 nm, 368 nm, 778 nm and 862 nm) . It is,
however, not clear if from these measurements the number size distribution and the
refractive index of the atmospheric aerosol can be assessed to a reliable degree.
Studies have to Se made to clarify this problem. Furthermore, it must be pointed
out that the publication of the measured turbidity val ues alone is not enough to
assess the represen tativeness of these data. It is highly recommended that, together
with the t urbidity the following parame ters be published: time of rooasurement, relative
humidity, prevailing wind direction, air mass, situation of nearby aerosol sour ces ,
estimate of the inversion height (if exists).
7.4.8
Very useful for the a erosol -climate problem is the investigation of the
relation between global radiation and turbidity as well as the relation between the
outgoing radiation at the top of the atmosphere and the turbidity (Sponkuch 1978).
To investiga te the relation between global radiation and turbidity it is recommendedthat
measurements be mode simultaneously of both parameters on cloudless days or at that
time of t he day when the sky is cloudless. In this ca se the time of measurement,
the solar heigh t and the time interval for t he global radiation must be given also
(Sponkuch and Schone 1981). It is recommende d, therefore, that a t some stations in
turbidity network whe re pyronometers for measurements of the global r adiation ore
available, turbidity and global radiation are simultaneously measured in cloudless
situations and published together. These measurements should be made a t sta t ions
with differing albedos of the underlying surface.
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Another valuable source which could be used for improved aerosol climatology
is the measurement of the visibility or the extinction coefficient at horizontal or
at slant paths. Together with other information as type of instrument, relative
humidity, wind direction, altitude of existing inversion and the situation of nearby
aerosol sources, the optical depth of the planetary boundary layer aerosol con be
evo~vrot ~J.

7.4.10
It was recommended that CAS initiate the necessorv action for a compilation
of stations where visibility or extinction meas urement s ore mode, wha t types of
instruments ore in use, which additional meteorological parameters are simultaneously
measured and how the data ore archived. Due to the large inhomogeneities within the
boundary layer it cannot be expected that these measurements would be representative
for a region, but together with estimates of the visual range by visual observations
which ore mode at a number of stations, a good overview of t he planetary boundary
layer aerosol con be expected for some regions. Estimates of the visual range alone
using a number of suitable marks at various distances are probably not sufficient for
the purposes due to va rious uncertainties (large subjective component, absence of
appropriate marks). The existing network for suspended particulate matter is based
on high volume samplers which sample particles smaller than roughly about 10 )Jm
only . At present only the moss concentration of these samples is determined by
gravimetric methods whereas no standardized chemical analysis method is applied .
It is recommended that CAS explores the possibilities for chemical analysis of these
sample s.
LI DAR
7 . 4.11
Probing by LIDAR is acknowledged as a powerful tool to obtain aerosol
profiles. It is an essential technique to complement and to validate satell i te
measurements at least at an initial stage until the full in formation content of the
satellite data is known. It seems to be timely and necessary to investigate the
feasibility of a global LIDAR observation network, and o s t andard data evaluation
procedure in order to achieve compatibility of the derived data. Such data could be
in~lu ded in the WMO publication on Global Monitoring of the Environment for Selected
Atmospheric Constituents. The Radiation Commission should be invited to advi se JSC
in this matter ofter an evaluation of the papers to be presen ted at t he Symposium on
Application of LIDAR to Atmospheric Radiation and Climate Studies, Augus t 1981.
Airborne measurements
7.4.12
In order to model the radiative effects of aerosols, one must know their
single scattering albedo, extinction coefficient , and phase fun cti on over all solar
and thermal wavelengths. In practice, such information can be derived from measurements of their visible absorption and scattering coefficients, visible phase func t ion,
size distribution, and chemical composition or other equivalent data sets. Because
of their mobility in both the horizontal and vertical directi ons, and their ability
to conduct in-situ measurements of many of these parameters, airborn e platforms
provide an optimum system for obtaining comprehensive data sets on climate related
aerosol parameters in selected locat ions.
7 . 4.13
In pra ct ice, a few such airborne investigations have been conducted to dote.
The group strongly encourages nat ional government funding agen cies , research organiza tions, and university research groups to abet the continued operation of such multi-
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programme. Such airborne investigations should encompass studies of both stratospheric
and tropospheric aerosols; should be set up on o continuing basis for reasons of
both economy ond adequate data validation;
and should be coordinated with relevant
spoceborne ond ground-based experiments to insure a maximum amount of information.
Emphasis also needs to be placed on validating the results from individual experiments
so that the doto con be used with confidence. Where possible, overdetermined data
sets - such as ones that include measurements of the radiation fields - should be
obtained to assess the self-consistency of the doto.
7.5

Radiation transfer algorithms

7.5.l
There ore three activities in the area of radia tion transfer theory that
warrant particular attention, (i)
development of accurate, but fost algorithms
for determining radiation heating rotes of aerosols that con be used in 2- and 3-D
climate models, (ii) studies of the radiation effects of aerosols to assess the
accuracy with ·which critical aerosol parameters need to be me a sured a nd (iii) investiaotion of scattering by non-spherical particles.
7.5 . 2
I n almost oll a nalysis of t he impact of aerosols on the Earth ' s r ad iation
budget the Mie scattering theory hos been used to aid in the definition of the single
scattering properties of aerosols at all solor and thermal wavelengths. Mie theory
is strict l y valid only for spherical particles . Hence, it co n be used without erro r
for the liquid sulfuric acid particles of the stratosphere; but its applicability
for the solid non-spherical particles thot ore prevalent in the troposphere is open
to question. In the lost few years, a number of useful laboratory measurements of
t he scatteri ng properties of non-spherical particles hove been carried out both with
optical techniques ond microwave analogue measurements. The lotter rely on the fact
that the scattering properties depend only on the ratio of particle size to wavelength and t he complex indices of refra ction . By emp l oying mi crowave wa velengt hs,
individual particles of controlled and known geometriec can be used. It was recommended
that further laboratory studies of scattering by non-spherical particles be carried
out, with particle shape, size and refractive index va ried in a systematic fashion
to elucidate the dependence of the scattering properties on these parameters. Microwave analogue measurements ore particularly valuable in this regard, although optical
techniques should also be explored.
7.5.3
There hove also been promising advances in the development of theories of
scattering by non-spherical particles that range from semi-empirical approaches to
more rigourous solutions of Maxwel l 's equation (see e.g. Pollack and Cuzzi, 1980) .
Further developments ore to be encouraged, with the laboratory measurements serving
as o basis for assessing the degree of validity of these theories.
7 . 5.4
In order for field measurements of the properties of atmospheric aerosols
to provide on adequate data base for assessing the climatic effects of aerosols, it
is essential to know the accuracy with which these properties have to be measured; radiative/
convection models con prove to be particu l arly helpful in this regard . As d iscussed
in section 5, much work has been done on this topic already. For example, figures
5.1 and 5.2 of section 5 illustrate the great sensitivity of the cha nge in atmospheric
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albedo and mean particle size, with critical values of those par~meters
that separate si tuations in which the troposphere worms from those in which it cools .
Additional studies of this type would be useful.
7.5.5
Higher d.irrensionol climate models require rapid algorithms for computing the
radiation effects of aerosols. Too much computer time would be required to precisely
solve the radiative transfer equation a t all wavelengths wi th such models. Some
types of approximations ore required. First approxima te sol uti ons t o the monochromatic
equation of radia tion transfer are nee ded . Second, results from such solutions need
to be appropriately averaged over solar and thermal wavelengths so that a relatively
small numbe: of wavelength i nt ervals ore employed in the climate model.
7 . 5.6
Mu ch progress hos been made on the former problem in the s en se tha t a number
of approximate soluti ons to the monochroma tic equation of r ad i a tive transfer have
been proposed in the literature . Furthermore, a systematic study has been
made of the errors involved in the eval ua tion of radiation fluxes wi t h many of these
schemes . In general, the delta Edd ington a nd exponen tial kernel methods apparently
yield the smallest errors. The chief task that remains to be done in this ar ea is to
perform comparable error analyses for the aerosol models tha t ore discussed in
:.ection 4.
7.5.7
Much work is needed to deve lop ma thematical procedures for spectrally averaging the net fluxes and heating r otes found at individual wavelengths. It is recommended tha t high priority be assigned to this activity and that colla borative arrangements be mode between specialists in r ad iative transfer theory and cl i mate mode l ers
to assure that effective sub-routines be made available for climate mode ls to allow
assessmen t of the cl imatic impact of aerosols.
7.6

Va lidation experiments

7.6.l
Though radiation transfer computa ti ons can be made with great computational
accuracy and radiometers have been deve l oped for precise measurements it is still
very difficult to match compu t a tions of flux es and heating r a tes to t he measured
qu ant ities wi th t he desirable accuracy even if utmost care is taken.
7.6.2

A number of reasons con account for the observed discrepan cies, such as:
lock of synchronizat ion of the

measurement~

inadequate parameterization of radiotion quantities
in the algori thm ~
inaccurate determi nation of height dis tributions of atmosp he ri c
constituents which contribute to the signal,
instrumenta l errors.
7.6.3
The quality which
pheric heating rate and in
aerosols . There have been
the atmosphere by means of

obviously is an important climate parameter is the atmosthe context of this report especially the contribution of
numerous attempts to measure directly the heating rate of
radiometer-sondes . In 1970-1971 an international radio-
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possible to discriminate the effect of aerosols on the heating rotes by applying
such a technique. Especially in the planetary boundary layer, strong deviations
between the results of the different instruments were noted . In the determination of
atmospheric heating or cooling due to aerosols model computations con be of great
value. Such computations however, need very precise input data on radiative aerosol
properties, the vertical distribution of aerosols and of atmospheric structure parameters .
7.6.4
With the advent of LIDAR technology it is now possible to determine the
vertical distribution of the sources for the backscattered signal from aircraft
in addition to the parameters measured conventionally. The techniques to measure
radiation fluxes from aircraft hove also been improved. Aircraft equipped for
combined aerosol and radiation experiments ore available in the USSR (Kondratyev, 1973)
and USA (ACE-Program, see section 3). During the early field experiments GARRS
(Deluisi et al., 1976), CAENEX (Kondratyev, 1973) and GATE; Carlson and Benjamin 1980)
valuable experience hos been gained and it should now be possible to design on
experiment which can provide conclusive results. Such an experiment should include
the following measurements :
Respective layer mean and total values, and vertical
structure of ae rosol number density, size distribu tion,
albedo for single scattering and asymmetry factor, both
in situ and by remote sensing methods;
s ur face albedo and tem pera tures;
radiation fluxes (shortwave and infrared) at the surface;
net radiation fluxes and separately the upward and downward
radiation flv~es ns a function of altitude , from airborne
platforms ;
radiances (and polarization) in specified directions;
spectral transmission measurements for solar radiation;
water vapour ozone and temperature structure of the atmosphere;
chemical analysis of sedimented aerosol.
7.6.5
It does not seem feasible to perform such on ambitiou s experiment on a large
scale, but only under selected regional condi tions. One possibility would be to plan
such measurements in connexion with other field experiments so that general me teorological background information is available.
7.6.6
The Radiation Commiss ion should be requested to elaborate further on a
de sig n plan for this kind of local experiment. Until a general agre ement on an
experimen t design is reached, scientific groups shou ld be enco uraged to measure, in
defined local experiments, os many parameters os possible and to determine carefully
the measuring accuracies. Such studies ore advantageously carried out unde r stable
conditions if the aerosols can be expected to undergo only small variations for the
time of the campaign. Measurements should be repeated at different solar heights
rather than be exte nded over large areas. They s hould be repeated in the some
location under similar weather conditions but with different aerosol loads (e.g.,
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during long duration desert dus t s to rms, or in industriali zed valleys). With the
measuring accuracy presently to be achieved this would appear to be treonly possi bil ity
to filter out aerosol effects. I t might then be possible to relate the doily te mperature amplitude ot the surface to the aerosol load.
7.6.7.
Satellite observations ore able t o provide addi t ional data on boundary
conditions ot the top of the atmosphere over the probed area. The study of aerosol
contaminated clouds is a fu rt her aspect for validation experiments which, however,
requires some progress in modelling microphysics of clouds.
7.7

Microphysical models for cloud-aerosol interaction

7.7.l
In addition to observational efforts (7 . 6), is it also important that relevant
microphysical models be developed to provide an understanding of the data and to permi t
extrapolations of them to be mode. The group apprecia ted that model l i ng the for mation
and development of clouds from f irst principles hos proved to be a very formidable task
and that only incomplete pro gress hos been mad e so far on this subject. Nevertheless,
it seems reasona bl e to encourage the initial development of micr ophysi cal cloud models
to determine the perturbation of cloud particle si ze, optical depth, and single
scattering albedo crea ted by changes in the properties of tropospheric aerosols,
especially CN, due to mans activities. Such models should be continually tested and
validated by comparison with the field observations.
7.8

Modelling of sources

7.8.l
In order to have a pre di ct ive capa bi lity that would permit the assessment
of the climate effects of aerosols in the past and future, it is e sse nt i al t ha t
models of aerosol microphysics be developed to determine the relation s hip betwee n
the sources of aerosols and the properties of the aerosols. For example , the si ze
distribution o f stratosphe ric aerosols change when vol canoes inject i nto the stratosphere sulfur gases t hat ore converted i nto ae r osol material. In or der to properly
assess the climatic effects of post epochs of freauent volcanic activity, such as
the end of the 19th and begi nning of the 20th century, it is necessary to evalua t e
the temporal evolu·tion of the aerosol size distribution. Also, such o modell ing
capability would permit o determi nation of the complete in teractions between aerosols
and atmospheric dynamics and of the climatic changes due to aerosols genera ted by
time varying sources.
7.8.2
One type of aerosol microphysical model addresses t he conversion of gases
to aerosols by photochem ical reactions (e.g., so gas to sulfuric acid aerosol).
2
Such o model involves consideration of the photochemical conversion proce sses,
aerosol nucleat ion , growth throu gh coagulation and vapour phase condensat ion, and
loss by sedimentation and scavenging by water droplets. A promising start has been
mode towards developing 1-D models of this type for the stratospheric sulfuric acid
particle (e.g. Turco et al, 1979). These models need to be validated and further
te sted through comparison with rele vant dot~ and hig her dimensional versions need to
be developed that take account of dynamical transpo r t. They provide a useful starting
point for the development of onolcgous mode ls for tropospheric aerosols (sulfate,
organics) that form by gos to particle conversion processes.
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A second type of aerosol microphysicol model involves sources that inject
particles rather than gases into the atmosphere. Such a model involves on allowance
for most of the aerosol growth and loss processes that need to be considered for
aerosols resulting from gases. Also, in some coses, such as desert aerosols, parameterizations need to be developed between the strength of the source and atmosph eric
dynamics. As illustrated by dust particles on Mars (Pollack et ol, 1979 b~ interesting
feedback situations con arise in such cases. The development of aerosol microphysical
models of this type is in its infancy.
7. 8 .4
It is recommended that aerosol microphysicol models of both types be developed
in on orderly fashion, beginning with simple models and proceeding to more complicated
ones . It is essential that researchers continually compare with data to indicate the
level of realism. At appropriate points in their development these should be coupled
with climate models to mo re fully evaluate the climatic effects of aerosols.

8.

EXECUTIVE SUMMARY

8 .1

Review of present state of knowledge

8 .1.l
areas:

The group reviewed the present state of knowledge in the following
(a)

aerosol properties and measuring techniques;

(b)

aerosol model distributions, and

(c)

results of preliminary sensi ti vity studies of the impact of
aerosols on climate.

major

8.1.2
It concluded that there is an urgent need for a more co-ordinated world-wi de
research programme to determine the role of aerosols in climate within the WCRP and
that such an effort seemed now to be feasible. It therefore felt it timely to propose
with this report to the JSC the implementation of the projects outlined in Section 7
of this report and summarized below.
8.2

General research strategy

8.2.l
A research approach in three phases was proposed
should start immediately (see nlso pnrn9roph 7.2.2):
Phase I:
Phase II:
Phase III:

of which the first two

Sensitivity tests wi th available models;
Improvement of climate models and data bases;
Development of advanced c limate models with internal aerosol
generation and regulation processes.

8.2.2
The projects to be carried out and special actions required under Phases I
and II ore summarized in the following paragraphs; no specific recommendations ore
given for Phase III.
8.3

Phase I:

Sensitivity tests with different aerosol models

The group recommended that sensitivity test s (see 7.2) being made with
8 .3.l
existing climate models in which (i) separately computed aerosol heating rotes and
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introduced,be given highest priority.

8 .3.2
The basis for future sensitivity studies should be the aerosol models
proposed by the Radiation Commission (McClatchey et al., 1980) but updated ac cording
to the recommendations specified in 7.3.
8.3 . 3
The group proposed a joint JSC (WGNE) - Radiation Commission workshop on
the planning of on appropriate sequence of sensitivity tests, at the end of 1981 or
the first half of 1982.
8.3. 4
The evaluation of the re s ults of the sensitivity studies should be undertaken
at o meeting to be organized by the IAMAP Radiation Commission, jointly with JSC, in
1984 . This meeting would mark the starting poin t for Phase III.
8.4

Phase II:

Development of the basis for advanced modelling

General
8. 4.l
It wa s proposed tha t a two-p rgng approach be used to provide the necessary
set of information to permit an assessment of the clima tic effects of aerosols.
On the one ha nd, it is e ssential that spoceborne and ground-based networks provide
validated data on the spatial distribution of one or several properties of the
aerosols, such as their extinction coefficient. On the other hand, it is equally
essential that measurements of other key aerosol propertie s be obtained at well
chosen locations from mult i -experiment airborne platforms so that a comprehensive
da ta set is availa ble for climate modelling.
Satell ite measurements in the stratosphere
8.4. 2
The group recognized the high value of present occultotion measurements and
recommended that the responsible space agencies should be encouraged to develop this
techniqu e further (7.4.3). Other techniques like limb scattering should be investigated c on ce ptually.
Surfa ce based operational measurements
8.4.3
It seems to be necessary to validate the ac cura cy and the usefulness of the
present turbidity network and to improve on the documentation of the data (7 .4. 6).
CAS should be invite d to take the initiative in this direction.
Satel l ite measurements of tropospheric aerosols
8.4.4
COSPAR should be invited to study the possibilities for monitoring tropospheric aerosols by means of passive radiometry and spaceborne Lidar, (7. 4.4 ) and
to advise JSC by mid 1982 on existing and future p ossibilitiP.~ hnsen upon t~e
outcome of the Meeting on Aerosol Monitoring from Space, proposed for the 1982
COSPAR Conference .
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Lidar measurements
8 .4 5
Lidar mea surements co ntribute essentia lly to the investigatio n of aerosols
in the stratosphere and tro posphere and ore rega r ded as a pow erfu l tool to valida te
satellite measurements. The Radiation Commissi on should be invited to investigate
the feasibility to organize a co- ordi na ted Lidor observation system with standardi ze d
data evaluation.
Airborne measurements
~. 4.6
It is possible to measure all the important radia tive properties of aerosols
with existing instrumentation. These properties include such quantities as visible
absorption and scattering coeff ic ient, par tic le size distribution function, chemical
composit ion, and angular scattering pa ttern (phase fu nction). In recent years, there
hove been a few encouraging examples of multi-experiment packages t ha t have been
flown on airborne platforms with the purpose of providing simultaneous measurements
of most or all of the key aerosol parameters. In some cases, on overdetermined set
of data has been obtained, including measurements of the radiation field, resulting
in port from the interaction of aerosols wi th light .

8 . 4. 7
The group placed high priority on the furtherce\.el.q:>ment of mul ti-experimentf airborne systems to obtain simultaneous and comprehensive da ta sets for both stratospheri c
and tropo spheric aerosols. It considers it important that such systems be set up to
operate on a continuing basis, as oppos ed to exi s tin g f or a single, special exercise;
t hat care be taken to validate the da ta obtained; t hat a comp rehensive set of aeros ol
mea surements be secured; and tha t these efforts be co-o rdi na ted with re levant spa ceborne and grou nd- based systems.
Instrument compa rison s
8. 4. 8
In order to assure compato bility between data sets arising from di fferent
instrumentation, further interna t ional comparisons of methods for aerosol proper ty and
conce ntrat ion measurements was strongly recommended. In particular the World Radia tio n
Ce nter in Davos should be invited to su per vi se the calibration and data evaluation of
t he turb idity network measurements.
I~f2~~~~~!-~f-~!~~~!~-~99~!~
Radiation transfer algorithms
8 .4.9
High priority was assigne d to the development of mathematical procedures for
spectral averagi ng of net fluxes and heating rates found at individual wavelengths
(7.5). Effe ctive subroutines have to be made available for climate models, the
accuracy of which hove to be determined by comparison with the best available algorithms
and in validation e xperiments. The development of radiation codes for non-spherical
partic les needed special a tte ntion. The Radiation Commission should be invited t o
make the necessary collabo r a t ive arrangements between specialis ts in r adiative transfer
and climate modellers.

- 53

Validation experiments
8.4.10
Nothwithstonding the avoilabili t
f h.
computed fluxes (and as for as possible hy ~· ighly accurate computation methods,
region al field experiments (7 6) in
d eta ing rotes) should be validated in local/
by wh.ic h t he climate effect of. ae ro ol
or er o b assess
the
d
. o v er o11 d egree of ac curacy
effect of aerosols imbedded in cl ; Cle~) e etermined. This should include the
invited to design su ch experiment~u ~d . ·d . . . dTh~ Radiation Commission should be
exe cu te experiments which ollo d t a .in ~vi ua groups should be encouraged to
w e ermination of the 0 ccura cy o f present modelling
approaches.
Improvement of aerosol models

~ . 4 o ~l
With increasing availability of data on aerosol properties and distributions
it will become possible to develop more accurate and more differenciated aerosol
models for use in climate and other atmospheric models. Th e Radiation Commission
report on the Standard Radiation Atmosphere should therefore be updated from time to
time.
8.5

Phase III:

Modelling ot sources

3 . 5.l
The development of climate models with internal aerosol sources (7.7) is the
ultimate goal of aerosol research within th e WCRP. It is too early to develop a
general approach now . Individual research groups should be encouraged to continue
with their research efforts in this direction.It was further urged, that cooperation
between climat e modellers, aerosol and boundary layer exper ts as well as atmospheric
chemists be established in order to discuss the involved problems and to prepare for
a coordinated approach by 1984 .
8.6

Literature survey on research results

8.6.1
The group proposed that a literature survey be carried out of research
(not operational monitoring) papers and to compile the data on aerosol which have
been determined by these research efforts. The group requested WMO to conta ct
Dr. F.S. Horris Jr., Rockville, Utah, to undertake this work. The report should
provide o compilation of;
(a) l iterature arranged into th e categories optical, phy sic al
and chemical properti es of tropospheric aerosols and the ir
spa tial as well as temporal (secular and seasonal) distributions.
(b)
8.7

in formation available in the literature arranged in t he same categories .

Time schedule for the action required
1981:

March 17-26

Endorsement of Report by JSC

March - Moy

Specification of cooperation between aerosol
e xperts, Radiation Commission, CAS, WGNE,
WGHLSP and COSPAR.
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April - August

Definition of a ccuracy needs for aerosol key
parameters in climate modelling. Contact wi th
groups who will potentially participate in
sensitivity tests.
Action: R.C.

July

Literature survey on aerosol rese arch doto
distributed to aerosol experts and R.C.

August 17-29

Radiation Commission business meetings during
IAMAP Assembly in Homburg. Response of R.C.
to expert' s report and JSC conclusion. Preparation for meeting on sensitivity tests.

1981:

IV quarter

Joint JSC (WGN E)/IAMAP (R . C.) meeting on
sensitivity tests.

1982:

Moy - June

COSPAR Meeting wi th sessions on Aerosol
Monitoring from Space .

1982:

WMO/ICSU Study Conferen ce on Aerosol ond
Climate to review state of knowledge and identity
gaps. Evaluation ofresults presented at the
COSPAR meeting on aerosol monitorino.

1984:

Evalua tion of sensitivity study results.
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Dr. M. P. McCormick

NASA-Langley Res earch Center,
Hampton, Virginia,

Prof. E. Raschke
Dr. D. Spankuch

(part-time)

Institut fUr Geophysik und Meteorologie
der Universitat zu Koln
Main Meteorological Observatory,
Potsdam

Wt1) Secretariat

Prof . B.R. Doos

Director, World Climate Programme Office
and Joint Planning Staff for WCRP

Dr. R. D. Bojkov

Chief, Meteorological Research Programme
Division and JPS
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APPENDIX B

MEETil'K; OF EXPERTS ON AEROSOLS AND CLIMATE
Organized jointly by JSC, WMO/CAS and IAMAP/IRC
(Geneva, 27-31 October 1980)
AGENDA

1.

OPENI!'K; OF THE MEETil'K; AND APPROVAL OF THE AGENDA

2.

THE ROLE OF AEROSOLS IN CLIMATE

3.

MEASUREMENTS OF AEROSOLS

4.

AEROSOL MODELS

5.

RESULTS OF THEORETICAL SENSITIVITY STUDIES OF THE CLIMATIC EFFECTS OF
AEROSOLS

6.

EFFECTS ON REMOTE SENSI!'K; OF NON-AEROSOL CLIMATE PARAMETERS

7.

PRELIMINARY IMPLEMENTATION PLAN

8.

EXECUTIVE

9.

REPORT Af'.I:> CLOSI!'K; OF THE MEETING

SU~RY
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