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ABSTRACT 

It has been recognized that pollution (sulfate aerosols), and biomass burning 

(smoke aerosols), are the two principgil anthropogenic sources that are now in

fluencing the global climate. Researchers are currently trying to provide better 

estimates of the climate impact due to anthropogenic aerosols and to lower the 

range of uncertainty in their calculations. Estimations suggest a global-mean di

rect radiative forcing in the range from -0.3 to -1.0 W/m^ for biomass burning 

aerosols, with a similar value for the indirect effect. The primary goal of this 

work is to estimate the global climate impact due to smoke aerosols from biomass 

burning using the National Center for Atmospheric Research (NCAR)-Conununity 

Climate Model. Version 3 (CCM3). Analysis of data from the AERONET project 

was used to define a more reahstic average of the optical/radiative properties of 

smoke particles from biomass burning in the Amazon, and also, to provide relevant 

information about the cloud-aerosol interactions. This information was put into 

the context of the NCAR-CCM3 BATS, and then the cloud/radiative scheme of 

the standard model was modified to include both the direct and indirect effects of 

the aerosols. Our results suggest an. anmia.1 global mean "total" (direct-l-indirect) 

radiative forcing of about -0.08 W/m^. This value is in good agreement with recent 

estimations considering that we are only including the biomass burning aerosols in 

the Amazon region. In addition, our model simulations provide a "total" radiative 
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forcing of about -10 W/m^ for the Amazon region during the dry-season, where the 

indirect effect is responsible for about 80% of this value. This research hopefully 

will contribute to the aerosol climate modeling area by providing a scheme in which 

both the direct and indirect effects of the aerosol can be explicitly represented in a 

GCM. 
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CHAPTER 1 

INTRODUCTION 

In a very broaxl sense, climate is defined as a set of averaged quantities com

pleted with higher moment statistics (such as variances, covariances. correlations, 

etc.) that characterize the structure and behaviour of the atmosphere, hydrosphere, 

and cryosphere over a period of time (Peixoto and Oort, 1992). This definition in

cludes the more typical definition of climate as the average state of the atmosphere 

observed as the weather over a finite time period (e.g. a season) for a number of 

different years. 

Earth's climate has evolved through millions of years and it will surely continue 

to evolve La the future. This evolution is due to the complex interactions between, 

as well as changes within, all the components of the climate system: atmosphere, 

oceans, cryosphere, and land/biosphere. FVom the radiative point of view. Earth's 

cUmate depends on the balance between the solar radiation absorbed and the long

wave radiation emitted to space. This balance can be affected by several factors 

such as a change in the output solar radiation, changes in greenhouse gas concen

trations, or an increase in particle loading in the lower troposphere. 

Natural causes have predominantly driven the evolution of climate. Natural 

variabiUty can be caused by several factors such as fluctuations in the Earth's orbit. 
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variations in atmospheric composition due to volcanic stratospheric aerosols and 

to tropospheric soil aerosols associated with wind erosion mechanisms (Jennings. 

1993). However, a new and growing source of climate change has already been 

detected: htmian activity. 

To date, a lot of eflFort has been placed on the potential chmatic effects due to 

anthropogenic activity. Since preindustrial times, himian production has increased 

the levels of carbon dioxide (CO2). methane (CH4). and nitrous oxide ('S2O). by 

about 30%. 145%, and 15%, respectively (values of 1992) (IPCC. 1995). All these 

gases are important contributors to the greenhouse effect, which is resulting on 

average in an additional warming of the Earth's surface. 

Particles suspended in the air. that is aerosols, have also been increasing its tro

pospheric loadings because of anthropogenic activity. Atmospheric aerosols siffect 

the Earth's radiation budget, and hence the global cUmate. directly through the 

scattering and absorption of solar and thermal radiation, and indirectly through 

their effects on the microphysical and radiative properties of clouds and through 

their effects on atmospheric trace gases. 

Since two decades ago. aerosols have been detected as an important agent of 

climate modification. Recently. Charlson and Heintzenberg (1995) pointed out 

some general aspects on the current knowledge in the aerosol-climate topic: 

• "There are many lines of evidence suggesting that anthropogenic aerosols 

have increased the optical depth over and downwind of industrial regions and 
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that this increase is very large compared with the natural background in these 

regions. 

Due to the effect of size and chemical composition, anthropogenic aerosol 

contribute approximately 50% to the global mean aerosol optical depth at 

visible wavelengths despite a contribution of only around 20% to the mass 

burden, and « 10% of the source strength. 

The major contributions to the anthropogenic component of the aerosol op-

ticai depth arise from sulfates released by fossil fuel combustion and from 

organics released by biomass burning. 

Large volcanic eruptions, such as Pinatubo. greatly perturb the aerosol in the 

stratosphere and the effects persist over a few years. The amount of sunlight 

reflected by tropospheric aerosols over industrial regions is comparable with 

peak effects of volcanic aerosols. 

There are many independent lines of evidence supporting the hypothesis that 

a significant climate forcing exists due to anthropogenic aerosol. 

The exact magnitude of the negative climate forcing by anthropogenic aerosols 

is uncertain; however, calculations suggest that the forcing over large indus

trial areas is comparable with anthropogenic greenhouse gas forcing. The 
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uncertainty in aerosol forcing is large compared with that for greenhouse 

gases, but not so large that a zero forcing is possible. 

• Aerosol particles have comparatively short lifetimes in the troposphere and 

therefore their spatial distribution is patchy and strongly correlated with 

the distribution of sources. In contrast, stratospheric aerosol has a longer 

residence time and is more uniformly distributed. 

• While diflSculties exist in scaling local observations of the impact of aerosol 

particles on the radiative properties of clouds. preUminary estimates of the 

globally averaged indirect forcing by aerosols suggest that it may be of similar 

magnitude and sign to the direct effect. 

• Both the direct radiative effect of aerosol particles and their ability to modify-

cloud properties are strongly dependent on particle size and chemical com

position. For this reason effects cannot be related to aerosol mass source 

strengths in a simple manner". 

To study quantitatively the climatic effects due to greenhouse gases, aerosols, 

etc., a very important concept is used: climate forcing. Climate forcing (see Ap

pendix A for a more ample definition) is defined as an imposed change that modifies 

the planetary radiation balance and thus acts as the driving force of climate change 

(Andreae, 1995). Climate forcing is expressed in terms of a change in energy input 

into the cUmate system (in Watt/m^). Using climate forcing instead of climate 
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change simplifies the discussion of aerosol effects, since it removes the niunerous 

feedback processes, including changes in clouds, water vapor, ice and snow cover, 

etc., which introduce a high degree of uncertainty into the discussion on climate 

effects of anthropogenic emissions. 

A doubling of CO2, for example, can be predicted to be approximately 4-4.5 

W/m^, which results in a less certain global warming of 1.5-5.5°. depending on the 

parameterization of the various feedback mechanisms (Andreae. 1995). To date, 

radiative forcing due to increases in long-lived greenhouse gases since preindustrial 

times is known rather precisely: -1-2.45 ± 0.37 W/m^ (Houghton et al.. 1995). We 

can use this number as a yardstick to compare the aerosol climate forcings without 

having to address the complications of climate feedbacks involved in aerosol effects. 

It has been recognized that pollution (sulfate aerosols) and biomass burning 

(smoke aerosols) are the two principal anthropogenic sources that are now influ

encing the global climate (Charlson and Heintzenberg, 1995; Penner et al.. 1994). 

Earlier this decade, Charlson et al. (1990. 1992), by working with a coupled mass-

balance radiation single box model, provided the first estimate of the global-mean 

radiative forcing due to anthropogenic sulfate aerosols. They calculated the global-

mean direct radiative forcing « -1 W/m^ and a similar value for the indirect forcing. 

On the other hand, and working with a similar model as Charlson et al.. Penner et 

al. (1992) found similar values for the case of biomass burning aerosols. .Although 
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uncertain, these results suggested a possible expleination of why the warming ob

served over the last century is at the lower level of that indicated by climate models 

(Houghton et al., 1990) from the increased levels of greenhouse gases alone (Charl-

son et al., 1992; Penner et al., 1992). However, given the different nature between 

these two types of forcing (e.g. in geographical and seasonal distributions) more 

research was then demanded to confirm that possibiUty above mentioned. 

Coupled three-dimensional atmospheric chemical/radiation models for anthro

pogenic sulfate aerosol (Charlson et al., 1991; Kiehl and Briegleb. 1993: Kiehl and 

Rodhe, 1995) suggest a global-mean direct radiative forcing in the range from -0.3 

to -1.2 W/m^. Uncertainty was estimated crudely as up or down by a factor of 

two. Penner et al. (1994) estimated the overall uncertainty factor of the direct 

effect by anthropogenic sulfate aerosols at 2.3; that is. if the direct forcing were 

-0.6 W/m^ then the range would be between -0.26 and -1.4 W/m^. Some estimates 

with general circulation models (GCM) show a normalized globally-averaged indi

rect forcing at approximately -1 W/m" with a range -0.5 to -1.5 VV/m'. although 

it is argued that the total uncertainty of this forcing is greater than -1.5 W/m' 

(Boucher and Lohmann, 1995: Boucher. 1995). In addition, recent uncertainty 

analyses by Pan et al. (1997, 1998) show that refining the input parameters may 

be more important than improving models in order to minimize the uncertainty in 

the radiative forcing by anthropogenic sulfate aerosols. 
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Although much less studied, there are some estimates of the climate forcing 

due to smoke aerosols with complex models. Chylek and Wong (1995) estimated 

the direct radiative forcing due to smoke aerosols to be between -0.2 and -I.l 

W/m^ depending on the measured aerosol size distribution. Penner et al. (1994) 

estimated the uncertainty factor of the direct radiative forcing at 2.7. This means 

that if central value is -0.8 W/m^ the range is -0.3 to -2.2 W/m^. By working 

with presxunably more accurate data coming from the project Smoke. Clouds and 

Radiation-Brazil (SCAR-B), Hobbs et al. (1997) estimate the global-mean direct 

radiative forcing to be no more than -0.3 W/m^. In addition. Kauftnan and Fraser 

(1997) estimate the smoke-cloud (indirect) forcing on climate to be -2 W/m^ during 

the months of biomass biuning corresponding to the dry season in the Amazon 

region, which is much smaller than can be inferred from model predictions. 

The magnitudes for the global anthropogenic aerosol forcing mentioned above 

have suggested that the cooling effect of aerosols (directly by light scattering and 

indirectly through the enhancement of cloud albedo) predominates over the warm

ing effects caused by light absorption. However, the uncertainties of the calculated 

values for the radiative forcing are still quite large and an improvement of both mea

surements and models is urgently needed. As said by others, the aerosol problems 

need to be well addressed in order to determine the potential for global wEirming 

in future years. 



18 

The primary goal of this work is to estimate the cUmate impgw:t due to smoke 

from biomass burning in the Amazon. The steps that are implemented to overcome 

this problem are described as follows: 

1. Characterize the distribution of the smoke aerosols in the Amazon. Informa

tion from the Aerosol Robotic Network (AERONET) is used to define the 

spatial and temporal distribution of the smoke during the biomass burning 

season. The Amazon region was subdivided in eight different regions and the 

bmming season was considered from June to October. 

2. Specify the optical/radiative properties of this smoke. The model developed 

by Remer et al. (1997) is used to calculate the aerosol size distributions. 

Then. Mie theory is applied to calculate the spectral optical depth, single 

scattering albedo and asymmetry coefficient of the aerosols. 

3. Put the above information into the context of the general circulation model 

(GCM). NCAR-CCM3 BATS. We perform five-year simulations for three dif

ferent cases: the first case, with only the direct effect included: the second 

case, with only the indirect effect included; and the the third case, with both 

the direct and indirect effects included. These results are compared with a 

ten-year simulation of the "'control" (standard) case which does not include 

any biomass burning aerosols. 
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4. Discuss the climate impact of the Amazon biomass burning aerosols. We 

suggest that the smoke produced by biomass burning in the Amazon region 

is statistically significant only in the studied region. In addition, we analyze 

the results for some fields such as the radiative fluxes, sensible and latent heat 

fluxes, and surface temperatiu-e. Finally, we estimate the global and regional 

radiative forcing of the smoke aerosols in the Amazon region. 

The first intent of this work is to explore a method of representing the aerosol 

influences on climate by using a GCM. With this, we attempt to contribute to the 

improvement of a better representation of the aerosols for climate models. The 

following, briefly describes the contents of this thesis. 

Chapter 2 reviews some interesting points on the relevance of the global biomass 

burning for the global change. Concern is greater for the global and regional in

fluences of the smoke. For example, look at the recent events in Indonesia and 

Mexico being discussed. Chapter 3 gives a review of the relevant concepts and 

results concerning the influence of anthropogenic aerosols on climate. Chapter 4 

describes the details related to the model used in this study. Finally. Chapter 5 

discusses the simulations, results, and conclusions of this dissertation. 
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CHAPTER 2 

THE IMPORTANCE OF BIOMASS BURNING 

2.1 An overview on biomass burning 

Biomass burning is defined as the burning of the world's living eind dead vegeta

tion. including grasslands, forests, and agricultural lands following the harvest for 

land clearing and land-use change (Levine. 1996). Key processes for global change 

such as —depletion of stratospheric ozone, the threat of global warming, defor

estation, acid precipitation, and the extinction of species— all have one thing in 

common: they are produced or significantly reinforced by biomass burning (Levine. 

1996). 

At the present time, we are frequently confronted with the evidence of pollution 

from biomass burning in our daily lives. In North America, many communities 

have had to regulate domestic burning in fireplaces and wood-burning stoves to 

control atmospheric pollution in winter (Andreae, 1991). In the tropics, airports 

like Santarem, in the middle of the Amazon Basin, have to be closed regularly 

during the burning season because of poor visibility resulting from the smoke from 

enormous fires hundreds to thousands of kilometers away (Andreae, 1991). Such 
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large fires and the resulting smoke plumes are a common sight to air travelers in 

the tropics and even to the crews of the Space Shuttle. 

Despite the magnitude of this problem, relatively little quantitative information 

is currently available on the amounts of pollutants emitted and their impact on 

the envirormient. In contrast, the eflFect of fossil fuel burning for heating, energy-

production, transportation, and so on have been extensively investigated and quan

tified. Andreae (1991) attributes this difference to the fact that the production and 

distribution tracks of fossil fuels are to a large extent under the control of relatively 

few organizations and are therefore well known and documented. On the other 

hand, biomass burning takes place to a large degree in the developing countries at 

the hands of individuals who do not maintain records of amounts burned. 

Biomass burning is much more extensive and widespread than previously thought 

(Levine, 1996). Anthropogenic biomass burning has expanded drastically in the 

last 15 years, due to increased deforestation practices in Brazil's Ameuzon Basin, 

as well as to clearing land for shift cultivation in South America. Southeast Asia, 

and Africa (Christopher et aJ.. 1996). Biomass burning occurs in the tropics (trop

ical rain forests and savanna grasslands), in the temperate zone, and in the boreal 

forest, and is certainly a global phenomenon. 

Biomass burning is an important global source of gases and particulates emitted 

to the atmosphere. Gases produced by biomass burning include (Levine. 1996): (1) 

greenhouse gases, carbon dioxide (CO2), methane (CH4), and nitrous oxide (NoO). 
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that lead to global wanning, (2) chemically active gases, nitric oxide (NO), carbon 

monoxide (CO), methane, and hydrocarbons (NMHC's). which lead to the pho

tochemical production of ozone (O3). in the troposphere, and (3) methyl chloride 

(CH3CI), and methyl bromide (CHaBr), which lead to the chemical destruction of 

ozone in the stratosphere. 

The smoke particles produced by biomass burning affect boundary layer cloud 

microphysics by increasing the amount of available cloud condensation nuclei (CCN) 

(Radke. 1989), and by decreasing the cloud droplet sizes (Kaufinan and Nakajima. 

1993). These particles can scatter the incoming solar radiation, thereby having a 

cooling effect on climate, or can modify the shortwave reflective properties of clouds 

by acting as CCN (Charlson et al.. 1987). On the other hand, the graphitic carbon 

released during biomass burning can also increase the absorption of solar radiation 

by the atmosphere and clouds. Therefore, smoke aerosols represent an important 

regional climate variable. Smoke can be transported hundreds of kilometers away 

from the source and can therefore affect the climates of regions adjacent to burning 

areas (Christopher et ai., 1996). Table 2.1 summarizes recent estimates of atmo

spheric gases produced by biomass burning. In addition, biomass burning perturbs 

other components and processes in the Earth's system (Levine. 1996). including (1) 

the biogeochemical cycling of nitrogen (N2O and NO) and carbon (COo, CO. emd 

CH4) gases from the biosphere to the atmosphere, (2) water run-off and evapora

tion. and hence, impacts the hydrological cycle, (3) the reflectivity and emissivity 
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of the land, which in turn changes the radiative properties of the land, and hence, 

impacts climate, and (4) the stability of ecosystems which in turn impacts bio

logical diversity. All of the reasons mentioned above, makes biomass burning an 

important driver for global change. 

Table 2.1: "'Best guess" estimates of gaseous and particulate emissions from global 
biomass burning and all anthropogenic sources (including biomass burning) (As
sumptions: Total biomass burned = 8910 Tgjyx-, total carbon burned = 4100 Tg 
Cjyv) (Andreae et al.. 1996) 

Species Biomass All % due to Species 
burning anthropogenic biomass 

contribution sources burning 
CU2 13500 33700" 40.1 
CO 680 1600° 42.5 
CH4 43 275" 15.6 
NMHC 42 lOO'' 42.0 
H2 16 40^^ 40.0 
NO 21 70° 30.0 
NoO 1.3 5.5° 23.6 
NH3 6.7 oT^ 11.8 
SO2 4.8 160^ 3.0 
COS 0.21 0.38-^ 55.3 
CH3CI 1.1 1.1 100.0 
CHaBr 0.019 0.11® 17.3 
Aerosols TPM'' 90 390"= 23.1 
Carbon 60 90^ 66.7 
"Houghton et al. 1995 
''Ehhalt et al. 1986 
'^Wameck 1988 
''Schlesinger and Hartley 1992 
^Andreae 1995 
^ Chin and Davis 1993 
»WTvIO/UNEP 1995 
''Total particulate matter 
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2.2 On the history of fire 

Andreae (1991) states that fires must have existed on Earth since about 350 

to 400 million years ago, when the plants evolved on land. The production of 

plant matter on dry land first made possible the accxmaulation of 'fire potential" 

in the form of extensive amounts of combustible organic material. Climatic and 

ecological parameters (length and intensity of dry seasons, lightning frequency, etc.) 

established a natural fire frequency when the production of organic matter by plants 

had supplied the potential for wildfires. The intensity of the resulting wildfires is 

determined by the combination of the accumulation rate of fire potential and the 

fire frequency: frequency and intensity are inversely related, a fact nowadays well 

known to foresters and which forms the basis of fire management through prescribed 

burning. 

With the advent of herbivorous organisms, the rate of natural fire potential 

accumulation became determined by the interaction of phyto-production on one 

hand and fire frequency and herbivory on the other. A high rate of grazing by 

large reptiles (dinosaurs) may have contributed to the predominance of savanna

like vegetation on Earth during the late Cretaceous (about 70 million years ago), 

which would be accompanied by a high fire frequency and low fire intensity. Studies 

from the high concentrations of black carbon (soot and chaxcoal) in the Cretaceous-

Tertiary boundary sediments suggest the possibility that the end of the age of 
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dinosaurs was accompanied by large fires which may have pertm^bed Earth's climate 

and thereby contributed to the dinosaurs' demise (Wolbach et al.. 1988). In the 

early Tertiary, almost the whole land surface on Earth was covered with humid 

forests, where few and relatively ineffective grazers were present. Savannas became 

the dominant land vegetation by the end of the Tertiary age. Fire frequency must 

have changed from very low to very high during this time. Ultimately, humans 

have overcome the fear of fire common to all other primates and learned to use 

wildfires, initially as an accidental source of food in the form of insects, rodents, 

snakes, etc., caught and killed by the fires and later (about 1.5 to 2 million years 

ago) as an active tool of food preparation, hunting, and landscape control ( James. 

1989). It is likely that anthropogenic fires began to make an ecological impact in 

the African savanna at this time. More information on the relationship between 

fire and human evolution can be found in the review by James (1989). 

FVom the quantitative point of view, the history of biomass burning through 

geological and historical time, as expected, is more difficult to establish given the 

meager physical evidence other than charcoal particles buried in sediments. Mea-

sxirements of charcoal in dated sediment cores have shown some clear correlations 

between the rate of burning and human activity —for example, the increase of char

coal in Australian sediments agrees with human settlement (about 40.000 ye£irs ago) 

and the shift from wood burning to fossil fuel burning around the turn of the cen

tury is recorded in the morphology and number of charcoal and soot particles in 
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Lake Michigan sediments (Griffin and Goldberg, 1983). Charcoal layers in Ama

zonian soils also record widespread catastrophic fires dnring periods of drought in 

Amazonia in prehistoric times (Sanford et al., 1985). However, there is a lot of re

search to be done to clear up the relationship between changing human population 

densities and agricultural-industrial activity on one hand and biomass burning rate 

on the other. 

2.3 Applications of biomass burning 

2.3.1 Clearing of forest for agricultinral use 

Two approaches to forest clearing for agricultural use may be differentiated: 

shifting agriculture, which allows the land to return to forest vegetation after a 

relatively short period of use, and permanent removal of forest, which replaces 

forest with grazing or crop land (Andreae, 1991). In both cases, the clearing and 

burning follows initially the same pattern: trees are felled, the vegetation is left to 

dry out in order to get better burning efficiency, and the materied is then set on fire, 

often after forcing it together into large pUes. The efficiency of this first bum is 

variable, frequently it does not exceed 10% to 30% (Feamside, 1990). This apparent 

low efficiency is caused by the large fraction of rainforest biomass residing in the 

tree trunks, only a small portion of which tends to be consmned in the first burn. 

The remaining material is then moved together into piles and left to rot or dry. It 
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is usually set on fire again when it is judged to be dry enough. As a result, some 

40% of the aboveground carbon from forest clearing enters the atmosphere through 

combustion, while the rest is released through rotting, i.e. microbial decomposition 

(Andreae. 1991). 

More than 200 million people practice shifting agriculture (Seiler and Crutzen. 

1980), in which the cleared area is use for agriculture over a period of a few years 

and abandoned when yields are felt to be declining; then a new area is cleared. 

It is not expected that shifting agriculture would extend beyond its present cov

erage of some 300 to 500 million hectares (ha) (Seiler and Crutzen. 1980). since 

virgin forest lands which could be brought into this type of cultivation are becom

ing more scarce. Instead, shifting agriculture lands are likely to become used for 

permanent agriculture or become waste lands due to the poor soil conditions or 

land management (Andreae, 1991). 

The permanent removal of rainforest for agricultural use is rapidly increasing 

as growing populations require additional food ajid living space and as large-scale 

resettlement programs and land-speculation tactics are implemented. However, 

the global rate of deforestation is quite uncertain. Hao et al. (1990) estimated 

the global rate of deforestation at about 22 million ha/yr during the 1970s, which 

is likely to have increased during the last two decades. Of these 22 milUon ha/yr. 

about 7.5 miUion ha/jar are cleared in the virgin rainforest, amoimting to an annual 

destruction of about 0.6% of the approximately 1200 million remaining hectares. 
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Estimates of the fractions of cleared land which become shifting agriculture or 

permanent land use range from 1.9 to 3.4 million and 4.1 to 5.1 million ha/yr. 

respectively (Houghton et al.. 1985; Hao et ai., 1990). The disparities between the 

estimates of the fate of land cleared in secondary tropical forest are even larger 

(Andreae. 1991). 

2.3.2 Biomass burning in tropical savannas 

In extension, tropical savannas and tropical forests cover a similar area. 1530 and 

1440 million ha, respectively (Lanly, 1982). Savannas typically consists of a more 

or less continuous layer of grass with sprinkled trees and shrubs. They are burned 

periodically at intervals which may range from one to three years (Andreae. 1991). 

Some fires in savannas are started by lightning, but most investigators believed 

that almost all savanna fires are himian-made. The primary objective of burning is 

the control of shrubs, tree seedlings, and litter accumulation. Without burning, the 

grassy vegetation tends to be overgrown rapidly by shrubs and brush and under 

many conditions progresses to a chaparral or forest inappropriate for grazing, which 

is the principal agricultiural use of the grassy savannas. The grass and small plaaits 

are the only ones consumed in the fires; the larger trees are fire-adapted species 

which suffer Uttle damage and actually thrive under conditions of periodic burning 

(Andreae. 1991). 
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Burning also works as a form of a pest control because it diminishes the popu

lation of insects, snakes, and so on. In addition, many people believe that burning 

is an effective way to return the nutrients stored in the dry vegetation accumulated 

during the dry season to the soils and thereby promote regrowth of fresh grass dur

ing the following rainy season. However, others tend to think that this belief may 

be a fallacy (Andreae, 1991). Fires are also use to facilitate access and harvest of 

nonwood forest products (Stott et al.. 1990). Finally, fires are also used for hunting, 

a practice which may be one of the earliest uses of fire by humans. The estimated 

amount of savaima burned every year is very large, about 750 million ha (Hao et 

aJ., 1990). much greater than the area burned in the tropical rainforest. Most of 

this area applies to Africa, where approximately one-half of the global amount of 

savarma biomass burning is concentrated. 

2.3.3 Prescribed burning and wildfires in forests 

Usually unperturbed tropical forests are too damp to allow the propagation of 

wildfires. Thus wildfires are more common in temperate and boreal forests than in 

tropical ones. Most wildfires are of anthropogenic origin, with only a small fraction 

(10% to 30%) started by lightning (Brown and Davis, 1973). While individual 

wildfires may be immense and lead to smoke plumes visible over large distances, 

the area burned per year and the burning efficiency are relatively low (Andreae. 
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1991). Seller and Crutzen (1980) estimate that about 3.8 million ha of temperate 

and boreal forest are expose to wild fires every year. 

Frequently prescribed fires are used as a tool of forest management, especifilly 

in North America (Andreae, 1991). They serve to remove the accimaulation of 

dry. combustible plant debris, which is a major effect of destructive wildfires. In 

addition, they are used to remove shrubby vegetation, which compete with tree 

crops for nutrients. Since the practice of prescribed burning is limited to North 

America and Australia, globally its impact is small, although it can lead to serious 

local and regional air pollution (Andreae. 1991). The area covered by these type 

of fires is about 2 to 3 million ha/yr (Seiler and Crutzen, 1980). 

2.3.4 Burning of agricultural wastes 

This type of burning is quite difficult to quantify because of its distributed nature 

and because no direct economic value is involved in the burning of agricultural 

wastes (Andreae. 1991). Seiler and Crutzen (1980) derived an estimate of about 

1700 to 2100 Tg dm/yr for the fraction of agricultural waste burned in developing 

coimtries based on an extrapolation from waste burning practices in the United 

States and other reasonable assumptions. Andreae (1991) made another estimation 

based on the Food and Agriculture Organization (FAO) crop production statistics 

for 1985. He found a resxilting global estimate of 2020 Tg dm/yr, near the high end 

of the range suggested by Seiler and Crutzen (1980). Andreas (1991) also suggests 
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that it may be important to reexamine those numbers, since apparently this is one 

of the major contributions to atmospheric emissions from biomass burning, and 

since it has the potential of being decreased significantly by alternative agricultureii 

practices. 

2.4 Spatial and temporal distribution of biomass burning 

It is already known that biomass burning takes place principally in tropical 

regions (Seiler and Crutzen, 1980; Hao et al., 1990; Cnitzen and Andreae. 1990: 

Hao and Liu. 1994). As mentioned earlier it is basically used for deforestation, 

shifting cultivation, forage growth in savannas, domestic energy consumption, and 

clearing of agricultural residues. All the trace gases and particulates emitted from 

the fires could have a significant impact on the chemistry of the troposphere and 

stratosphere and on global climate. 

One of the biggest uncertainties in estimating the amount of trace gases and par-

ticxilate matter emitted from biomass burning is the quantity of biomass burned 

(Hao and Liu, 1994). By using demographic and statistical data. Seiler and Crutzen 

(1980) quantified the amotmt of biomass burned from different sources. The FAO 

of the United Nations performed sui extensive survey of land uses and forest inven

tory in 76 tropical countries during the late 1970s (FAO, 1988). Hao et al. (1990) 

estimated the spatial and temporal distribution of CO2 emissions from biomass 

burning with 5° latitude x 5° longitude resolution in tropical America, Africa and 
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Asia. The database used for that study came from the FAO survey. globaJ veg

etation and vegetation maps, and the published data of biomass density. Later 

on. Hao and Liu (1994) updated the above study by improving the database of 

the amount of biomass burned owing to deforestation, shifting cultivation, savanna 

fires, fuel wood use. and clearing of agricultural residues with o° x 5'' resolution. 

They also use updated data of abovegroimd biomass density and estimated the 

seasonal cycles of biomass burning. 

Hao and Liu (1994) summarize the amount of biomass burned from various 

sources in tropical America. Africa. Asia, and Australia (see Table 2.2). They 

showed that approximately half (46%) of the global amount of tropical biomass 

burned (~5400 Tg/yr) is located in tropical Africa, while about 36% is in tropical 

America. The largest source was from savanna fiires. accounting for about half of 

the biomass burned. The amoimt of biomass burned owing to shifting cultivation 

was close to 2 1/2 times greater than that due to deforestation. 

Table 2.2: Amount of biomass bvimed in late 1970s (Hao and Liu. 1994) 
Region Defor 

Nonfallow 
Closed Open 
Forest Forest 

Shift Cult 
Fallow 

Closed Open 
Forest Forest 

Savanna 
Fires 

Fuel 
Wood 

Amc 
Res 

ibtal 

i' Amer 230 30 36U 170 710 120 70 lfc)90 
T Africa 120 30 210 330 1600 180 30 2500 
T Asia 100 3 230 10 70 320 150 880 
AustraUa 290° 1 30 320 

Total 450 60 800 510 2670 620 280 5390 
All values are in teragrams per year 
" Values include all savanna ana forest fires 
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Table 2.3 shows the results from several studies about the amount of biomass 

burned from various sources in the tropics (Seiler and Crutzen. 1980: Hao et al.. 

1990; Crutzen and Andreae, 1990; and Hao and Liu. 1994). There is a certain 

similarity in the results with respect to the total amoimt of biomass biumed per year. 

However, the results for individual sources are much more dispersed. For instance, 

for deforestation the range of values from Seiler and Crutzen (1980) and Hao et al. 

(1990) do not even overlap, while the maximum estimate from Crutzen and Andreae 

(1990) is significantly larger than the other papers. There are similar discrepancies 

throughout the rest of the table. The estimate for agricultmral residues obtained 

by Hao and Liu (1994) is much lower compared to the others. They attribute 

this to an assumption that about 80% of the agricultmral residues were burned in 

the tropics, which could be too high according to the field survey by Barnard and 

Kristoferson (1985). AU of the above establishes the already known necessity for 

more quality research in this important field. 

Hao and Liu (1994) also provide a distribution regarding the amoimt of monthly 

biomass burned during the peak of the burning season (the fourth and fifth month) 

in a 5° X 5° grid cell in the tropics. They report that most of the biomass burning 

occurs between 20°N and 25°S in tropical America. Forest fires prevailed north of 

5°S and in the region between 5°-20°S and 40°-65°W of the Amazon Basin in the 

states of Maranhao, Goias, Mato Grosso, and Rondonia. This is the region chosen 

for this work (see Chapter 4). Savanna fires were concentrated in the Cerrado 
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Table 2.3: Comparison of amount of biomass bumed from various sources in the 
tropics (Hao and Liu, 1994) 

Seiler and Hao Crutzen and Hao and 
Crutzen et. al. Andreae Liu 
(1980) (1990) (1990) (1994) 

Deforestation 550-880 280-560 440-1560 510 
Shift cultivation 900-2500 750-940 1110-2220 1310 
Savanna fires 480-1900 3690 670-3560 2670 
Fuel wood 620" 680 670-1330 620 
Agric residues 710^ 660 1110-1780 280 
Total 3260-6610 6060-6530 4000-10450 5390 
All values are in teragrams per year. 
" Value is revised to include only tropical countries (FAO, 1988). 
^ Value assumes that 70% of total agric. residues is produced in the tropics. 

region of 5°-20°S and 40°-65°W. Most of the fuel wood was bumed in the region 

of 0°-30°S of Brazil and 10°-20°N of Mexico. About 2/3 of the fuel wood bumed 

in tropical America was in Brazil. The seasonality of burning varied considerably. 

Intensive burning developed in March. April. May, and June In the region north of 

5°N. September. October. November and December were the peak months of the 

burning season south of the equator. On the other hand, Andreae (1991) reports 

that most of the burning of forests and savannas takes place during the dry season, 

and therefore burning is most intensive in the Northem Hemisphere from December 

to March and In the Southem hemisphere from June to September. Based on a 

1987 satellite survey in Amazonia, Setzer and Pereira (1991) found the highest rate 

of burning to occur in August and September at the southem perimeter of the 

Amazon Basin. Particularly for this work, we took the biomass burning season 

from June to October in the Amazon region. Nevertheless, experience Ln tropical 
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countries shows that burning can be observed almost whenever and wherever the 

plant material is dry enough (Andreae, 1991). Hao and Liu also provide similar 

analysis for the tropical regions of Africa and Southeast Asia. 

According to FAO reports, human population has increased about 24% in Latin 

America, 36% in Africa, and 20% in Asia during the 1980s (FAO, 1991). The 

annual deforestation rate has increased about 36% in tropical America. 12% in 

tropical Africa, and 88% in Asia during the late 1980s (FAO, 1993). The use of 

fossil fuel wood also grew by about 3% annually (FAO, 1991). According to Hao 

and Liu (1994) this changes could result in an additional 300 Tg of biomass biumed 

per year in the tropics. 

The major uncertainties in estimating the amount of biomass burned in the 

tropics are the areas cleared by different land use practices, the fallow period, the 

above mass biomass density, and the temporal distribution of biomass burned (Hao 

and Liu, 1994) 

2.5 Detecting biomass burning through remote sensing 

One major challenge to the scientific community studying biomass burning is to 

accurately evaluate the spatial and temporal distribution of burning over a given 

period of time, that is, weeks, months, or a year. Once the spatial and temporal dis

tribution of burning is known, this information combined with information obtedned 

diuring field experiments on the amoimt of biomass consxuned during burning and 
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on the gaseous and particulate combustion emissions, can provide reliable estimates 

of the gimount of gaseous and particulate emissions released to the atmosphere diu-

ing the burning event. This information can be used in developing global budgets 

of these gaseous and particulate species and to estimate their impact on the compo

sition and chemistry of the atmosphere, 2md on climate. However, the key to make 

good estimates of the atmospheric and climatic impact of burning is through the 

monitoring of the spatial and geographical distribution of burning. Remote sensing 

provides an opportunity for this. Several new techniques have been developed to 

study the spatial and temporal distribution of burning from space using existing 

satellite systems, including the nighttime low-light satellite images obtained with 

the Defense Meteorological Satellite Program (DMSP) Block 5 satellites, the Ad

vanced Very High Resolution Radiometer (AVHRR) aboard the NOAA operational 

meteorological satellites, geostationary satellites, and astronaut photograph from 

the Space Shuttle (Levine, 1996). 

Forest fires, whether ignited by humans or otherwise, can spread over large 

areas, with both the fires themselves and the devastation produced from them 

becoming visible from space-based sensors. While fire is generally the main agent of 

destruction of the site itself, the associated smoke can travel thousands of kilometers 

and have greater consequences (Foster and Parkinson, 1993). The smoke, composed 

of minuscule ash and carbon particulates, can hvirt many man-made and natural 

surfaces as well as effectively attenuating the Incoming solar radiation, thereby 
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obscuring the Sun and causing reduced visibility. If the fires are large enough, 

noticeable temporary cooling firom the smoke is possible (Warren and Clarke. 1990). 

In the event of extreme cases, such as the extensive fires predicted in various nuclear-

war scenarios, the cooling from the smoke may be severe (Warren and Wiscombe. 

1985). In the less extreme case of the Kuwaiti oil well fires during the 1991 Persian 

Gulf War, regional cooling has been mentioned as a possible consequence of the 

fires' smoke (Foster and Parkinson. 1993). 

Visible imagery from satellites frequently reveals the approximate location of 

forest fires by the resultant smoke patterns. Such imagery, however, generally does 

not show the fires which are obscured by the smoke. The locations of the fires can 

be defined by use of satellite sensors with medium and thermal infra-red channels, 

highlighting the hot spots in the image area (Foster and Parkinson. 1993). Satel

lite data can also allow monitoring of various effects of fires, such as the effects on 

atmospheric chemistry. Watson, Fishman and Reichle (1990) demonstrated that 

tropical biomass burning could play a major role in atmospheric chemistry both 

near the source of the burning and through the tropics. Measiurements from the 

Total Ozone Mapping Spectrometer (TOMS) and the Measurement of Air Pollu

tion from Satellites (MAPS) instnnnents have shown a clear seasonal cycle in the 

atmospheric ozone and carbon monoxide amounts in the tropics, a seasonal cycle 

believed to be caused by extensive seasonal biomass burning and the subsequent 
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transport of the smoke trace gas constituents by the prevailing winds (Foster and 

Parkinson, 1993). 

The detection of aerosols over water is relatively straightforward because of the 

large contrast between water and atmospheric aerosols. The detection of aerosols 

over land is often more difficult due to the underlying background. 

2.6 Biomass burning emissions 

2.6.1 Carbon dioxide 

The burning of organic materials generates water vapor and carbon dioxide as 

the primary products according to the reaction (CH2O) + 02 = CO2 + HoO where 

(CH2O) represents the average composition of biological materials. This reaction 

is practically the same as the photosynthesis-respiration reaction (photosynthesis 

from right to left, respiration from left to right). In this sense, biomass burning 

can be seen as an abiotic counterpart of the respiratory metabolism of biological 

material, restoring the products of photosynthesis back to the atmosphere as CO2-

Therefore, on a long time scale biomass burning does not affect the atmospheric 

CO2 budget but merely returns to the atmosphere CO2 that had been removed 

from plants some time before. This however, is not a comforting balance as it 

at first seems: when biomass is burned and is not rapidly replaced by regrowth. 

CO2 is added to the atmosphere and stays there until is eliminated by some other 
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process. It can then contribute to the CO2 greenhouse effect in the atmosphere 

and to global climate change (Andreae, 1991). 

Therefore, it is important to distinguish between gross CO2 emission from the 

burning of savannas and forests and the net CO2 release from deforestation. Al

though the periodical burning of savaimas is notable in the emission of trace gases 

to the atmosphere, it has almost no influence on the CO2 greenhouse effect because 

the CO2 released by burning is reincorporated into savanna vegetation during the 

next growth cycle —i.e., within about one year (Andreae, 1991). In contrast, the 

clearing of tropical forests by burning contributes directly to the CO2 greenhouse 

effect, since the CO2 emitted from the oxidation of the large amoimt of biomass 

stored in a rainforest (as much as 600 tons per hectare, ton/ha) cannot be taken 

up again by the vegetation which will grow on the same site, usually grass or an 

agricultural crop. Furthermore, in the case of deforestation, not only does the CO2 

emitted directly by burning contribute to the atmospheric burden, but in most 

cases the CO2 released during the decay of the unbumed above-ground biomass 

will be greater than that from the burning itself (Andreae, 1991). 

Estimates of the net amount of CO2 added to the atmosphere from deforestation 

fall into a relatively narrow range: Houghton et al. (1985) provide an estimate of 

900 to 2500 Tg C/yr, Detwiler and Hall (1988) suggest a range of 400 to 1600 Tg 

C/yr, and Hao et al. (1990) calculate 700 to 2000 Tg C/yr. However, this concor

dance should not provide unjustified confidence in the accuracy of the estimates. 
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It mostly reflects the fact that all authors base their estimates on the same data 

(Andreae, 1991). According to Andreae et al. (1996) (see Table 2.1), the total 

biomass burning contribution of CO2 is about 13.500 Tg/yr. Compared with the 

33,700 Tg/yr of all the einthropogenic sources about 40% is from biomass burning. 

2.6.2 Other trace gases 

In addition to CO2, other trace gases and particles are emitted from the fires (see 

Table 2.1); they are the products of incomplete combustion of carbon compoimds. 

such as carbon monoxide (CO), methane (CH4), and other hydrocarbons, and of 

compounds containing other nutrient elements, such as nitric oxide (NO) and sulfur 

dioxide (SO2), from the nitrogen and sulfur in amino acids and proteins. Particulate 

matter (aerosol) in the smoke consists of organic matter, black (soot) carbon, and 

inorganic material such as potassitun carbonate and silica. 

Dry plant biomass contains about 45% carbon (by weight), most of the remain

der being hydrogen and oxygen (Andreae. 1991). As we can observe (Table 2.1). 

the emissions combustion are dominated by the oxides of carbon —CO2 and CO. 

The fraction of CO emitted depends on the characteristics of the fire: hot. fast 

fires with a good supply of oxygen produce relatively Uttle CO. whereas smoldering 

fires emit a large fraction of this product of incomplete oxidation (Ward, 1986). 

Pyrolisis and incomplete oxidation in oxygen-deficient fires are also responsible for 

the emission of CH4, nonmethajie hydrocarbons (NMHC), hydrogen gas (Hi), and 
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various partially oxidized orgjinic compounds, such as alcohols, aldehydes, ketones, 

and organic eicids (Andreae, 1991). Consequently these compounds are also released 

preferentially during the smoldering stages. 

During combustion, nitrogen is released by pyrolytic decomposition of the or

ganic matter and then partially or completely oxidized to various volatile nitrogen 

compounds (Andreae. 1991). The most abimdant of theses species emitted is NO. 

but it only represents about 10% to 20% of the nitrogen initially contained in the 

fuel. Other nitrogen compounds (NO2, N2O, NH3, etc) accoimt for another 10% to 

20% of the fuel nitrogen, but some 60% to 70% of these compounds are released in 

as still unknown forms, possibly as molecular nitrogen (Crutzen et al.. 1990). 

Although the uncertainties in the quantitative estimates are still large, it is 

certainly evident from above that biomass burning results in a globally important 

source of a variety of these pollutants to the atmospheric budget. In addition, some 

of these species interact to form other pollutants, particularly ozone (O3). Methane 

(CH4) and nitrous oxide (NoO) are important greenhouse-effect compounds and 

have a long enough residence lifetime to enter the stratosphere and contribute to 

the ozone cycle there (Andreae, 1991). 
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2.6.3 Emission of aerosol particles (smoke) 

Particles emitted from biomass burning have recently received major attention. 

The combustion of biomass produces primary aerosols in the form of ash and char

coal particles, and secondary aerosols in the form of soot, tar condensates, and 

photochemicaUy produced organic, sulfate and nitrate aerosols (Andreae. 1991). 

Ammonia emitted from the fires is taken up in the aerosol and neutralizes acidic 

constituents (Andreae et al., 1988). The type of aerosol produced in biomass burn

ing depends to a great extent on the combustion characteristics; hot. flaming fires 

emit relatively small amounts of aerosol with a high soot carbon content, while 

smoldering fires emit large amoimts of tar condensates with relatively little black 

carbon (Ward and Hardy, 1991). Consequently, forest fires and domestic burn

ing, where smoldering predominates, release large amoimts of particulate matter 

compared to savanna fires, which are denominated by flaming combustion. 

The emission of total particulate matter (TPM) is estimated as 90 Tg/yr. most 

of which is organic matter (Andreae et al.. 1996; see Table 2.1). This quantity, 

however, is much lower than that estimated by Seiler and Crutzen (1980). who 

suggested an emission rate of 200 to 450 Tg/yr for TPM. of which about 90% is 

assumed to be carbon compotmds. and 90 to 180 Tg/yr for elemental carbon. The 

difference is attributed to the fact that the sample plumes measured by Andreae et 

al. (1996) were actually quite "old", and had traveled about one day following the 

bum. Due to the delay between emission and sampling of that work, it is likely that 
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a substantial eunount of the aerosol in particles larger than a few micrometers had 

already fallen out. The estimate of Seiler and Crutzen (1980), on the other hand, is 

based on emission measmrements which were conducted in the immediate vicinity 

of the fires and were therefore not influenced by significant amounts of fallout. 

According to Andreae et al. (1996), their measurements in the Amazonia showed 

that the carbon content of the smoke aerosol is about 66%, which is consistent with 

the aerosol particles consisting mostly of partieilly oxygenated organic matter. The 

content of black elemental carbon in smoke particles from biomass burning is highly 

variable. In smoldering fires it is as low as 4% (weight percent carbon in TPM). 

while in intensively flaming fires it can reach 40% (Ward. 1986). It is also notable 

that the contribution of biomass bmning in the amounts of TPM and carbon con

tent are about 25% and 66% of all the anthropogenic sources, respectively (see 

Table 2.1). 

2.7 Field experiments 

Biomass burning field experiments are important to xmderstand the burning 

characteristics of very diverse ecosystems, including the amount of biomass con

sumed during burning, the gaseous and particulate combustion products produced, 

and the impact of burning on the biogeochemical cycUng of gases firom the soil to 

the atmosphere (Levine, 1996). 
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In 1990, NASA Langley Research Center organized and hosted the first inter

national conference on biomass burning, "Global Biomass Burning: Atmospheric. 

Climatic, and Biosphere Implications." The conference took place in Williamsburg, 

Virgima. March 19-23, 1990. Since then, a series of international and national field 

experiments have studied biomass burning in diverse ecosystems including the sa-

vajmas of southern Afirica and Brazil, the tropical rain forests of Brazil, the temper

ate forests of the United States Pacific Northwest and the boreal forests of Russia 

(Levine, 1996). The Biomass Burning Elxperiment: Impact on the Atmosphere and 

Biosphere (BIBEX), an activity of the International Globed Atmospheric Chemistry 

(IGAC) Project, part of the International Geosphere-Biosphere Program (IGBP). 

has organized and coordinated biomass burning field experiments in the grasslands 

of southern Afirica and Brazil, the tropical forests of Brazil, and the boreal forests 

of Russia and the former Soviet Union. In 1991, the government of Iraq conducted 

a large- scale burning experiment in Kuwait (Levine, 1996). NASA conducted 

the Smoke, Clouds, and Radiation (SCAR) field experiments. The SCAR-C field 

experiment, conducted in the fall of 1994 in the US Pacific Northwest, utilized air

borne instrument platforms to collect scientific information on the characteristics of 

smoke produced through biomass burning, to study the interaction of smoke aerosol 

with clouds, and to validate atmospheric correction algorithms. The SCAR-B ex

periment, conducted in Brazil during August-September 1995, studied the efiiects 
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of biomass burning on atmospheric processes and aided in the preparation of new 

techniques for remote sensing of these processes from space. 
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CHAPTER 3 

ANTHROPOGENIC AEROSOL EFFECTS ON CLIMATE 

3.1 Overview 

The particulate matter suspended in the atmosphere, that is aerosols, origi

nate both from natural and man-made (anthropogenic) sources. Some examples 

of natural soinrces of aerosols include the Saharzin dust generated over Africa and 

transported over the Atlantic Ocean to America. Also, oceanic phytoplankton gen

erate dimethyl-sulfide (DMS) gas that is a precursor of the oceanic sulfate aerosol. 

Volcanic and sea-salt aerosols also constitute a part of the aerosols created natu

rally. 

Anthropogenic aerosol particles are produced in industrial and urban areas of 

the Northern Hemisphere by conversion of gases (e.g., SO2 and NOx) into liquids 

in chemical reactions, and through emission of graphitic carbon. This pollution 

spreads over the Northern Hemisphere and takes part in acidification of rain and 

reduction of visibility. 

Biomass burning in tropical regions, especially the Amazon rain forest, is used 

to clear land for agriculture. As we mentioned earlier in this paper, this generates 

a large fraction of the global flux of aerosol particles as well as trace gases such 



47 

as CO2, CO, and CH4. Smoke particles have similar effects on visibility, clouds, 

precipitation, and radiation as industrial and urban aerosol. 

Since three decades ago, researchers realized the potential climatic effect that 

changing atmospheric aerosol level concentrations could have on the atmosphere. 

McCormick and Ludwig (1967) suggested that increasing atmospheric aerosol con

centration would scatter more sunlight into space, thereby increasing planetary 

albedo and cooling the Earth. More detailed analysis showed that the net effect of 

aerosols on the radiation balance depends on the relative magnitude of the amount 

of light scattered back (represented by the aerosol backscatter coefl&cient) versus the 

amoimt absorbed by the aerosol (expressed by the absorption coefficient) (Mitchell. 

1971). These studies considered only what is now known as the direct effect of the 

aerosol. 

Twomey (1977), on the other hand, was the first to argue about the indirect 

radiative effects of the aerosols, i.e. the effects due to their influence on cloud 

radiative properties. He stated that an increase in the concentration of cloud con

densation nuclei (CCN) induces higher niunber concentrations of cloud droplets in 

a given cloud, and thus, a decrease in cloud droplet radius. By assuming the liquid 

water path constant in a cloud, its reflectance thus increases with CCN concentra

tion. Therefore, a global increase of aerosol particles which can act as CCN would 

increase the albedo of the clouds, and consequently the average planetary albedo. 
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Recently as interest to the possible climatic impacts of the anthropogenic aerosols 

has intensified, Charlson et al. (1992) suggested that the influence of anthropogenic 

sulfate aerosols on climate could be oflFsetting the wanning caused by greenhouse 

gases. This idea was supported by Penner et al. (1992) for the case of biomass 

burning aerosols. 

More detailed subsequent studies have worked toward better estimates and re

duction of the range of uncertainty of the calculations (Penner et al.. 1994: Pan et 

al., 1997, 1998). Recent works (Penner et al., 1994: IPCC. 1995: Hobbs et al.. 1997: 

Kaufinan and Eraser. 1997) suggest that the first estimates given by Charlson et al. 

(1992) and Penner et al. (1992) were too large. The Intergovernmental Panel on 

Climate Change (IPCC, 1995) concludes that tropospheric aerosols resulting from 

combustion of fossil fuels, biomass burning and other sources have led to a direct 

forcing of about -0.5 W/m^, as a global average, and possibly also to a negative 

indirect forcing of a similar magnitude. 

Nevertheless, the range of uncertainty in the calculations is still large. In order 

to increase the accuracy tn future climate change research, we have to determine 

better the role of anthropogenic aerosols in the atmosphere. This is the reason 

why several huge programs at present (principally from NOAA. NASA. DEA) are 

trying to obtain better measurements of the aerosol radiative properties, obtain 

more realistic simulations, and reduce the range of uncertainties in the estimations. 
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Hopefully this work will contribute towards increasing the accuracy in modeling 

aerosols. 

3-2 Aerosol influence on the radiation field in the atmosphere 

Atmospheric aerosols can affect the Earth's radiative balance, and hence the 

climate, by directly scattering and absorbing incoming solar radiation, and indi

rectly by interacting with the cloud optical radiative properties of the atmosphere. 

Conceptually, the direct effect, due to scattering and absorbing properties of the 

aerosols, is already well understood, even though we still have a notable lack of 

knowledge in the aerosol radiative characteristics. On the other hand, the indirect 

effect has been more difficult to comprehend because it involves the more complex 

and less imderstood aerosol/cloud interactions. The indirect effect has two aspects: 

(1) the aerosols can a<:t as cloud condensation nuclei and modify both the cloudi

ness and the size (and therefore, the radiative characteristics) of the cloud droplets: 

(2) the aerosols imbedded in the cloud can modify the radiative properties of the 

cloud itself. Because cloudiness is such an important modulator of the Earth s 

radiative budget, it is necessary to understand this indirect effect and to improve 

our research in this area. 
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3.2.1 Direct influence 

The atmospheric aerosols are entirely described by the tot£il aerosol loading into 

a unit volume, their chemical composition (which affects the radiative properties 

only by the complex index of refraction), their shape, and the size distribution 

(Lenoble, 1984). Prom these physical characteristics we can apply Mie theory ajid 

obtain the aerosol radiative properties, usually by assuming that the "average" 

shape of the aerosols is spherical. The radiative properties of the aerosol are sum

marized by: (1) the extinction coeflScient. 0, (which integrated over a path length 

leads to the optical thickness, r), (2) the scattering coefficient, cr, (or the single 

scattering albedo, uj = cr/0), and (3) the phase function. For climatic purposes 

the knowledge of the asymmetry factor g of the phase function is usually sufficient 

instead of the whole function. The single scattering albedo, uj, which describes 

the absorbing and scattering properties of the aerosol, is strongly dependent on 

the complex part of the refractive index. These radiative characteristics, wliich 

are wavelength dependent, have to be known over the whole spectrum (solar and 

terrestrial radiation) to calculate the radiative fluxes into a climate model by using 

the radiative transfer equation. 

The net direct radiative effect due to atmospheric aerosols is that given by the 

scattering and absorption of incoming solar (shortwave) radiation and outgoing 

(longwave, IR) radiation. In principle, only the backscattering of incoming ra

diation has a cooling effect, while the absorption of incoming radiation and the 



51 

trapping of outgoing radiation eill act in the direction of warming the atmosphere 

(Andreae, 1995) but cooling the surface. Usually the cooling effect is the dominant 

effect, because particles interact more strongly with light which has a wavelength 

close to their physical size. Coakley et al. (1983) found that in average the long

wave effect (warming) is less than 2% of the shortwave radiative effect (cooling). 

Only few types of aerosols in the atmosphere such as, sea-salt, desert dust and 

carbonaceous aerosols have the potential to absorb significant amounts of outgoing 

radiation (Grassl, 1988; Chylek and Wong, 1995). For instance, some model cal

culations of the rsidiation balance over the Sahara desert do suggest that longwave 

absorption may play an important role in this environment (Grassl. 1988). Thus, 

for most environmental situations this term (absorption) is ignored in model cal

culations. However, this will not be the case of our present study since biomass 

burning aerosols have a high content of carbonaceous matter. 

3.2.2 Indirect influence 

Clouds reflect back to space about 1/4 of incident solar radiation, and cover on 

average about 40% of the Earth. Satellite measurements indicate that the albedo 

of clouds lies mostly in the range 0.25-0.65, with an average of about 0.45. A 

number of properties determine the albedo of clouds: its thickness, liquid water 

content, droplet nvunber concentration and size distribution, and solar elevation. 

The greater the number of liquid droplets which lie in the path of the radiation, the 
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higher the probability that photons get scattered backwards and leave the Earth 

towards space rather than being retransmitted to the Earth's snrfeice. Thus, by 

keeping everything else constant, there results an increase of the cloud albedo and a 

decrease of the cloud transmittance with its thickness. On the other hand, if we keep 

the cloud thickness constant, but increase the liquid water content (LWC). then 

albedo also increases, and transmittance decreases. Finally, at constant Uquid water 

path (LWP). cloud albedo also depends on the droplet size distribution (Andreae. 

1995). 

The number of cloud droplets in a cloud is regulated by the concentration of 

CCN. The presence of CCN is critical, since the formation of droplets purely from 

gaseous water molecules would require supersaturations of about 300% which are 

only reached in laboraory conditions. With the CCN involved, when a rising air-

mass exceeds the water vapor saturation level (i.e. a relative humidity of 100%) 

by a certain critical level (some tenths of percent), condensation of water begins 

on the largest and most soluble aerosol particles. This critical supersaturation is a 

function of the mass of soluble material in a given aerosol particle (Andreae. 1995). 

Below this level, the particle stays stable as a hydrated aerosol particle, above it. 

the nucleus grows rapidly into a cloud droplet. The fraction of particles which 

become involved in the formation of cloud droplets depends on the size spectnmi 

of the aerosol, the chemical composition (solubility) of the particles, the rate of 

ascent of the airmass, and the total number of CCN present (Andreae, 1995). 
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CCN number concentrations vary over a wide range, from a few tens per cm^ 

over the remote oceans, particularly during the winter season, to about 100-200 

cm"^ over Weirmer ocean areas, to hundred and thousands per cm^ in continental 

areas, depending on the level of pollution (Hobbs. 1993: Andreae. 1995). At CCN 

number concentrations up to a few himdred per cm^. a large fraction of the CCN 

present develops into cloud droplets (Bigg, 1986) while at larger concentrations 

(> 1000 cm~^) the competition for available water vapor limits the number of 

particles which are activated to grow into cloud droplets (Leaitch et al.. 1986). 

Unfortunately, there are not many studies which have measured CCN and droplet 

concentrations simultaneously. However, they all confirm the influence of CCN on 

cloud droplet numbers: an increase in CCN leads to an increase on the cloud droplet 

numbers (Hudson, 1983; Pueschel. 1986; Hegg et al.. 1991; Leaitch et al.. 1992). 

Cloud optical properties axe most sensitive to variations in CCN concentrations in 

relatively clean areas of the world, especially the remote oceans, while in highly 

polluted areas cloud droplet numbers are nearly saturated and further addition of 

aerosol will have little impact on cloud properties. 

Variations in CCN concentrations, besides changing the cloud albedo through 

the changing of droplet size, also influence the probability that raindrops can form 

from the cloud droplets. For a cloud to rain, about one cloud droplet in a million 

has to grow to precipitable size so that its radius increases from about 10 ^m 

to 1000 /xm. Growth of cloud droplets by vapor deposition can produce droplets 
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with radii of 10 or so, but thereafter growth by this mechanism is slow (Hobbs. 

1993). For wjirm clouds (i.e. clouds containing no ice), drops somewhat larger than 

average can grow to precipitation size only by accumulating smaller droplets that 

lie in their path. Evidently, a broad droplet size distribution is more conducive 

to such growth than a narrow distribution. A cloud containing a large number 

of small droplets is likely to persist longer and eventu£illy evaporate again without 

producing rain than a cloud in which the same amount of water is distributed over a 

smaller nvunber of large droplets (Andreae, 1995). As an example, due to the lower 

aerosol concentrations of marine air, marine clouds tend to have broader droplet size 

distribution than their continental analogues. Thus, other things being equal (i.e. 

for similar updreift speeds and cloud depths), marine clouds cause precipitation 

more effectively than continental clouds. Consequently, for the same amount of 

water concentration, more aerosol increases the lifetime of clouds, and hence the 

fraction of the Earth that is covered by cloud (Twomey, 1991). This would also 

lead to an increase in the Earth's albedo, and produce cooling. 

In addition, water vapor is the most important "'greenhouse gas", and is re

sponsible for a large fraction of the infrared radiation retained by the atmosphere. 

Hence, a large scale change in the horizontal and vertical distribution of water \-a-

por has the potential for significant changes in the energy budget. These effects are 

so complex, however, that currently they have not been seriously studied. Finally. 
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clouds interact not only with the incident shortwave radiation, but aJso with the in

frared radiation emitted by the Earth. For this reason, they also have a greenhouse 

effect. Therefore, an increase in cloud density or fractional cloud cover should, in 

principle, also have a warming component in addition to their cooling effect. 

3.3 On the radiation balance at the Earth's surface 

The net flux of radiation at the Earth's surface results from a balance between 

the solar and terrestrial radiation fluxes: 

ivii = ^sw + FLW- (3.1) 

The shortwave and longwave radiation balance can be expressed by 

Fsw = — F ŷ (3.2) 

and 

Flw — ^Lw ~ ^iw (3-3) 

Therefore, the overall radiation balance becomes 

n'J = fjH- - + Flw - Flw (3.4) 

where the downward and upward arrows denote the incoming and outgoing radia

tion components, respectively. 

The incident solar radiation is the sum of both the direct and diffuse solar 

radiation. It has a pronoimced diximal and seasonal variation, and is also strongly 
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aflfected by clouds. The outgoing shortwave solar radiation is the amount reflected 

by the surface = AsfcF^ where Aafc is the surface albedo so that the net 

shortwave radiation is 

Fsw = (1 — Asfc)F  ̂ (3.5) 

The incoming longwave radiation F^^ comes from the atmosphere and depends 

on the vertical temperature profile, the clouds, and the vertical distribution of the 

absorbers. It does not show a significant diurnal variation. The outgoing longwave 

radiation is given by the Stefan-Boltzmann law. assuming a given emissivity e 

for the Earth's surface. As expected, it follows the diurnal cycle in surface temper

ature with a maximum value in the early afternoon and a minimiun value in the 

early morning. The incoming and outgoing longwave radiation components have 

the same order of magnitude so that the net longwave radiation flux is small com

pared to the net solar flux. However, it becomes important at night when Fsw = 0. 

Usually \F^^\ < \F^^-\ impUes a longwave raxiiative cooling at the surface. The 

net radiation flux at the surface is the given by 

F'rll = F'swi-i-- A.u) - +(3.6) 

This net radiation heats the sxirface. 

The infrared radiation emitted by the surface is strongly absorbed by water 

vapor and carbon dioxide in the atmosphere. In turn, the atmosphere will re-emit 

the absorbed energy equally to space and to the surface. The downward component 
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will be absorbed by the Earth's surface and warm. Thus, the temperature of the 

Earth will be higher than it would be if the atmosphere were transparent for the 

longwave radiation. 

The observed world-wide increase in the concentrations of CO2 and other trace 

gases in the atmosphere must enhance the greenhoxise effect and may lead to a net 

increase in surface temperature over the Earth. 

The majority of the energy absorbed at the surface is used to evaporate water, a 

smaller portion of absorbed energy is lost to the atmosphere as sensible heat, while, 

to a lesser extent, some of the absorbed energy is lost to the imderlying layers or 

used to melt snow and ice. Thus, there are esentially fotu types of energy fluxes at 

the Earth's surface. They are the net radiation flux Frad', the (direct) sensible heat 

flux Fsff, the (indirect) latent heat flux Flff, and the heat flux into the subsurface 

layers F^. Under steady conditions the bgilance equation for the energy is given by 

- FIh - Fi - FM = 0 (3.7) 

where F\[ is the energy involved in melting snow and ice or in freezing water. 

3.4 On the optical/radiative properties of biomass btmung aerosols 

Aerosols of biomass burning origin are among the most complex of the aerosol 

types that affect climate. The chemical composition of these aerosols is sensitively 

dependent upon the generic process, such as biomass species, fire temperature. 
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and meteorologicai condition. Therefore, the aerosol optical characteristics vary 

notably. As mentioned above, the chemical natm-e of a material reflects on its 

radiative characteristics only by its complex refractive index, the imaginary part 

being proportional to the material absorbing coefficient. The smoke particles are 

made of a mixture of several different materials; from a radiative point of view, we 

can consider two types of components: (1) the organic and inorganic nonabsorbing 

or slightly absorbing components, with a real refreictive index around 1.50 and an 

imaginary part smaller than 0.01; and (2) the strongly absorbing soot, or graphitic 

carbon, with a real refractive index around 1.9 to 2.0 and an imaginary part between 

0.5 to 1.0 (Janzen, 1980). For a spherical particle of known radius r and refractive 

index m = — inii, the radiative characteristics defined below can be calculated 

from the Mie theory for a given size distribution n(r) of the same kind of particles. 

The radiative characteristics of the particles are defined in Figure 3.1. The 

whole smoke layer is characterized by its optical thickness (depth) r. which is the 

extinction coefficient integrated over the layer, an average single scattering albedo 

uj , and an average asymmetry factor g. The optical depth is easily measured by a 

groimdbased sunphotometer; from an aircraft flying in the smoke plume the optical 

depth above the flight level can be measured. Measurements show that the opticaJ 

depth is highly variable with the smoke density but is often between 0.1 to 2 in 

the visible (Lenoble, 1991). The particle single scattering albedo characterizes the 

particle absorption and decreases from one for nonabsorbing particles to values 
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which can be close to zero for strongly absorbing particles. Although more difficult 

to measure than the optical depth, the range of likely A^ues for the single scattering 

albedo is between 0.8 and 1 (Lenoble, 1991). The asymmetry factor, varies from 

0.5 for small particles, to 0.8 for large particles. 

On the other hand, Schwartz et al. (1995) hold that the single scattering albedo 

varies form 0.5 to 0.9. Radke et al. (1991) foimd that the single scattering albedo 

varies from a low value of 0.7 following ignition to about 0.9 for an established fire, 

with the average for several cases of 0.83 ± 0.11. Kaufman and Ngikajima (1993) 

estimated that the imaginary part of the refractive index of smoke for Amazon 

forest fires is as small as 0.2 to 0.3 in its absolute value, as retrieved by an AVHRR 

remote-sensing technique that is an inverse method requiring assumptions. This 

means that non-absorbing carbon constituents other than graphitic carbon (soot) 

dominate, resulting in a high single scattering albedo, aroxmd 0.80 to 0.85. unless 

the fire temperature is extremely high. It is remarkable that these values are close 

to the imaginary index value of heavily polluted urban atmospheric aerosols such 

as observed in Asian areas. However, far from the origin of the smoke, the single-

scattering albedo of these aerosols can, by condensing water, reach a value as high 

as 0.98 (Schwartz et al., 1995). 
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Figure 3.1: Definitions of the radiative characteristics 
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3.5 Climate effects due to man-made aerosols 

As mentioned earlier (see Chapter 1), the two major contributions to the an

thropogenic component of the aerosol optical depth emanate from sulfates released 

by fossil fuel combustion and from organics released by biomass burning (Charlson 

and Heintzenberg, 1995; Penner et al., 1994). Pollution will be present mainly in 

the vicinity of eastern North America, central Europe, and eastern Asia. Biomass 

binmlng occxnrs predominantly in tropical and subtropical South America. Asia. 

Africa and Australia. 

3.5.1 Sulfate aerosols 

Sulfate particles certainly do not account for all the anthropogenic forcing but 

undoubtedly they are a major contribution to this forcing, as well as being the 

most wholly studied category of anthropogenic aerosols (Penner et al.. 1994). 

The direct backscatter of solar radiation in clear skies by anthropogenic sulfate 

aerosols was evaluated by Charlson et al. (1991) using a three dimensional model 

for sulfate concentrations together with a model for light scattering. The estimate 

yielded a value of -0.6 W/m^ for the global average pertiurbation to the shortwave ra

diation balance resulting from sulfate aerosols. A coupled mass-balance/radiation, 

single-box model for anthropogenic sulfate aerosol (Chaxlson et al.. 1992) yielded 
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a global mean value of « -1 W/m^ for both the direct and indirect forcings with 

no stated uncerteiinty. 

Presently, the most extensive studies on spatial distribution of aerosol forcing 

have been for sulfate aerosols (Charlson et al., 1991; Kiehl and Briegleb. 1993). The 

reasons for this are: (a) model calculations of the spatial and temporal distribution 

of sulfate aerosols are available, and (b) the optical properties of sulfate aerosols 

are better imderstood than many other aerosol types (e.g. organic aerosols, soot, 

or biomass burning aerosols)(Kiehl and Rodhe. 1995). 

Langner and Rodhe (1991) show that for the naturaJ sources alone, the largest 

forcing occurs over ocean regions with a magnitude of -1 W/m^ to -1.4 VVVm^-

The anthropogenic aerosol forcing is located over the SO2 source regions in eastern 

U.S., central Europe, and eastern China. The maximum forcing is located in central 

Europe, with a magnitude of -4.2 W/m^. On the other hand. Kiehl and Briegleb 

(1993) calculated the spatial distribution of greenhouse forcing due to increases in 

CO2, CH4, N2O, CFCiir and CFC12 from the preindustrial era to the present day 

following the IPCC business-as-usual scenario. They noted a considerable spatial 

distribution in the greenhouse gas forcing despite the fact that these trace gases 

are well mixed in the troposphere. This spatial variation, arises from the variation 

in surface temperature, water vapor, and cloud cover. Maximum forcing occurs in 

northern Africa of 3.4 W/m^, while the lowest forcing occurs over Antarctica. 0.4 

W/m^. They also conclude that summer sulfate aerosol forcing in the Northern 
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Hemisphere completely ofeets the greenhouse forcing over the eastern United States 

and central Europe. They calculated a globally averaged annual forcing of -0.3 

W/m^, a value considerable less than the values estimated by Charlson et al. (1991. 

1992). 

Some sensitivity studies of the direct and indirect forcings have also been per

formed by working with general circulation models (GCMs). Based on a series 

of model experiments, Boucher and Lohmann (1995) calculated the normalized 

globally-averaged indirect forcing as about -1 W/m^ with a range between -0.5 

and -1.5 W/m^. However, they argued that the total uncertainty of the forcing is 

certainly greater than this range. Boucher (1995) also suggests that the indirect 

radiative forcing by anthropogenic aerosols could be about -0.6 or -1 W/m^ aver

aged in the 0°-50°N latitude band. Recently, Lohmann (1998) by working with the 

ECHAM GCM, reported that the direct sulfate aerosol effect is about -0.35 W/m^. 

and the indirect sulfate aerosol effect is between -0.8 and -4.8 W/m^ depending on 

the cloud cover parameterization and the precipitation formation parameters. 

Peimer at al. (1994) estimated the overall imcertainty factor for anthropogenic 

sulfates as 2.3; that is, if the global mean direct forcing were -0.6 W/m^. then the 

range of estimated global mean forcing is -0.26 to -1.4 W/m^. This range includes 

the evaluations mentioned above for this forcing by three-dimensional models (Kiehl 

and Briegleb, 1993) and box models (Charlson et al., 1992). Pan et al. (1997) 

performed an uncertainty analysis of the direct radiative forcing by anthropogenic 
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sulfate aerosols, and he found that the structural difference, measured by the range 

of the mean responses in models with different approximations, is -0.28 to -1.3 

W/m^. and the parametric uncertainty, induced by the uncertainties in the model 

parameters, is -0.1 to -4.2 W/m^, both with 95% confidence. Pan et al. (1998) 

made a similar study but for the indirect forcing case, and they found the structural 

uncertainty between -1.2 to -1.7 W/m^ and the parametric uncert£iinty between -

0.1 to -5.2 W/m^. Both studies implied that refining the input parameters may be 

more important than improving models in order to minimize the whole radiative 

forcing by anthropogenic sulfate aerosols. 

Mitchell et al. (1995), on the other hand, analyzed the climate response to 

increasing levels of greenhouse gases and sulfate aerosols. They used a coupled 

ocean-atmosphere general circulation model (Hadley center climate model) to sim

ulate past and future climate since the beginning of the near-global instnmiental 

surface-temperatmre record, and include the effects of scattering of radiation by 

sulfate aerosols. They state that the inclusion of sulfate aerosols significantly im

proves the agreement with the observed global mean and large-scale patterns of 

temperature in recent decades, although for specific regions is unclear. They pre

dict a future global mean warming of 0.3 K per decade for greenhouse gases alone, 

or 0.2 K per decade with the sulfate aerosol included. It is also suggested that the 

global warming could accelerate as greenhouse-gas forcing begins to dominate over 

sulfate aerosol forcing. 
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3.5.2 Biomass burning aerosols 

Biomass burning has been a feature of the enviromnent since the evolution of 

land plants. The pollutants emitted in the biomass burning process result in the 

formation of tropospheric aerosols that add significantly to the radiative forcing 

attributed to sulfates (Harshvardhan, 1993). Apart from sulfur gases that add to 

the sulfate aerosol burden, smoke from biomass btmiing consists of carbonaceous 

particles that are both scattering and absorbing (Mazurek et al.. 1991). The radia

tive forcing may be determined by estimating the globed burden of smoke aerosol 

and its radiative properties. (Harsvardhan, 1993). 

Penner et al. (1991. 1992) were the first to go through the necessary steps to ar

rive at an estimate of the global radiative forcing. The total mass of carbon burned 

annually has been estimated at 3500 Tg (Crutzen and Andreae. 1990: Andreae. 

1991). The smoke produced by the burning is determined by the particle emission 

factor, which has been measured to be 20-35 g/kg (Radke et al.. 1991). The best 

estimate of the total mass of smoke produced is therefore about 90 Tg/yr. which 

is comparable to the anthropogenic sulfate production. For a tropospheric lifetime 

of 6 days, which is typicai of sulfate aerosols of similar size (Charlson et al.. 1991). 

the smoke loading is 3.6 x 10-3 g/m^. Radke et al. (1991) gives an average value of 

0.83 for the single scattering albedo. The specific mass absorption coefficient was 

O'abs = 0.64 ± 0.36 m^/g. Golitsyn et al. (1988) recommend a value of u; = 0.72 

and aext = 5.6 m^/g from measurements for smoke. 
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By using a model similar to that of Charlson et al. (1992), Penner et al. (1992) 

synthesized all the above information to calculate the raxliative forcing due to the 

smoke from biomass burning. They estimated the globai mean extinction optical 

depth due to smoke aerosols as 0.03, which is comparable to the estimate of sulfate 

aerosol optical depth made by Charlson et al. (1992). They estimated a value 

of -1 W/m^ for the direct forcing and an additional -1 W/m^ for the indirect 

forcing. Therefore, they suggested a combined value of about -2 W/m*. comparable 

to the values estimated for sulfate aerosol (Charlson et al.. 1992). Taking into 

account that the global warming due to the increase of greenhouse gases is around 

2.45 W/m^ (Houghton et al., 1995), Chylek and Wong (1995) suggested that the 

values calculated by Penner et al. (1994) should have been exaggerated because 

otherwise a decrease of the global temperattire would have been observed since the 

last century. Chylek and Wong calculated a range of values for the biomass burning 

aerosols from -0.2 to -1.1 W/m^, by adding a factor which consider the absorbing 

properties of the aerosols to the expression of Charlson et al. (1992). 

By working with more recent airborne measurements of smoke from biomass 

burning in Brazil. Hobbs et al. (1997) estimated the global-mean direct radiative 

forcing due to smoke from biomass burning worldwide to be no more than -0.3 

W/m^. In addition, Kaufman and Fraser (1997) performed a study during the 3 

months of peak biomass burning in the dry season in Brazil, and they calculated 
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that the smoke-cloud (indirect) forcing of climate was only -2 VV/m^ in the Amazon 

region, much smaller than what can be inferred from model predictions. 

As mentioned earlier, the principal contributors to aerosol radiative forcing pro

duced from fossil fuel and biomass burning are beUeved to be black carbon and 

sulfate particles (Charlson and Heintzenberg, 1995). About 40% of the global 

black carbon emission is estimated to arise from biomass burning and the other 

60% from fossil fiiel combustion. By considering both bleick carbon and sulfate 

together and assuming an extemsJ mixture, Schult et al. (1997) calculate a glob

ally averaged direct radiative forcing of approximately -0.2 W/m^. with a quite 

nonuniform geographical distribution. 

Thus, we can observe that the most recent calculations show that the previous 

estimates of Charlson et al. (1992) and Permer et al. (1992) were overestimated, 

however, there is still a large range in the uncertainty of the calculations that we 

have to minimize if we want to make better estimates of the globed warming in 

future decades. 
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CHAPTER 4 

DESCRIPTION OF THE MODEL 

4.1 Methodology 

The primary goal of this work is to estimate the climate impact due to smoke 

from biomass burning in the Amazon. To overcome this, we propose a method 

to incorporate the radiative properties of the aerosols into a GCM to study their 

possible climatic effects. We use this to study the specific case of biomass burning 

aerosols in the Amazon region but clearly, with the appropriate data, we could 

extend this for other regions (i.e.. Africa, Southeast Asia) or even other types of 

aerosols (i.e.. sulfates, dust). The procedure to accomplish the above is briefly 

described as follows: 

1. We use processed data from the Aerosol Robotic Network (AERONET) to ob

tain the aerosol optical depth at 670 nm of the smoke aerosols in the Amazon 

region during the biomass burning season. 

The reason for this is because we calculate the smoke aerosol size distributions 

by using the smoke aerosol optical model from Remer et al. (1997). This 

model uses the aerosol optical depth at 670 nm as an input parameter. 
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2. We assume the complex index of refraction for smoke aerosols, m, as m = 

1.52 — O.Oli. We selected this number based on the last estimations for the 

complex index of refraction for smoke aerosols from the SCAR-B project 

(Kaufman. 1998). It is mentioned that the real part of the refractive index 

is between the range 1.5-1.55, and the imaginary part is between 0.001 and 

0.01. In addition, it is known that the single scattering albedo for the smoke 

aerosols is around 0.9 (Kaufman, 1998). 

Thus, we use the Remer model to calculate the smoke size distributions and 

a Mie theory code (Ruiz-Suarez et al., 1993) to calcrdate the smoke optical 

properties for different cases of the complex index of refraction. Table 4.1 

shows these results for a typical smoke optical depth at 670 nm during the 

bviming season. 

We decided to use an intermediate value (1.52) between the rajige of variation 

of the real part of the refractive index, as the optical properties are not very 

sensitive to this value. On the other hand, we choose the value of 0.01 for the 

imaginary part of the refractive index, because it is the value that provides a 

better match to the measurements of single scattering albedo (~0.9). 

3. We introduce this information into the radiation code of a GCM, the NCAR-

CCM3 BATS (which by simpUcity we call it CCM3 hereafter), which uses 

the <5-Eddington approximation to solve the radiative transfer equation. The 
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Table 4.1: Sensitivity of the spectral smoke optical properties for different values 
of the complex index of refraction. The calculations are for a typical smoke optical 
depth of 0.5 at 670 nm in the Cerrado region during the burning season. 

~m A(mn) r Zj 5 
l.SO-O.OOli 525 0.754 U.991 0.734 

670 0.500 0.988 0.659 
940 0.276 0.986 0.605 

1.50-0.01i 525 0.745 0.924 0.740 
670 0.500 0.907 0.666 
940 0.288 0.878 0.607 

1.55-O.OOli 525 0.740 0.992 0.707 
670 0.500 0.989 0.657 
940 0.278 0.986 0.609 

1.55-O.Oli 525 0.744 0.930 0.714 
670 0.500 0.916 0.664 
940 0.280 0.888 0.611 

1.52-O.Oli 525 0.747 0.926 0.730 
670 0.500 0.911 0.665 
940 0.287 0.881 0.609 

CCM3 model has to be modified in order to replace the original "background" 

aerosol by the new smoke aerosol in the Amazon region during the dry-season. 

The above procedure tries to simulate the direct radiative properties of the 

aerosol. 

4. From analysis of the AVHRR satellite data in the Amazon area. Kaufman 

and Fraser (1997) provided a relationship for the rate of change in the cloud 

droplet effective radius Arg^ with a change in the smoke optical thickness r^. 

By combining the above with the calculated visible optical depth of the smoke 

we simulate the indirect radiative effect of the biomass burning aerosols in the 

context of CCM3. This scheme only represents one of the features that totally 



71 

characterize the indirect effect (see Section 3) of the aerosols. Therefore, it is 

subject to improvement in the future. 

5. We perform 5-year simulations of three different cases: (i) with only the 

direct effect included, (ii) with only the indirect effect included, and (iii) 

with both the direct and indirect effects included. We analyze the results by 

comparing with a 10-year "control" standard simulation which has only the 

background aerosol included. We look at fields such as radiative fluxes and 

surface temperature. Also, we include the climate forcing produced by the 

smoke aerosols in order to compare with previous results (see Section 3). 

All this points mentioned above are discussed in more detail later in this paper. 

4.2 The Aerosol Robotic Network (AERONET) 

According to Holben et al. (1998), accvirate knowledge of the spatial and tem

poral extent of aerosol concentrations and properties has been a limitation for 

evaluating their influence on satellite remotely sensed data (Holben et al.. 1992) 

and cUmate forcing (Hansen and Lacis, 1990). With the exception of the AVHRR 

weekly ocean aerosol retrieval product (Rao et al.. 1989), the voliuninous 20 year 

record of satellite data has produced only regional pictures of aerosol loading and 

none have yielded a data base of the optical properties of those aerosols which are 

fundamental to our understanding of their influence on cUmate change. With the 
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arrival of NASA's Earth Observing System (EOS) era of laboratory quality orbiting 

spectral radiometers, new algorithms for global scale aerosol retrievals and their ap

plication for correction of remotely sensed data will be implemented (Kaufman and 

Tanre, 1996). However the prospect of fully understanding influence of aerosols on 

climate forcing would be small without validation and magnification by additional 

groimd-based observations as can be provided by radiometers historically known 

as Sim photometers (Holben et al., 1998). 

AERONET (AErosoI RObotic NETwork) is an optical groimd based aerosol 

monitoring network and data archive supported by EOS and expanded by federa

tion with many non-NASA institutions. It has been initiated to provide a long-term 

network of automatic stations at different locations globally to measure the spec

tral attenuation of solar irradiance and the spectral, angular scattering of light with 

frequency and accuracy sufficient for integration with satellite measurements (Hol

ben et al., 1996). The network hardware consists of identical automatic sun-sky 

scanning spectral radiometers owned by national agencies and universities. Data 

from this collaboration also provides globally distributed near real time observa

tions of aerosol spectral optical depths, aerosol size distributions, and precipitable 

water in diverse aerosol regimes. The data undergo preUminary processing (real 

time data), reprocessing (final calibration ~6 months after data collection), quality 

assurance, archiving and distribution firom NASA's Goddard Space Flight Cen

ter master archive and several identical data bases maintained globally. The data 
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provide algorithm validation of satellite aerosol retrievals and as weU as character

ization of aerosol properties that are unavailable from satellite sensors. (NASA, 

1997) 

According to NASA (1997), the strategy in EOS is now to complement the 

global distribution of aerosol properties derived from Earth-orbiting satellites on a 

daily or twice daily basis with ground-based measurements at approximately 100 

stations worldwide. These observations will provide measurements of the diurnal 

cycle of aerosol concentration and optical properties, as well as provide statistics 

on some of the missing optical properties needed to analyze the spacebome data. 

Chemical measurements and sampling by researchers worldwide will derive other 

aerosol properties. 

One critical aspect common to all aerosol optical depth retrievals from sim 

photometry networks is separation of cloud affected data from cloud free data. Re

cently Smimov et al. (1998) developed some cloud screening and quality control 

algorithms for the AERONET data base. The procedure has been comprehen

sively tested on experimental data obtained in different geographical and optical 

conditions. These conditions include biomass burning events in Brazil and Zambia, 

hazy summer conditions in the Washington DC area, clean air advected from the 

Canadian Arctic, and variable cloudy conditions. For various sites the algorithm 

eliminates from 30 to 50 percent of the initial data. The algorithm is briefly de

scribed in Appendix B. Unfortimately, the data used for this work did not receive 
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this cloud screening procedure. Thus, more reliable restdts can be accomplished by 

taking this into accpount. 

A more detailed description of the AERONET project can be found in the paper 

by Holben et al. (1998), or in the AERONET homepage: http://spamer.gsfc.nasa-gov 

Figure 4.1 shows a recent display of the AERONET permanent and seasonal sta

tions distributed over the world. For the purpose of this work, to represent the 

spatial and temporal characteristics of the biomass burning season in the Amazon 

we proceed as follows: 

• The Amazon region was chosen between 0°- 19.5°S latitude, and 46.4°W -

63.3"W longitude. These limits are in agreement with the grid cells of a T42 

resolution of the NCAR-CCM3 BATS in the same region. 

• The Amazon region was divided in 8 subregions to represent the spatial vari

ability of the biomass burning season. We chose 8 AERONET stations which 

we asstmie to represent the smoke characteristics of each subregion (see Fig

ure 4.2). These stations were carefully chosen given their greater database, 

quality of measurements, etc.. in comparison with other stations in the region. 

These stations coincide with the stations studied by Holben et ai. (1996). 

• As mentioned above, the data obtained from AERONET were the optical 

depth of the smoke aerosol at 670 nm (in the visible). The dry (biomass 

burning) season in the Amazon generally runs from June to October. To 
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Figure 4.1: AERONET permanent and seasonal sites according to Holben et al. 

(1998) 
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represent the temporal variability of the dry season we took monthly data of 

the smoke optical depth averaged over a period of 3 years (1993-95). This 

period includes the measiurements taken in the SCAR-B experiment (August-

September 1995) where the conditions of the stations were improved consider

ably. Table 4.2 shows the data arranged for every station and month used in 

this work. For the regions where no data was available, we use the standard 

"background" aerosol conditions from CCM3 instead. 

Note: It is important to mention that the results used in this study did not 

have the cloud screening procedure. Therefore, they are still subject to cloud 

contamination. The new data, with the cloud screening procedure applied, is now^ 

available and can be found at the AERONET website. More details about the 

cloud screening procedure is mentioned in Appendix B of this dissertation. 

Table 4.2: Smoke aerosol optical depth at 670 nm during the dry season in the 
Amazon region. The data was obtained as a monthly average during a three-year 
period (1993-95) from AERONET data. 

Station Jxme July August September October 
Santarem-^ NA NA 0.2920 0.4268 0.5108 
Tucucuri-^ NA 0.2009 0.2488 0.4030 0.5744 
Jamari-^ NA NA 0.6942 0.7743 0.5726 
Alta Floresta-^ 0.1125 0.1842 0.7893 0.9276 0.4615 
Porto Nacional*^ 0.3435 0.4292 0.1614 0.4811 0.3996 
Ji-Parana-'^ NA NA 0.8119 1.2682 0.8078 
Cuiaba*^ 0.3109 0.3282 0.5406 0.7674 0.4177 
Brasilia*^ 0.1037 0.0800 0.1524 0.3886 0.2140 
•^Forest site 
'^Cerrado site 
NA - Data not available 
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Figure 4.2: AERONET stations used by this study to characterize the smoke aerosol 

optical properties of the Amazon region. 
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4.3 The smoke aerosol optical model 

A preliminary model of the optical characteristics of the smoke aerosol was 

constructed by Remer et al. (1996) by using AERONET data of only two Cerrado 

stations (Brasiha and Cuiaba) in 1993. Remer et al. (1997) improved their model by 

using a full three year data set (1993-95) that includes additional Cerrado stations 

as well as sites near the deforestation zone. The inclusion of the new data permitted 

a calculation of the uncertjiinties in the physical and optical parameters of the smoke 

model. 

The Remer et al. (1997) model uses an inversion method (Nakajima et al.. 

1983) to acquire aerosol volume size distributions from almucantar sky radiances. 

The Nakajima et al. (1983) inversion does not represent the correct size distribu

tion for small particles due to assumptions at the lower size limit of the inversion. 

They adjusted the volume of small particles by assuming that these particles can 

be represented by a single lognortnal distribution and matching the optical prop

erties calculated by the inversion with the optical properties of a lognormal size 

distribution in a look up table (Remer et al.. 1997b). 

A more detailed description of the model can be found in the papers Remer et 

al. (1997, 1997b). The volume size distributions reveal a bi-modal distribution. 

The accumulation mode and coarse mode are then fit as lognormals according to: 
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dV 
= VoCXp 

['"t] 
252 (4.1) 

d{ln r) 

where dV/d{ln r) is the volume, Vo is the amplitude, is the volume modal 

radius and s is the standard deviation of the natural logEirithm of the radius. The 

parameters of the lognonnal fits along with the uncertainties in the fits for the two 

modes are given in Table 4.3. The resulting uncertainties are much larger in the 

coarse mode than the accumulation mode and also larger for the forest sites than 

the Cerreido sites (Remer et al.. 1997). The model was already tested for the case 

of Cuiaba, Brazil firom August 22"^ to November H"* 1995. The data represented 

aerosol conditions ranging firom optical thicknesses at 670 nm of 0.09 to 1.11. 

Table 4.3: Lognormal parameters for the Cerrado and forest sites (Remer et al. 
1997) 

Cerrado Vo 
Cerrado Vm (ium) 
Cerrado s 
Forest Vo 

Forest (/im) 

Forest s 

accumulation 
TUT 

coarse 

0.132±0.G14 11.5±G.14 
0.60±0.04 1.26±0.23 

/2(r) T < 0.20 4800±1010 
/3(T) t > 0.20 
/4(r) T < 0.20 9.0±24 

0.145±0.025 T > 0.20 
0.60±0.09 1.20±0.30 

Mr 
h\r 
fz\r 
h\r 
fslr 

— -580 + 20700T67O 
= 350 + 9500T67O 
= -2070 -I- 21300r67o 
= 0.074 4- 0.358T67O 
= 1030 + 27300x670 
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We developed a code which includes the information provided by the Remer 

et al. model given in Table 4.3 and used Eq (4.1) to compute the volume size 

distributions given the data that we received from AERONET (see Table 4.2). For 

the purpose of this work, we only used the mean values from the data given in 

Table 4.3. We can easily transform a volume size distribution into a number size 

distribution by: 

dN 3 ^ 
d{ln r) 47rr^ d{ln r) 

4.4 Application of Mie theory to compute the smoke optical properties 

Although in many cases aerosol particles are not spherical. Mie theory is usually 

applied to compute the aerosol optical properties (d'Almeida et al.. 1991). A 

beautiful description of Mie theory can be found in Principles of Optics by Bom 

and Wolf (1975), and it is not in the interest of this work to repeat it here. The 

basis of the Mie theory code used here is described in Ruiz-Su^ez et al. (1993) 

and Montero-Martmez (1993). The original code (and the theory itself) makes its 

calculations for one particle of a given radius r, so we modified the code to compute 

over a given particle size distribution. 

Thus, to compute the smoke optical properties we need: (1) the volume (or 

number) size distribution of the smoke (see Section 4.3), and (2) the complex 

index of refraction of the smoke aerosols. We have already seen the complexity 
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in obtaining a refractive index for smoke aerosols (see Section 3). but following 

the suggestion of Dr. Kaufinan, one of the leaders of the SCAR-B project, we 

£issumed that m = 1.52 — O.Oli, is a good representation for the smoke aerosols in 

the Amazon. We realize that this representation of the complex index of refraction 

for smoke aerosols is oversimplified, because it does not have any dependance on 

wavelength, but at the present time is the best estimation that we could make. 

Nevertheless, the model presented here allows variation with wavelength, so when 

more realistic data are available this calculation should be improved. 

The ajialytic formulas for computing the extinction, scattering, and absorption 

coefficients, the a-ngiilar distribution of the scattering function, and derivable quan

tities. such as the single scattering albedo and asymmetry factor, can be written 

as follows (d'Almeida, 1991): 

a) Ebctinction (e), scattering (s), and absorption ( a )  coefficients 

r{lnlQ) d{log r) 
(4.3) 

b) Single scattering albedo 

(4.4) 

c) Phase function 

r{lnlO) d{log r) 
(4.5) 
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Normalized phase function 

P ( A , 0 )  =  r  F { m , X , r ,e)Trr' 
J r i  r{lnlO) d(log r) 

(4.6) 

d) Asymmetry factor 

_  f  p { X ,  0 ) c o s 9 d { c o s 6 )  
^ f p{\, d)d{cos9) 

(4.7) 

e) Optical depth 

T A { X ) =  [ ' ' ( T e { K z ) d z  (4.8) 

The quantities Qc.s,o(A, r, m) are the dimensionless extinction (e). scattering 

(5), and absorption (a) efficiencies, and F the dimensionless angular - scattering 

intensity efficiency. All these quantities can be calculated with Mie theory. The 

Mie computation is performed for very small stepwidths (Zo^(ri+i/r,)) = 0.1) to 

guaranty the accmracy of the computed quantities. The quantity 6 is the scattering 

angle, dN/d{logr) is the particle number density in unit volimae of air. and ; is 

the height above the ground. The extinction coefficient, cTe, indicates the fraction 

of energy removed, per unit path length, from an incident wave with energy ftux 

density 1 by a collection of particles in suspension characterized by the particle size 

distribution. The energy that then reappears as scattered energy is the scattering 

coefficient, ctj, and the energy absorbed yields the absorption coeffcien, aa. The 

sum of absorption and scattering coefficients gives the extinction coeffcient. a^. 

The single scattering albedo, u, is the fraction of energy removed from the incident 
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wave which reappears as scattered radiation. The single scattering albedo equals 

zero for a perfectly absorbing aerosol and equals 1 for a pure scatterer. The phase 

function, p{9), represents the angular distribution of the scattered energy (angular 

dependence of scattering) . The asymmetry factor is the average of the cosine of the 

scattering angle for scattering radiation. Theoretically, the asymmetry factor can 

vary between -1 and 1. The more the particles scatter in the forward direction, the 

higher is the asymmetry factor. Particles with isotropic scattering properties have 

an asymmetry factor, g = 0. The optical depth is the integration of the extinction 

coefficient over a path length through the atmosphere. 

To perform the calculations the following ranges were taken: 

• r [0.06 fim, 6.0 /xm] 

• A [0.2 fiVd. 5.0 /im] 

• 2 [0 km. 1 km] 

The interval for the particle radius was chosen because it is in the range where 

Mie scattering is relevant. This is directly related with the range for wavelength 

given that Mie scattering is relevant when the "size parameter". x(= I-kt/X). is 

approximately 1. The wavelength range is according to the CCM3 solar wavelength 

range. Finally, we choose the altitude (z) range between 0 and 1 km principally 

because the measured smoke aerosol layers extend no more than 2 km (Remer et 
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al., 1997).Thiis, we decided to place smoke aerosol in the seime three last levels of 

the CCM3 where the "backgroimd" aerosol is already located. 

Thus, we obtain the spectral optical properties of the smoke aerosols for every 

dry- season month and every station. The wavelength range was divided in 18 

intervals in accordance with the requirements of NCAR-CCM3 BATS. 

4.5 Implementation of the smoke direct effect on NCAR-CCM3 BATS 

The radiative scheme of CCM3 solves the radiative transfer equation by using 

the ^-Eddington approximation (Joseph et al. 1976; Coakley et al., 1983). This apn 

proximation has been shown to effectively simulate the effects of multiple scattering 

(Kiehl et al., 1996). 

The scheme divides the solar spectrum into 18 intervals from 0.2 to 5.0 ^m. 

The CCM3 model atmosphere consists of a discrete vertical set of horizontally 

homegeneous layers within which radiative heating rates are to be specified. Each 

of these layers is considered to be a homogeneous combination of several radiatively 

active constituents. Solar irradiance, as weU. as surface reflectivity for direct and 

diffuse radiation in each spectral interval, are specified, as well as the cosine of the 

soiar zenith angle. (Kiehl et al., 1996) 
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The ^-Eddington approximation allows for gaseous absorption by H2O. O3. COo. 

O2, CH4, N2O, CFCii, CFCi2- Molecular scattering and cloud water droplet scat

tering/ absorption are included. Briegleb (1992) provides a summary of the spectred 

intervals and the absorption/scattering data used in the formulation. 

CCM3 already contains a uniform (in space and time) background boundary 

layer aerosol. The aerosol is well mixed in the bottom three layers of the model. 

The aerosol mass mixing ratio in these layers is specified to yield a visible optical 

depth of 0.14. The optical properties of the aerosol are identical to those of sulfate 

aerosols as described by Kiehl and Briegleb (1993). 

The 5-Eddington scheme is applied so that the solar radiation is evaluated once 

every model hour over the sunlit portions of the model earth. The surface albedo is 

specified in two wavebands (0.2-0.7 fim, and 0.7-5.0 ^m) axid distinguishes albedos 

for direct and diffuse incident radiation. Albedos for ocean surfaces, geographically 

varying land surfaces, and sea ice surfaces are differentiated. Ozone is prescribed, 

and CO2 is assumed to be uniformly mixed with constant mass mixing ratio. (Kiehl 

et al., 1996) 

For some diagnostic purposes, such as estimating cloud radiative forcing, a clear 

sky absorbed solar flux is required. A diagnostic calculation is included to give an 

estimate of clear-sky column absorbed and surface absorbed flux. For computa

tional efficiency, the clear sky top-of-atmosphere and surface fluxes are evaluated 

assuming two homogeneous atmospheric layers. The top layer contains only O3. 
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while the lower layer contains all other absorbers/scatterers except clouds. The 

actual surface albedos are incorporated. 

The CCM3 model atmosphere is divided into K-hl layers in the vertical; an 

extra top layer (beyond the K layers specified by CCM3) is added. This extra 

layer prevents excessive heating in the top layer when the top pressure is not very 

low: also, as the model does not specify absorber properties above its top layer, 

the optical properties of the top layer must be used for the extra layer. Layers are 

assumed to be horizontally and vertically homogeneous for each model gridpoint 

and are bounded vertically by layer interfaces. For each spectral band, upward and 

downward fluxes are computed on the layer interfaces (which include the surface 

and top interface). The spectral fluxes are summed and differentiated across layers 

to evaluate the solar heating rate (Kiehl et ai.. 1996). The following discussion 

refers to each of the spectral intervals. 

In general, several constituents absorb and/or scatter Ln each homogeneous layer 

(e.g. cloud, aerosol, gases. ...) . Every constituent is defined in terms of a layer 

extinction optical depth r. single scattering albedo u), asymmetry parameter g. and 

the forward scattering fraction /. To define bulk layer properties, the combination 

formulas of Cess (1985) are used: 

T = Z! 
i  

(4.9) 
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(4.10) 

g = • (4.11) 
U)T 

J 2 )  
U>T 

where the sums are over all constituents. 

The d'-Eddington solution for each layer requires scaled properties for r. uJ. g. 

given by the expressions: 

T '  =  T { l - a j f ) ,  (4.13) 

g- = (4.15) 

The 5-Eddington approximation represents the reflectivity and transmissivity 

to direct and diffuse radiation for every layer as a combination of the above three 

variables. A similar derivation of the downward and upward fluxes for every layer 

is made. A more detailed description of the CCM3 model itself is given in Kiehl et 

al. (1996) and about the ^-Eddington approximation in Joseph et al. (1976). 
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Thus, the initial standard code (known as "control") of CCM3 had to be changed 

in order to include the smoke optical properties in place of the sulfate background 

aerosol in the Amazon region and only during the biomass burning season (i.e. 

from Jime to October). The reason why we replaced -and not added- the optical 

properties of the smoke aerosol to the sulfate '"background" aerosol was because the 

ground-based measurements that we are using (from AERONET) actually measure 

the total column optical depth of the aerosol, no matter if it is smoke or sulfate. 

Similar to the control case, we consider the smoke aerosol as a weU-mixed three-level 

homogeneous layer with the three levels closest to the surface. 

4.6 Implementation of the smoke indirect effect on NCAR-CCM3 BATS 

As mentioned earlier, aerosols can increase cloud reflectivities by providing ad

ditional cloud condensation nuclei (CCN) which nucleate more, but smaller, drops 

for a liquid water path and hence increase the cloud optical depth. This effect is 

very well-known as the Twomey effect (Twomey, 1977). 

For cloud scattering and absorption. CCM3 employs the radiative parameteriza

tion of Slingo (1989) for liquid water clouds. In this parameterization, the optical 

properties of the cloud droplets are represented in terms of the prescribed cloud 

water path (CWP, in imits of kg/m^) and effective radius 

_ /r^n(r)dr 
/ r-^n{r)dr 
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where n{r) is the cloud droplet size distribution over raxiius r (Kiehl et al.. 1996) 

Cloud radiative properties explicitly account for the phase of water. For short

wave radiation, it is used the following generalization of the expression used by 

Slingo (1989) for liquid water clouds. The cloud liquid optical properties, for each 

spectral interval, extinction optical depth, single scattering albedo, asvmmetr^- pa

rameter. and forward scattering parameter are defined as. 

= CWP '4.17' 

-f = 1 - c[ - d[rei. 14.181 

9 i = e \ ^ f l r e i .  4 . 1 9  

where subscript i  denote spectral interval, and I  refers to "hquid". The spectral 

intervals and coefl&cients for hquid water are defined in Briegleb (1992). The ra

diative properties of ice clouds are calculated with similar expressions but different 

spectral intervals and coefficients (Kiehl et al.. 1996). 

To simulate the indirect effect, we focus on the change of the effective radius of 

the cloud by the smoke aerosol influence. From the above mentioned, we note that 

if there is a change in the cloud droplet effective radius then the optical properties of 
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the clouds also change. Kaufinan and Eraser (1997), by analyzing AVHRR satellite 

measurements in the Amazon region, confirmed a relationship between the cloud 

properties and the optical depth of the smoke aerosol. They report that smoke 

increased cloud reflectance from 0.35 to 0.45. while reducing the cloud droplet 

effective radius from 14 to 9 fim. They provided a summary of the analysis of the 

AVHRR satellite data for the rate of change in the cloud droplet effective radius 

and reflectance with a change in the smoke aerosol optical depth. Table 4.4 shows 

part of these important results which we implement into the cloud/radiative scheme 

of CCM3 in the following way: 

Table 4.4: Summary of the analysis of the AVHRR satellite data for the rate of 
change in the cloud droplet effective radius with a change in the smoke optical 
depth Tg. The average results are given for each latitude zone, with the associated 
total precipitable water W for two ranges of r^: moderate smoke. 0.2 < < 0.8: 
and heavy smoke, 0.8 < Tg < 1.3. FVom Kaufrnan and Praser (1997). 

Arei/Ar 
Latitude zone (°) W'(cm) 0.2 < Ts < 0.8 0.8 < < 1.3 
5N - 0 4.5 - 5.0 —: 
0 - 5S 3.5 - 4.5 -7.3 -1.1 
5 - lis 3.0 - 4.0 -4.8 -3.5 
11 - 20S 2.5 - 3.5 -3.7 0.7 

• We assiune Arg/ = Tg/s — where reis denotes the cloud droplet effective 

radius when the smoke aerosol was included, and Veic denotes the cloud droplet 

effective radius with no smoke aerosol included, i.e. the cloud droplet effective 

radius as calculated by the standard control case. 
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• We assume At = — Tc, where r, refers to the visible smoke aerosol optical 

depth, and Tc refers to the visible aerosol optical depth as calculated in the 

control case. 

• Finally, by using the above two assumptions and the values from Table 4.4. we 

can easily calculate the cloud droplet effective radius when the smoke aerosol 

was included, rds- The smoke aerosol indirect effect was permitted to affect 

only the three last levels closest to the surface. 

Of course, reu substitutes Vgic for the different regions in the Amazon area de

pending if the time corresponds to the biomass burning season (as it is the smoke 

aerosol optical depth). Thus, the cloud liquid optical properties are changed by 

Vela via Equations 4.17-4.20. The above means that we only consider the change in 

the droplet effective radius as the principal contributor to the indirect effect of the 

aerosol. Hence, we neglect changes in the cloud Liquid water path or in the total 

cloud cover due to the smoke. 

The following section presents the details about the simulations and results 

obtained in this project, and how they did compare to other works. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Simulations 

To study the effects of the Amazon biomass burning aerosols on climate, we 

proceed to perform a series of CCM3 simulations with different combinations of 

the aerosol effects. We perform three different five-year nm cases with the smoke 

aerosol effects included and compare with a ten-year simulation of the standard 

"control" case (denoted by CON in the plots) of CCM3 which only have background 

sulfate aerosol included. The three cases are: 

1. with only the smoke direct radiative effect included (denoted by DIR), 

2. with only the smoke indirect radiative effect included (denoted by IND). 

3. with both the direct and indirect effects of the smoke included simultaneously 

(denoted by SDI). 

The idea behind constructing these three different cases is to analyze every effect 

separately by comparing their differences with the control case, and check which 

one tends to be the dominant effect. In addition, the analysis of case 3 will tell us 

how "additive" both the direct plus indirect effects could be. 
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It is expected that the analysis from different fields in the model provide us with 

a guide on which aspects of the climate are probably being affected by the biomass 

burning aerosols. We put special attention to fields such as the net radiation at 

the top of the atmosphere and at surface, and surface temperature, which have a 

relevant importance from the climatic point of view. We also expect to calculate 

the radiative forcing for every case. This quantity has been especially important 

lately in order to compare results between different works. Appendix A tells more 

about this quantity. 

Finally, we expect to corroborate our primary hypothesis as mentioned earlier 

in the introduction of this paper. That is, we expect important regional effects but 

little or no global effects from the Amazon biomass burning aerosols. 

5.2 Results 

This section shows the comparisons of the different simulations performed in this 

work as mentioned in Section 5.1. We wiU analyze different fields such as radiation 

fluxes, and siirface temperature. 

5.2.1 Net radiation at the top of the atmosphere (TOA) 

We started the analysis of the different fields in CCM3 with the net radiation 

at the top of the atmosphere (TOA) because: this quantity is fundamental in 
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estimating the climate forcing as defined in Chapter 1 and more clearly in Appendix 

A of this paper. 

The net radiation at TOA is simply computed by differencing two output fields 

from the CCM3 model: the net downward solar flux at TOA (known as FSNT' in 

the model) mimis the net upward longwave flux at TOA (known as "FLNT'). 

Figure 5.1 shows the calculated net radiation at the top of the atmosphere 

(TOA) for different regions around the world. The plots compare the results for the 

different cases mentioned above (see section 5.1). The bars indicate the standard 

deviation for every month of the control case 10-year simulation. 

The major differences between the simulations occur, as expected, in the Ama

zon region during the peaJc of the burning season (September and October). Al

though some other regions, such as Northern Europe in Jrme. also experienced 

minimal changes. 

5.2.2 Net radiation at surface 

Similarly to the net radiation at TOA, we compute the net radiation at surface 

as the difference between the net downward solar flux at surface (known as "FSNS") 

and the net longwave flux at surface (known as 'FLNS'). 

Figure 5.2 shows the results for several regions around the world. In this case, 

we note pronounced differences in comparison with the results of the net radiation 

at TOA. For instance, for Northern Europe the differences are greater around Jime 
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Figure 5.1: Calculated monthly variation of the net radiation at TOA averaged for 

some regions in the world. 
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again, and for Indochina the differences are greater around the spring season. And 

again, the largest changes were in the studied region, where according to the model 

in October a decrease of up to 60 W/m^ compared to the control case was due to the 

total (direct+indirect) aerosol effect. This result might seem huge at first sight, but 

on the other hand, it shows clearly the possible significance of the biomass burning 

aerosols close to the source region. 

Figure 5.3 magnifies the differences between the smoke aerosol cases eind the 

control case. The shadow regions in the figures denote the standard deviation (± 

mean) for the 10-year run control case. In this way, we could appreciate better 

when the results were statistically most significant. The results show that the 

region extending north to the Amazon could be the most affected of the regions 

surrounding the studied area in this particular field. Particularly notable is the 

'warming' effect in October shown by the three aerosol cases in the region north to 

Amazon. 

Figure 5.4 shows the same as Figure 5.3 for the Amazon region. South America 

and an average for the entire world. This illustrates the regional effects. We can 

see that the relevant changes La the Amazon occurred during the whole biomass-

buming season (firom June to October), with the strongest differences at the peak 

of the burning season (September-October). These perturbations clearly have an 

influence at the regional and even the global level, as we can observe in the corre

sponding plots at the peak of the burning season. 
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Figure 5.2: Calculated monthly variation of the net radiation at surface averaged 

for some regions in the world. 
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Figure 5.3: Monthly variation of the differences for the net radiation at surface 

with respect to the control mean (CONTROL) of the different aerosol cases: direct 

(DIR) , indirect (IND) , and direct+indirect (SDI). The shadowed regions represent 

the control mean ± standard deviation. 
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Figure 5.4: The same as Figure 5.3 but for the Amazon region, South America, 

and t he whole world. 
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Figure 5.5 shows a 'dry-season' average global plot of the differences between 

the 5-year simulations for each aerosol case and the 10-year control simulation. We 

can clearly appreciate again the strong 'cooling' effect of the smoke aerosol in the 

Amazon region particularly in the direct and direct+indirect cases. In addition, 

the direct case also shows some strong 'warming' regions such as that in eastern 

Sahara. It is notable that the indirect case has just one small intense cooling region 

that it is located at the northeast of the Amazon region close to Tucucuri station. 

Figure 5.6 shows the statistical significance of the results shown in Figme 5.5 

by using the Student's t-test method (Wilks, 1995). The shadowed areas show the 

significance of the results at the usual 95% confidence interval. We can clearly 

observe how the results with the direct effect included are principally significant 

for the Amazon region. For the indirect effect there is a smaller region in the 

Amazon in which the results seem to be significant. For the direct+indirect case, 

the Amazon region results are quite significant, although some other regions such 

as western Russia and northeastern Africa also showed significance. 

However, by the fact that we are dealing here with multiple comparisons of our 

different GCM grid points, theory states that by performing a simple Student's t-

test is not the best method to probe significance. The reason is that some of these 

points could be showing significance just by chance (Johnson and Wichem. 1988). 

To reduce this risk we applied here a simple and well-known test in multivariate 



Net Radiation at Surface 

-20 20 

-2 
H ······::·}::-::::.%m:a::tc;. <~:%M§#fu::;: 

-20 20 

C 
0 
(..) 
..:_ 
'6 

C 
0 
(..) 

-6 
-~ 

C 
0 y 
'6 
Cl) 

101 

Figure 5.5: Amazon dry-season average (June to October) differences of the net 

radiation at surface with respect to the control case of the three aerosol cases. 

Nomenclature the same as the above figures. 
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Figure 5.6: Statistical significance of the results shown in Figure 5.5 by using the 

Student's t-test method. 
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statistical analysis called the Bonferroni method of multiple comparisons (Johnson 

and Wichem, 1988). 

The Bonferroni method consists in adjiisting the level of significance. 1-a (which 

for 95%. q=0.05), where ot now becomes a' = afm. The parameter m is directly 

related with the number of "independet" tests done. This niunber. m. can be 

estimated by dividing the number of total GCM grid points over the number of 

grid points of oxir characteristic eirea (Thompson, 1999). In our case we axe working 

with a T42 resolution grid which has a total of 128 longitude grid points and 64 

in the latitude, giving us a total of 8192 points. On the other hand, we assume 

our Amazon region of study as the characteristic area which contains 6 grid points 

in the latitude and 7 in the longitude giving us a total of 42 points. Thus, we get 

m a: 195, and a' = .05/195 = 0.000256. This means that instead of plotting the 

results which show significance at the usual 95% confidence interval, we should do 

it now^ as if it were at the 99.97% confidence level by considering the Bonferroni 

correction. 

Figure 5.7 shows the same as Figure 5.6 after we applied the Bonferroni method. 

We can observe that it is now just the southern part of the Amazon region the one 

that shows significance for the direct and direct+indirect cases. For the indirect 

case, it is just a small region at northeastern Amazon the one that probe to be 

significant. We can clearly see how the different scattered points around the world 

which used to show significance have been cleaned up, particularly, the big regions 
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in western Russia and northeastern Afiica. We also applied the same procedure for 

the results of surface temperature and radiative forcing. 

5.2.3 Surface temperatxire 

Figure 5.8 shows the results for surface temperature. For the region north to 

Amazon we note an increase in svurface temperature due to aerosols predominantly 

in the first half of the year, while we note the opposite effect dining the biomass 

burning season, with the exception of October when surface temperature increases 

with the indirect effect. The south region shows just a small increment during the 

biomass burning season in the direct case, and a decrease in surface temperature in 

the same season for the indirect case. For the Amazon, we cannot exactly discern 

what is occurring, but the following figure will help us to clarify some points. 

Figure 5.9 shows the differences in surface temperature with respect to the 

control mean for every aerosol case. We could confirm the results mentioned above 

for the regions north and south to the Amazon. Principally, we can observe a 

•cooling' effect of up to 1 K during the peak of the burning season for the indirect 

case in the region south to the Amazon. For the Amazon region, we can observe 

a monotonic 'warming' effect for the direct case, and the contrary effect (i.e. a 

cooling) for the indirect, and finally a kind of 'up and down' effect for the case 

which contains both effects. It is also surprising to find that all three aerosol cases 
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Figure 5. 7: Statistical significance of the results shown m Figure 5.5 by using the 

Student 's t-test method + the Bonferroni correction. 
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Figure 5.8: Calculated monthly surface temperature (in K) as an average for the 

Amazon region and surroundings. Notation is given as in previous figures. 
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show a wanning of up to ahnost 1 K at the end of the burning season. Later, when 

we analyze the numbers we will try to confirm this. 

Figure 5.10 shows a 'dry-season' average global plot of the surface temperature 

differences between the 5-yeax simulations for each aerosol case and the 10-year 

control simulation. We can see how the model supposed to be producing a warming 

effect for the direct case in most of the Amazon region. However, in other large 

regions such as North America, the Sahara, and most of Russia, are affected in 

the reverse way, that is a cooling effect. For the indirect effect, we can see both a 

warming effect in the northeastern part of the Amazon, and a cooling effect in the 

southwestern part of it. While North America and Russia keep the same sign in 

response, we observe that now the Sahara is being most waxmed. For the combined 

(direct-l-indirect) effect we can see that warming looks to prevail in the Amazon, 

while the Sahara and Russia keep the same behaviour as in the direct case. It is 

interesting to see that in all of our three different cases, we can observe a kind of 

overwarming in some zones close to Antarctica. This looks to be always a problem 

in the response for suface temperature of some GCM's at high latitudes, especially 

in the Southern Hemisphere. However, we are going to test the "real" significance 

of these results by using the Student's t-test and the Bonferroni correction in the 

following two figures. 

Figure 5.11 shows the statistical significance of the results shown in Figure 5.10 

by applying only the Student's t-test. We can observe just small dispersed areas 



108 

Surface Temperature (K) 
+/- SD(CON) IC• • • • •• • · • •IC DIR-CON .. - - -• IND-CON Ir · · · - · ·.t. SDI-CON 

North to Amazon ( ON-10N,78W-50W) 
0.6 

0.4 

0.2 

~ 0.0 

-0.2 

-0.4 

-0.6 
F M A M A s 0 N D 

Amazon (20S- ON,63W-46W) 
1.0 

0.5 

~ 0.0 

-0.5 

F M A M A s 0 N D 

South to Amazon (35S-20S,70W-45W) 
1.5 

1.0 

0.5 

~ 0.0 

-0.5 

-1 .0 

-1.5 
F M A M A s 0 N D 

South America (55S-12N,80W-35W) 
0.4 

0.2 

~ 0.0 

-0.2 

-0.4 
F M A M J J A s 0 N D 

Month 

Figure 5.9: The same as Figure 5.3 but for the case of surface temperature in the 

Amazon region and surroundings. 
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Figure 5.10: The same as Figure 5.5 but for the case of surface temperature. 
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around the Amazon with some degree of significance. In addition, some big areas in 

western Russia and western Sahara looked to be significant principally in the direct 

and direct+indirect cases. However, after we applied the Bonferroni correction (see 

Figure 5.12) we can observe how practically all the regions have been cleaned up 

(except for some scratches at northeastern Amazon). Therefore, we can conclude 

that the changes due to the Ameizon biomass burning aerosol probe not to be 

significant for the siirface temperature around the whole globe. 

5.2.4 Climate radiative forcing 

Finally, we calculate the climate radiative forcing due to biomass burning aerosols 

in the Amazon. As mentioned above, this quantity has been quite important to 

evaluate the influence of a perturbation from a climatological point of view. We 

calculate radiative forcing here, by simply taking the difference in net downward 

solar radiation at the top of the atmosphere (TOA) between every aerosol case 

(direct, indirect, or direct-l-indirect) and the control case. Thus, for instance, we 

refer to the direct radiative effect of the smoke aerosols to the difference in net 

downward solar radiation at TOA of the direct case and the control case, and so 

on. 

Figure 5.13 shows the radiative forcing for the four regions around the Amazon. 

We can easily note that the major changes correspond to the region north to the 

Amazon. We can note a positive indirect radiative forcing (related to 'warming") 
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Figure 5.11: Statistical significance of the results shown in Figure 5.10 by using the 

Student 's t-test method. 
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Figure 5.12: Statistical significance of the results shown in Figure 5.10 by using the 

Student 's t-test method + the Bonferroni correction. 
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of up to 10 W/m^ in this region. A negative direct radiative forcing of the same 

magnitude can be observed in February for the region east to Amazon. 

Figiure 5.14 shows the same for the Amazon, South America and for the whole 

globe. We can clearly note the huge negative forcing (related to "cooling') from -20 

to -40 W/m- during the critical months of September and October. As we can see. 

this is principally due to the indirect effect of the aerosols according to the model. 

We confirm that this perturbation reflects its influence at the regional scale when 

we observe a similar behaviour in the results for South America. Finally, for the 

entire world, we observe a maximum positive indirect radiative forcing in February 

of about 0.7 W/m^. The negative forcing for the three cases was about -0.5 W/m-

in October. 

Figure 5.15 shows the statistical significance of the results for radiative forcing 

during the Amazon dry-season by applying only the Student's t-test. We can 

observe that in all the three different aerosol cases, some areas in the Amazon 

region looked to be significant. It is also notorious, the apparent significance of 

large regions such as western Russia and eastern Sahara in the direct-Findirect case. 

However, after we applied again the Bonferroni correction (see Figure 5.16) we can 

see that there were only small areas in northeastern Amazon the ones that probe 

to be significant after all. Again, we could observe how the Bonferroni test cleaned 

up the small dispersed areas arotmd the world which were showing significance, 

especially those large regions at western Russia and eastern Sahara. Therefore, we 
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Figure 5.13: The same as Figure 5.3 but for the calculated radiative forcing of every 

aerosol case in the Amazon surroundings. 
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can conclude that the changes due to the biomass burning aerosols probe to be 

significant in only small areas inside the Amazon region in the results for radiative 

forcing. 

5.3 Simimary and conclusions 

Figures 5.17 and 5.18 show the dry-season surface and top-of-the-atmosphere 

energy budgets for the CONTROL simulation and the difference between each 

aerosol case simulation and the control averaged over the Amazon region. 

We can note a significant reduction of about -15 W/m^ in the dry-season average 

net radiation at the surface (denoted as RNET) in the Amazon region due to the 

direct eflfect of the smoke aerosols (bottom part of Figure 5.17). However, the 

magnitude of the direct radiative forcing (RTOA) is only about -1.8 W/m^. This 

difference can be explained by observing that it is the net downward solar radiation 

at the surface (FSNS) that it is experiencing a strong decrease (compared to the 

magnitudes of the changes in FLNS, FLNT, and FSNT) because of the direct 

effect of the smoke aerosol layer. This is expected given that the smoke aerosol 

layer was placed in the three last layers closest to the surface. By looking again at 

Equation 3.7, and given that Fq and F\i ~ 0, we realize that, 

RNET ~ LHFLX -f SHFLX (5.1) 
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Figure 5.15: The same as Figure 5.6 but for the case of radiative forcing. 
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Figure 5.17: Dry-season surface and topHof-the-atmosphere energy budgets for the 

CONTROL simulation and the difference between the DIRECT case and the CON

TROL averaged over the Amazon region. Units are in W/m" or otherwise noted. 

S5anbols are as follows: FSNT and FLNT, are the net downward solar and upward 

longwave fluxes at the top-of-the-atmosphere (TOA), respectively; RNET is the net 

radiation at TOA (=FSNT-FLNT); FSNS and FLNS, are the net downward solar 

and upward longwave fluxes at surface; RNET the net radiation into the surface 

(=FSNS-FLNS); LHFLX and SHFLX, are the latent and sensible heat fluxes at 

surface; and TS, is the sxirface temperature (in K). 
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Figure 5.18: Dry-season surface and top-of-the-atmosphere energy budget differ

ences for the INDIRECT and DIRIND cases. Symbols as in Figure 5.17. 
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where LHFLX and SHFLX, are the stirface latent and sensible heat fluxes, respec

tively. As we observe, that result fits perfectly for the control case. In the three 

aerosol cases this balance is close (but not exact), yet the simulations are not com

pletely in equilibrium. Although statisticzilly not significant (as seen in Figure 5.12 

with the Student's t-test method -I- Bonferroni correction) the results for surface 

temperatiure axe quite interesting. The fact that the surface temperature is actually 

being increased for the direct efifect of the aerosol in spite of the strong reduction 

in smface net radiation could be due to the strong absorptive properties of the 

smoke aerosol which may be warming the atmospheric level closest to the surface 

(where the smoke is located) and therefore, strongly reducing the stuface sensible 

heat flux as we can see in Figure 5.17. The wanning produced by the reductions 

in SHFLX and LHFLX are compensating the cooUng produced by the reduction in 

surface net radiation (RNET). 

The indirect case (top part of Figure 5.18) show a decrease in surface net ra

diation that is much smaller (only -6.6 W/m^) than in the direct case, but the 

radiative forcing, RTOA, is approximately four times greater (-8.7 W/m^). The 

decrease in siuface latent heat flux is stronger than in the direct case and there is a 

small increase in surface sensible heat flux. Part of these results could be explained 

as the indirect case does not take into accoimt the absorptive (and also scatter

ing) properties of the smoke; thus, there is no warming close to surface as there 

is with the direct effect. In addition, in the indirect case the changes in LHFLX 
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and SHFLX axe not enough to compensate the cooling produced by the reduction 

of the net radiation at siu^ace, which is supported by the small decrease of surface 

temperatmre (-0.17 K). 

By looking at the averaged results for the 'dirind' (direct-l-indrrect) case, we see 

that in almost aU the fields studied, the direct and indirect effects of the smoke 

aerosol are virtually additive. Further analysis will be necessary with other models 

which couple the direct and indirect aerosol effects. Among the principal features of 

the 'total' effect eure leirge reductions of surface net radiation and radiative forcing, 

of-15 W/m^ and -6.6 W/m^, respectively. There is also a small increase in surface 

temperature of about -f-0.1 K. 

Table 5.1 provides the annual average of some fields studied in this paper for 

three areas: the Amazon. South America, and the whole world. 

By looking at the results for radiative forcing, we see that the magnitude of the 

values are not far from the results of other recent studies (Hobbs et al.. 1997). We 

foimd the features of the results quite similar to the dry-season averages, but of 

course the magnitudes axe smaller. Locally, in the Amazon area, the indirect effect 

simulated here is % 4 times stronger than the direct effect. Another interesting 

point is that in average the 'total' effect (direct-l-indirect, called 'dirind" in the 

table) is approximately the simi of both effects, direct and indirect, in the Amazon 

area. Therefore, we could argue that these effects axe approximately locally additive 

with respect to radiative forcing. Regionally speaking, by looking at the results for 
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South America, we realize the direct effect actually leads to a small 'warming' effect. 

Globally speaking, these results are in good agreement with the latest estimations 

of the biomass burning aerosol forcing. The estimated value of -0.08 W/m^ for the 

total combined effect agrees with the latest results reported of about -0.3 W/m^ 

(Hobbs et al.. 1997), when the two other major biomass burning sources, central 

Africa, and Southeast Asia, plus other minor sources are accounted for. 

In summary, the present model suggest a global annual average total (direct 

+ indirect) radiative forcing of about -0.08 W/m^ for the smoke aerosols in the 

Amazon region. This result seems to be in accordance with the latest estimates of 

the raxiiative forcing from aU sources of this type of aerosol. The direct and indirect 

effects of the smoke aerosol are approximately additive. Locally (in the Amazon 

region), the model provides a total radiative forcing of about -10 W/m^ for the dry-

season only and about -6 W/m^ for the whole year. As shown by Figure 5.16 these 

results are significant up to the 95% confidence level. Thus, we can conclude that 

the model supports a strong regional effect from the biomass burning aerosols in the 

Amazon in the radiation fields. The direct radiative effect is primarily seen in the 

net radiation at TO A, and the indirect effect is primarily seen in the net radiation 

at surface. Finally, from the discussion of the results for surface temperature, we 

probe that the influence of the Amazon biomass burning aerosols is not significant 

globally or even regionally. However, we suggest that the absorptive properties of 
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the smoke aerosols could have an important role in determining the climatic effects 

of the aerosols produced by biomass burning. 

This work could easily continue by calculating similar effects for other important 

smoke aerosol sources, such as Central Africa or Southeast Asia, with the adequate 

databgise and parameterization in the model. The intention of this work has been 

primarily to contribute to a better representation of the smoke aerosols in GCM's. 

an area that as mentioned before has been scarcely explored. 

Table 5.1: Annual averaged results of several fields studied in this paper. 

Amazon direct-con indirect-con dirind-con 
Radiative Forcing (W/m^) -1.03 -4.35 -5.82 
Net Radiation at Surface (W/m^) -6.62 -2.52 -9.10 
Surface latent heat flux (W/m^) -0.91 -3.43 -6.08 
Surface sensible heat flux (W/m^) -5.70 +0.91 -2.98 
Surface Temperature (K) +0.06 -0.03 +0.14 
South America direct-con indirect-con dirind-con 
Radiative Forcing (W/m^) +0.06 -0.34 -0.45 
Net Radiation at Surface (W/m^) -0.90 -0.50 -1.01 
Surface latent heat flux (W/m^) +0.11 +0.15 -1.05 
Surface sensible heat flux (W/m^) -0.69 +0.07 -0.26 
Sm^a^e Temperature (K) +0.02 -0.06 +0.04 
World direct-con indirect-con dirind-con 
Radiative Forcing (W/m^) -0.02 +0.01 -0.08 
Net Radiation at Surface (W/m^) -0.11 -0.03 -0.11 
Surface latent heat flux (W/m^) +0.06 +0.04 +0.03 
Surface sensible heat flux (W/m^) -0.17 -0.07 -0.05 
Surface Temperatiure (K) 0.00 -0.01 0.00 
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Appendix A 

Radiative forcing discussion 

A radiative forcing is a change imposed on the planetary radiation balance. It 

is measured by the net radiative flux change, at some level in the atmosphere, 

calculated to occur in response to the perturbation. The perturbation may be a 

change of incident solar raxliation, atmospheric composition, or planetary surface 

properties, for example. At present, several quantitative definitions of radiative 

forcing exist, their differences depend upon the atmospheric level at which the 

flux change is computed and upon whether the stratospheric temperature profile is 

allowed to adjust to the pertiurbation (Hansen et al., 1997). 

The simplest useful definition of radiative forcing (units of W/m^) is the instan

taneous flux change at the tropopause. WMO (1992) calls this forcing "mode A". 

On the other hand, Hansen et al.. (1993, 1997), refers to this forcing as "instanta

neous forcing", Fj. In a less meaningful alternative. F, is computed at the top of 

the atmosphere. 

A better estimation of radiative forcing is obtained by allowing the stratospheric 

temperature (reported as °C) to adjust to the presence of the perturber. to a 

radiative equilibrium profile, with the tropospheric temperature held fixed. WMO 

(1992) calls this forcing "mode B", and here it is referred as the "adjusted forcing"". 
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Fa (Heinsen et al., 1993; 1997). The rationale for using the adjusted forcing is that 

the radiative relaxation time of the stratosphere is only several months (Manabe 

and Strickler, 1964), compared to several decades for the troposphere (Hzmsen et 

al., 1985), and thus the adjusted forcing should be a better measure of the expected 

climate response for forcings which are present at least several months. 

The adjusted forcing can be calculated at the top of the atmosphere because the 

net radiative flux is constant throughout the stratosphere in radiative equiUbrium. 

The calculated Fa depends on where the tropopause level is specified. Figure A. 1 

illustrates the diflferences among the instantaneous forcing (Fj). the adjusted forc

ing (Fa), the no-feedback siuface temperature response (ATo). the equilibrium 

response (AT^). It is apparent that one might anticipate Fa and ATo to differ only 

by a scale factor, and indeed we usually find ATo(°C) ~ 0.3 Fa(W/m^). IPCC 

(1995) takes this empirical proportionality between Fa and ATo as an indication 

that Fa is an adequate measure of the expected climate response. However. Fa and 

ATo simply different expressions of the same physical assiunption. specifically, 

that the lapse rate in the troposphere is fixed and the lapse rate in the strato

sphere is determined by radiative equilibrium. The real issue is whether AT^. 

the surface temperature change, is proportional to Fa when the tropospheric lapse 

rate is allowed to change in response to climate feedbacks including cloud changes 

(Figvire A. Id) 
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Figure A.l: Cartoon showing the assumptions used in calculating (a) F,. the in

stantaneous radiative forcing, (b) FQ, the adjusted radiative forcing, (c) ATQ. the 

no-feedback surface temperature response to a radiative forcing, and (d) ATj. the 

surface air temperature response including climate feedback effects (Hansen et al.. 

1997). 
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Appendix B 

On the cloud screening procedure for the AERONET data 

base 

For manual mstruments, it is in principle very easy to deal with the presence of 

clouds. Human observers can detect clouds based on subtle textural and spatial pat

terns and therefore do not make observations imder those conditions (Kaufman gind 

Fraser, 1983). Deployment of automatic instruments poses the problem of defining 

an effective cloud screening procedure. In dealing with one or two instruments 

for relatively short time periods, it is possible to perform "subjective" screening 

by a human analyst (Maxkham et al., 1997). But it would, however, be time and 

labor consuming to perform similar 'Manual" cloud screening of multi-year records 

for any significant mmiber of instruments. Further argument for automatic cloud 

screening is that human observers can be inconsistent in their cloud detection de

cisions. Procediures should be computerized and at the same time generalized as 

much as possible to be able to handle data sets associated with various and some

times absolutely different types of aerosol. Harrison and Michalsky (1994) have 

developed an objective analysis algorithm for their Langley regressions. This al

gorithm was, however, designed for a multifilter rotating shadow-band radiometer. 
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Instruments of this type have their own methodological singularities and hence 

require a different measurement protocol. 

The AERONET federated network is the most globally distributed ground 

based system resulting in a data base of widely variable atmospheric conditions. 

AERONET imposes a standardization for measurement protocol, data processing 

and calibration. By necessity, a reliable and physically admissible automatic cloud 

screening procedure is fundamental for the success of the program. The automatic 

sim/sky CIMEL radiometer CE-318 acquires data regardless of sky conditions. The 

radiometer makes only two basic measurements, either direct sim or diflFuse sky ra

diances, both within several programmed sequences. The direct sxm measurements 

pose the most difficult screening problem. 

The direct sim measurements are acquired in approximately 10 seconds across 

eight spectral bands which can be located anywhere between 340 and 1020 nm (440. 

670, 870, 940 and 1020 nm are standard). A sequence of three such measurements 

are taken 30 seconds apart to yield a triplet observation per wavelength. Triplet 

observations are made during morning and afternoon Langley calibration sequences 

at precomputed optical airmass values and at standard 15-minute intervals in be

tween. The temporal variation of cloud optical depths is typically greater than that 

of aerosols causing an increase in the observable variation in the triplets (Holben 

et al., 1998). 
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Two major criteria is used in the cloud screening procedure. First, stable triplets 

are retained in order to eliminate high frequency changes. Second, rapid temporal 

optical depth diurnal variations ("spUces") are eliminated between selected triplets 

by applying a root mean square second derivative threshold. From a physical point 

of view, the aerosol spectral optical depth cannot undergo large rapid changes 

(except in narrow plumes) and some smoothness in time and space can be expected. 

The smoothness criterion is based on the idea of limiting sudden increases and 

decreases of optical depth. 

The procedure was tested on experimental data obtained in different geograph

ical and optical conditions. These include biomass burning events in Brazil and 

Zambia, hazy summer conditions in the Washington DC area, clean air advected 

from the Canadian Arctic, and variable cloudy conditions. A certain degree of 

preference was given to several cases when observer's remarks were available. For a 

variety of sites our screening algorithm eUminated from 30 to 50 percent of the ini

tial data. Figure B.l describes in a flow diagram the cloud screening algorithm for 

the AERONET aerosol optical depth database which is fully described by Smimov 

et al. (1998). 
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