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1. Introduction 

Solar radiation is the main source of energy for the Earth-atmosphere system, and directly 
or indirectly, is responsible for all phenomena affecting the meteorology and climatology of 
this system. The variation of any component of this system affects the radiative equilibrium, 
resulting in, for example, changes in the temperature of the system and/or in the 
configuration of the atmospheric circulation. In order to quantify these effects the concept of 
radiative forcing was introduced in the literature to show the magnitude of radiation 
variation due to changes in a specific atmospheric component, for instance, clouds, gases or 
atmospheric aerosols.  

One of the main reasons for the changes in the energy balance of the Earth-atmosphere 
system is the variation in the concentration of greenhouse gases, GHGs, which contribute to 
an increase in the system temperature. On a global scale, the total annual anthropogenic 
emissions of GHGs have increased 70% between 1970 and 2004 with respect to the pre-
industrial era. The associated radiative forcing of this increase is expected to be +2.3 Wm-2, 
with an uncertainty of ±0.2 Wm-2 (IPCC, 2007). 

On the other hand, another decisive factor is atmospheric aerosol, both from natural and 
anthropogenic origin. These atmospheric constituents, directly and indirectly, modify the 
energy balance of the Earth-atmosphere system: directly through the absorption and 
dispersion of solar radiation in the atmosphere and, indirectly, by acting as nuclei of cloud 
condensation, and modifying their own properties (albedo, reflectivity, lifetime, 
precipitation efficiency,...) (Charlson et al., 1987; Lohmann & Fiechter, 2005; Twomey, 1977). 
Finally, there are semi-direct effects associated with the absorption of solar radiation by 
aerosols. These produce an unequal warming of the atmosphere, favouring unstable 
conditions and also contributing to the modification of cloud characteristics (Ackerman et 
al., 2000; Koren et al., 2004). 

Even though the impact of atmospheric aerosols on climate (and climatic change) is 
undeniable, the knowledge of their radiative forcing (direct, semi-direct and indirect effects) 
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is still not well understood (IPCC, 2007). The radiative effects of these atmospheric 
constituents depend largely on their size distributions and their chemical composition. 
Thus, on a global scale, the direct radiative forcing of sulphates is estimated to be -0.4±0.2 
Wm-2, of organic carbon -0.05±0.05 Wm-2, for soot, +0.20±0.15 Wm-2, while aerosol radiative 
forcing from natural origins such as biomass burning and mineral dust are +0.03±0.12 Wm-2 
and -0.1±0.2 Wm-2 respectively (IPCC, 2007). Although the local effects can be far greater and 
reach hundreds of Wm-2, mainly in those regions close to the emission sources (García et al., 
2011a, 2011b; Haywood et al., 2003). These values clearly indicate significant uncertainties in 
the aerosol radiative forcing estimates and confirm the need to study their radiative 
properties and to quantify their effects on radiative balance. 

According to the recent report of Intergovernmental Panel on Climate Change (2007), the 
direct radiative forcing of the individual aerosol species is less certain than the total direct 
radiative forcing by all aerosols. Likewise, recent studies show that most climate models 
underestimate the negative forcing by anthropogenic aerosols (Hansen et al., 2011). In this 
context, the long-term monitoring of different aerosol types is crucial to improve our 
knowledge of the radiative forcing and climate parameters. Nowadays, one of the most 
useful tools supporting this aim is the AErosol RObotic NETwork (AERONET, 
http://aeronet.gsfc.nasa.gov), which provides enough information globally to establish a 
ground-based aerosol climatology. An extended set of physical and optical aerosol 
properties, averaged in the atmospheric column (Dubovik et al., 2002a, 2006) and given at 
more than 180 worldwide locations, have enabled verification of global aerosol models and 
satellite retrievals. 

Thus, this chapter describes an approach to evaluate the direct radiative effect of 
atmospheric aerosols from AERONET observations. The radiative net effect of key aerosol 
types is discussed with a homogeneous methodology, which allows a direct 
intercomparison and establishment of a climatology, for example, to feed into climate 
models or for technical proposals. To that end, the AERONET network (database, radiative 
transfer model and its validation) is presented in section 2, while section 3 shows a 
climatology of the direct radiative forcing of key aerosol types at the bottom and at the top 
of atmosphere. Finally, the main remarks are summarized in the section 4. 

2. AErosol RObotic NETwork (AERONET) 

2.1 AERONET Database 

AERONET is one of the most useful global networks for monitoring atmospheric aerosols. It 
collects near real time observations of spectral and columnar integrated aerosol optical 
properties. These data are collected by automatic sun and sky scanning spectral radiometers 
manufactured by CIMEL Electronique and they are distributed to worldwide locations. The 
direct sun measurements are performed by the CIMEL radiometers on all or some of the 
following channels: 0.34, 0.38, 0.44, 0.50, 0.67, 0.87, 0.94, 1.02 and 1.64 µm (nominal 
wavelengths) with a field of view of 1.2 degrees. Then, the aerosol optical depth (AOD) is 
retrieved at all these wavelengths except at 0.94 µm, which is used to estimate total 
precipitable water content. In addition to the direct solar radiance measurements, these 
instruments measure the sky radiance in four spectral bands (0.44, 0.67, 0.87 and 1.02 µm) 
along both the solar principal plane and the solar almucantar. 
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Solar aureole/sky radiance together with sun measurements are used to retrieve aerosol 
volume size distributions (dV(r)/dln(r) from 0.05 to 15 µm), spectral complex refractive 
index (m(λ)-ik(λ)) and single scattering albedo (ω(λ)) at low solar elevations (solar zenith 
angles, sza, between 50º and 80º), following a flexible inversion algorithm developed by 
Dubovik & King (2000) (Version 1.0 inversion products). This algorithm uses models of 
homogeneous spheres and randomly oriented spheroids (Dubovik et al., 2002a). Recently a 
new version of this inversion algorithm, Version 2.0, has been developed. The most 
significant improvement is the use of a spheroid mixture as a generalized aerosol model 
(representing spherical, non-spherical and mixed aerosols, with shape parameter between 
0.3 and 3.0) (Dubovik et al., 2006), and replacing the spherical and spheroid models used 
separately up to now. In this vein, the Version 2.0 provides a parametrization of the degree 
of non-sphericity (sphericity parameter), as well as the same set of retrieved aerosol 
parameters given in the Version 1.0. The AERONET inversion scheme is clearly summarized 
in paper by Dubovik et al., (2011).  

The appropriate characterization of the surface albedo is a critical issue to estimate aerosol 
radiative effect (Myhre et al., 2003) as well as an important error source in the retrieval of 
aerosol properties (Dubovik et al., 2000; Sinyuk et al., 2007). For that reason, one of the most 
important improvements in the Version 2.0 is the assumption of a dynamic spectral and 
spatial satellite and model estimation of the surface reflectivity (SR), including the 
bidirectional reflectance distribution function (BRDF), in the place of an assumed surface 
reflectivity (Dubovik et al., 2000). Thus, the BRDF Cox-Munk model over water was used, 
which takes the wind effect over water into account by using the wind speed data from 
NCEP/NCAR database (NOAA National Weather Service NOMADS NCEP server). For 
land surface covers, the Lie-Ross model was adopted, where the BRDF parameters are taken 
from the MODIS Ecotype generic BRDF models for vegetation, snow and ice 
(http://aeronet.gsfc.nasa.gov). Finally, another important addition in the AERONET 
inversion products Version 2.0 is that a set of radiative magnitudes are estimated at any 
AERONET station: spectral and broadband fluxes, besides aerosol radiative forcing and 
aerosol radiative forcing efficiency at the bottom of the atmosphere (BOA) and at the top of 
atmosphere (TOA), which allow to study the radiative effects under different aerosol 
regimes. The AERONET radiative transfer model used to estimate them is explained in 
detail in the subsection 2.2, while the validation of AERONET solar flux estimates is shown 
in the subsection 2.3. 

The level of accuracy in the CIMEL measurements is a critical issue in the inversion process, 
since the retrieval algorithm is set to fit the data to the level of AERONET measurement 
uncertainty, i.e., the nominal error in AOD is assumed 0.015·cos (sza), while for sky radiance 
measurements the error is ±5%. These values are determined by calibration conditions. For 
the direct measurements, the calibration of field instruments is performed by a transfer of 
the calibration from reference CIMELs, which are calibrated by the Langley plot technique 
at Mauna Loa Observatory (Hawaii). Typically, the total uncertainty in spectral aerosol 
optical depth for the field instruments ranges from 0.01 to 0.02 under cloud-free conditions 
for air mass equal one (Eck et al., 1999), with the highest errors (0.02) associated with the 
ultraviolet wavelengths. For the sky radiance measurements, the calibration is performed by 
comparing to a reference integrating sphere with an accuracy of ±5% or better at the NASA 
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Goddard Calibration Facility (Holben et al., 1998). Regarding the long-term stability of the 
calibration coefficients, the optical interference filters are the main limiting factors. On 
average, a decrease from 0 to ∼5% per year is expected, depending largely on material 
deposition on the optics. 

The AERONET aerosol products are computed for three data quality levels: Level 1.0 
(unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloud-screened and quality-assured) 
(http://aeronet.gsfc.nasa.gov). The AERONET data used in this study are taken from the 
highest quality version under clear-sky conditions, i.e., Version 2.0 at level 2.0. 

2.2 AERONET radiative transfer approach 

As part of the efforts to enhance the value of retrieval products, a new radiative transfer 
module has been integrated into operational AERONET inversion code. This module uses 
the detailed size distribution, complex refractive index and fraction of spherical particles 
retrieved by AERONET (Dubovik and King, 2000, Dubovik et al. 2006) and provides the 
fluxes and aerosol radiative forcing values as part of AERONET operational product. 
Similar to the AERONET retrieval, the AERONET computations of solar fluxes account for 
the absorption and multiple scattering effects using the Discrete Ordinates DISORT 
approach (Nakajima & Tanaka, 1988; Stamnes et al., 1988). The solar broadband fluxes are 
calculated by spectral integration from 0.2 to 4.0 µm, using more than 200 size sub-intervals. 
In each of these sub-intervals the extinction, single scattering albedo and phase function are 
calculated using the retrieved size distribution in the exact same manner as in the 
AERONET retrieval scheme. The values of m(λ) and k(λ) are linearly interpolated and 
extrapolated from the values m(λ) and k(λ) retrieved at the AERONET wavelengths. 
Likewise, the spectral dependence of surface reflectance is linearly interpolated and 
extrapolated from surface albedo values assumed in the retrieval of the sun/sky-radiometer 
measurements. Note that the AERONET solar fluxes are only evaluated for solar zenith 
angles between 50º and 80º, where the solar geometry conditions are the most appropriate 
for retrieving the aerosol properties (Dubovik et al., 2002b, 2000). 

The integration of atmospheric aerosol scattering and absorption, gaseous absorption, 
molecular scattering and underlying surface reflection effects are conducted using 
developments employed in the GAME (Global Atmospheric ModEl) code (Dubuisson et al. 
1996; Roger et al., 2006). In the GAME code, gaseous absorption (mainly H2O, CO2 and O3), 
is calculated from the correlated k-distribution. The correlated k-distribution allows for the 
interactions between gaseous absorption and multiple scattering to be accounted for with 
manageable computational time. Coefficients of the correlated k-distribution were estimated 
from reference calculations using a line-by line code (Dubuisson et al., 2004). Regarding the 
gaseous content in the atmospheric column, the GAME model accounts for spectral gaseous 
absorption: ozone in the ultraviolet-visible spectral range (0.2-0.35 µm and 0.5-0.7 µm) and 
water vapour in the shortwave infrared spectrum (0.8-3 µm). The instantaneous water 
vapour content retrieved by AERONET (Smirnov et al. 2000) is employed, while the total 
ozone content is taken from monthly climatology values (1978-2004) based on the NASA 
Total Ozone Mapping Spectrometer (TOMS) measurements (http://jwocky.gsfc.nasa.gov/). 
The atmospheric gaseous profile, US standard 1976 atmosphere model, was scaled to match 
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with the gaseous concentrations in column. The GAME code has a fixed spectral resolution 
of 100 cm-1 from 2500 to 17700 cm-1 (4 to 0.6 µm) and 400 cm-1 from 17700 cm-1 to 50000 cm-1 
(0.6 to 0.2 µm). 

The AERONET calculation of broadband radiation is focused on accurate accounting for the 
spectral dependence of the aerosol optical properties and surface reflectivity used as inputs. 
Recent studies showed that both to neglect completely the spectral dependence and to 
consider only specific spectral range of aerosol properties are important error sources. These 
studies found uncertainties up to 30% for total aerosol radiative effect, combining the 
spectral influence and solar zenith angle variation (Myhre et al., 2003; Zhou et al., 2005). 
Also, it should be noted that in contrast with simplified approaches (accounting only for 
asymmetry of phase function) flux calculations employed in AERONET processing use the 
detailed phase function (12 moments). 

As aforementioned, the radiative forcing is introduced in literature to account for changes 
in the solar radiation levels due to changes in the atmospheric constituents. Hence, the 
direct radiative forcing of atmospheric aerosols, denoted as ∆F, is defined as the 
difference in the energy levels between a situation where aerosols are present, FA, and a 
situation where these atmospheric particles are absent, FC. AERONET estimates these 
values at the BOA and the TOA. Thus, radiative forcing can be defined at these two levels 
as: 

 ∆FBOA=FBOA
↓A – FBOA

↓C (1) 

 ∆FTOA=FTOA
↑C - FTOA

↑A (2) 

where the arrows indicate the direction of the solar global fluxes: ↓ ≡ downward flux and ↑ ≡ 
upward flux, which are computed as aforementioned. This sign criterion implies that 
negative values of ∆F at the BOA and at the TOA are associated with an aerosol cooling 
effect, while a warming effect is due to positive values of ∆F at the BOA and at the TOA. In 
climate applications it is also often used the net radiative forcing, which is defined at the 
BOA as: 

 ∆FBOA net =FBOAA – FBOAC (3) 

where FBOAC and FBOAA are the net (downwelling minus upwelling) fluxes in aerosol absent 
and aerosol present situations, respectively. Therefore, the net BOA forcing accounts for 
interaction with the surface and depends on the surface reflectance. At the TOA the values 
of the net forcing are identical to what can be found from the equation (2) because at the 
TOA the downwelling (extraterrestrial) flux is the same either for aerosol absent or aerosol 
present conditions. 

The aerosol radiative forcing strongly depends on solar geometry, so the ∆F results 
presented in this work (section 3) have been limited to a narrow interval of solar zenith 
angles (60±5º), where the maximal number of AERONET retrievals are assembled. The 
whole AERONET scheme, including the inversion process and the simulation of solar 
fluxes, is summarized in the Fig. 1. 
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Fig. 1. AERONET scheme to compute solar broadband fluxes: AERONET inversion scheme 
(Dubovik et al., 2006) and AERONET Radiative Transfer approach. 

2.3 Validation of AERONET solar flux estimates 

High quality solar flux estimates, and hence aerosol radiative forcing values, are crucial to 
properly analyze annual cycles and possible trends. Furthermore, such high quality 
reference data are needed in order to document the quality and consistency of data obtained 
from space-based sensors or climate model simulations. Therefore, the intercomparison with 
observed solar measurements is mandatory. Thus, the AERONET broadband flux estimates 
have been validated in recent works by using ground-based solar measurements from 
global networks and during intensive field campaigns (Derimian et al., 2008; García et al., 
2008). As a result, AERONET solar fluxes agree with solar observations within 10% or 
better.  

García et al., (2008), using ground-based solar measurements under different aerosol 
environments, found that the straight forward comparison between the observed and 
modeled solar irradiance shows an excellent agreement (slope of 0.98±0.00 and bias of  
-5.32±1.00 Wm-2), with a correlation of 99% (see Fig. 2). As a result, in global terms, a small 
overestimation of +9±12 Wm-2 is found on the observed solar radiation at surface, which 
means a relative error of +2.1±3.0%. For each aerosol type, these differences range from -2±8 
to -3±7 Wm-2 under continental background, from +8±9 to +16±10 Wm-2 for stations with 
mineral dust conditions, +14±10 Wm-2 and +6±13 Wm-2 for urban-industrial and biomass 
burning aerosols respectively, lower than +13±10 Wm-2 under oceanic environments and 
+2±10 Wm-2 in the free troposphere conditions observed in the Mauna Loa Observatory. 
These errors are expected to be of the same magnitude at the TOA, since the same 
methodology is used at both levels (gaseous and aerosol distribution, radiative model, etc). 
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These differences could be attributed, partly, to the combination of instrumental errors such 
as cosine response, calibration, linearity, etc., in the pyranometer measurements. All of these 
error sources usually give uncertainties of less than 3%-5% of the instantaneous instrument 
signal (Dutton et al., 2001). Given the solar zenith angle range used to AERONET sky 
measurements (50º-80º), one of the most influencing factor is the non-ideal angular response 
of this type of instruments, which limits their accuracy to about 3%, or 20-30 Wm-2, for 
instantaneous clear-sky measurements (Michalsky et al., 1999). This effect would result in 
measured flux that is biased low relative to true flux, resulting thus the overestimation 
observed in the AERONET solar broadband fluxes.  

 
Fig. 2. Comparison between the solar irradiance (Wm-2) observed by ground-based 
pyranometer and modelled with AERONET inputs at surface (García et al., 2008). The 
legend shows the least square fit parameters. 

In addition to the instrumental uncertainties, the uncertainty in surface albedo and BRDF, 
assumed by AERONET, must also be considered as a potential error source in the modeled 
downwelling fluxes. This is especially true for the locations dominated by mineral dust, 
where the surface albedo is usually quite bright. In such conditions, the values managed in 
AERONET may be higher than real ones, providing an overestimation of the observed 
irradiance as was shown previously. This artefact will be more pronounced for high aerosol 
load due to the multiple scattering processes. Besides the uncertainties in the surface albedo 
for large solar zenith angles must be taken into account in the error interpretation. 

Model assumptions as the homogeneous aerosol vertical structure considered in AERONET 
retrievals can be considered also as sources of uncertainties; however the effect of these 
errors is minor in most cases (Dubovik et al., 2000). The flux calculations are performed for 
multi-layered atmosphere with US standard atmosphere model for gaseous distributions 
and single fixed aerosol vertical distribution (exponential with aerosol height of 1 km). The 
deviations of these assumptions from reality are also potential source of errors, although, 
our tests did not show any significant sensitivity of flux estimates to these assumptions. 
Differences less than 1 Wm-2 due to different vertical profiles were observed on the 
downward solar flux at the bottom of the atmosphere (García et al., 2008). These differences 
are negligible (∼0.2-3%) compared to instantaneous aerosol radiative forcing. 
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Regarding the aerosol shape, the AERONET solar flux estimates account for particle non-
sphericity, a critical issue especially for mineral dust aerosols. Calculation of broadband 
radiative flux often does not consider particle non-sphericity. It is because the possible 
angular and spectral differences are expected to be canceled once all contributions of 
scattered light summed up into the total energy flux. Mishchenko et al. (1997) found that the 
Mie theory can be used for aerosol radiative effect calculations with adequate accuracy even 
for nonspherical aerosol particles. It was noted that using asymmetry parameter, which is an 
integrated value, the contrasting nonspherical-spherical differences in the aerosol phase 
function are averaged out during the integration. However, in AERONET flux estimates 
computations are conducted using not a limited integrated value of asymmetry parameter, 
but using twelve moments of phase function expansion that account for the details of the 
aerosol phase function. In addition, recalculating phase function at each step of spectral 
integration includes the spectral variations of the phase function. Using this type of 
computations, in a study by Derimian et al. (2008) it was shown that neglecting particle non-
sphericity in the simulations of broadband fluxes in the presence of mineral dust results in 
an overestimation of aersosol radiative forcing by up to 10%. 

In many studies in the literature, the aerosol radiative forcing simulations are carried out 
assuming no errors in the solar fluxes without aerosols or they are negligible with regard to 
the uncertainty of the observed measurements. Nonetheless, as found for the Mauna Loa 
Observatory, which is quite representative of a clear atmosphere, we have documented that 
its uncertainties are in the same range that those found under higher aerosol load. Hence, it 
is necessary to give special attention to this assumption because it seems to be not 
completely valid. 

3. AERONET radiative forcing of key aerosol types 

3.1 Description of key aerosol types 

Atmospheric aerosols have a high temporal and spatial variability due to their different 
residence times in the atmosphere and the geographical distribution of their emission 
sources. This heterogeneity leads atmospheric aerosols to have differentiated size 
distributions and chemical compositions and, thus, different impacts on the radiative 
balance of the Earth-atmosphere system. These properties directly determine how 
atmospheric aerosols interact with the solar radiation and the relative importance between 
scattering and absorption processes. In order to account for this heterogeneity of aerosol 
radiative properties, this study examines the radiative effect of the individual aerosol 
species, emitted into the atmosphere from different source areas. Thus, the key aerosol types 
considered here have been shown to have an important influence on the radiative balance, 
according to their rates of emission into the atmosphere and to their radiative properties 
(Dubovik et al., 2002b; IPCC, 2007): desert mineral dust introduced into the atmosphere by 
erosive processes; biomass burning produced by farming activities and forest fires; urban-
industrial, continental background, oceanic aerosols and those that are found in free 
troposphere conditions. Fig. 3 shows the scanning electron microscopy (SEM) observations 
of some of these atmospheric aerosols observed during MINATROC (MINeral dust Aerosol 
and TROpospheric Chemistry) campaign in 2002 in Tenerife (Canary Islands) (Alastuey et 
al., 2005): (a) spongy carbonaceous particles from urban-industrial combustion; (b) sodium 
chloride crystals from marine aerosols; (c) aggregates of micro-crystals of clay minerals 

www.intechopen.com



 
Aerosol Radiative Forcing: AERONET-Based Estimates 

 

283 

typical of mineral dust environments and (d) silica skeletons of fresh water diatom present 
in lakes or ponds from Northern Africa. 

 
Fig. 3. SEM photographs of particle matter observed over Tenerife (Canary Islands) during 
the MINATROC campaign in 2002. 

Following García et al. (2011b), in order to analyze the radiative effect of the aforementioned 
atmospheric aerosols a set of forty AERONET stations were selected (Fig. 4), which have 
been grouped into 14 regions to account for key aerosol types from different aerosol sources. 

 
Fig. 4. Geographical distribution of the AERONET stations used. These stations were 
grouped into 14 regions (from R1 to R14), according to the key aerosol types and their 
geographic location (García et al., 2011b). Each aerosol type is labelled with a different color: 
mineral dust as yellow, biomass burning as green, urban-industrial as gray, background 
continental as brown, oceanic as blue and free troposphere as red.  
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3.1.1 Desert mineral dust 

Desert mineral dust is one of the main aerosols emitted into the atmosphere on a global 
scale, and it therefore plays a decisive role in the radiative balance of the climatic system. In 
general, mineral dust particles show a high capacity for attenuating solar radiation (high 
AOD) and are mainly made up of large particles, which normally form aggregates of micro-
crystals. The chemical and mineralogical composition of these particles strongly depends on 
the characteristics and composition of soils that generate them. For these reasons, this 
discussion is dedicated to mineral dust from the main desert dust areas of the world: the 
Sahara-Sahel desert area (distinguishing two regions: North, R1, and Central Africa, R2), the 
Middle East (Arabian Peninsula, R3) and the Taklamakan and the Gobi deserts (China and 
Mongolia, R4). All of these mineral dust regions are located within "dust belt" (5ºN-40ºN), 
where the mineral dust concentrations are maximal on a global scale (Prospero et al., 2002). 
Please refer to García et al. (2011b) for a detailed description of the AERONET stations used 
and the regions. 

The mineral dust properties are clearly observed in the annual cycle of the inter-annual and 
regional average of the aerosol optical depth (AOD) and the single scattering albedo (ω) at 
0.55 µm and the effective radius of the aerosol size distribution for all regions (Fig. 5, Fig. 6 
and Fig. 7 respectively). The ω is a measure of the effectiveness of scattering relative to total 
extinction for the light encountering the atmospheric aerosol particles (the ratio of scattering 
optical depth to the total optical depth), while the effective radius is an area weighted mean 
radius of the aerosol particles. The combination of AOD, ω and effective radius information 
allows us to describe and discriminate aerosols with similar solar extinction but different 
sizes, such as mineral dust and biomass burning particles. An example is the contribution of 
biomass burning particles due to farming activities during the dry season (winter) in the 
Central Africa region (R2). In this season high AOD values are associated with a clear 
decrease of the ω and the effective radius in contrast to spring, where the mineral dust is the 
predominant aerosol and, thus, larger particles with a lower absorption at 0.55 µm are 
observed. 

In order to guarantee the quality of the AERONET ω estimations this magnitude is only 
retrieved for high aerosol load (AOD (0.44 µm )≥0.4) (Dubovik et al., 2002b; 2000). 

3.1.2 Smoke from vegetation fires 

Biomass burning aerosols are dominated by fine particles of black carbon and organic 
material from forest fires of local and regional farming activities, mainly from the tropical 
regions of Amazonian forest (R5) and African savannah (R6) (25ºS-25ºN) during the dry 
season. Their radiative properties are mainly given by the different material composition 
and combustion processes associated with their production (with or without flames). Thus, 
in the African savannah, most biomass burning particles are produced by means of flaming 
combustion, while in deforestation fires, typical of Amazon forest, ∼50% or less of the 
biomass burning is produced by this phase of combustion. These different production 
mechanisms lead to different concentrations of black carbon: 15-20% of the aerosols 
generated during the flaming combustion phase correspond to black carbon while less than 
3% are generated during smouldering combustion (García et al., 2011b and references 
therein) and, thus, significant differences occur for the single scattering albedo (Fig. 6.b). 
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Fig. 5. Annual cycle of the inter-annual average of the aerosol optical depth (AOD) at 0.55 
µm for the key aerosol types grouped into 14 regions. Error bars indicate 1σ (standard 
deviation). 

Together with the production of biomass burning due to agriculture, this aerosol is also 
produced, but to a lesser extent, in fortuitous or provoked forest fires over the continental 
platforms of North America and Eurasia (R7). These fires occur almost exclusively during 
summer, when meteorological conditions are more favourable. In these cases the 
smouldering combustion aerosols are majority (Dubovik et al., 2002b). 

Besides the aerosol size, a clear difference between mineral dust and other aerosols, such as 
biomass burning or urban-industrial ones aerosols is the spectral dependence of the 
absorption properties. Mineral dust show the highest absorption at wavelengths close to the 
ultraviolet solar range in contrast to biomass burning and urban-industrial aerosols, where 
the absorption increases in the near infrared region (Dubovik et al., 2002b, Hess et al., 1998). 
Also, it should be noted that, while mineral dust was previously considered as strongly 
absorbing (e.g. Hess et al., 1998), Kaufman et al. (2001) and (Dubovik et al., 2002b) 
demonstrated using AERONET and satellite observations that mineral dust is practically 
does not absorb in visible and near infrared.  
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Fig. 6. Annual cycle of the inter-annual average of the aerosol single scattering albedo (ω) at 
0.55 µm for the key aerosol types grouped into 14 regions. Error bars indicate 1σ (standard 
deviation). 

3.1.3 Urban and industrial pollution 

Urban-industrial aerosols are very small particles so the fine mode is predominant in the 
size distribution. The main sources of these aerosols are found in the most heavily 
populated and industrialized areas of the world, such as Europe (R8), the East and West 
coast of North America (R9) and Southeast Asia (R10). The industrial combustion processes, 
the population or even the regional meteorological conditions are responsible for the 
differences in their radiative properties. For example, although road traffic is a common 
source in all regions, and in some cases the main source of contamination, Europe has a 
higher proportion of diesel automobiles than United States (Dubovik et al., 2002b). Also, 
new chemical measurements show that downwind of the eastern United States the 
contribution of carbonaceous material to AOD (30%) is double that of sulphates (16%),with 
water intake (48%) and black carbon (6%) accounting for the rest (Kaufman & Koren, 2006). 
Hence, the American region exhibits a lower absorption capacity (see Fig. 6.c).  

Note that in the Asiatic region there are notable episodes of mineral dust transport from the 
Gobi-Taklamakan deserts during spring and at the beginning of summer, which are 
responsible for the spring peak observed in the AOD and the effective radius annual cycles 
(Fig. 5.c and Fig. 7.c respectively). 
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Fig. 7. Annual cycle of the inter-annual average of the effective radius (µm) for the key 
aerosol types grouped into 14 regions. Error bars indicate 1σ (standard deviation). 

3.1.4 Background continental 

Background continental aerosols are typical from non-industrial areas located over eastern 
European (R11) and American (R12) prairies, where the main aerosol type generally derives 
from continental sources, such as biogenic emissions from forests, re-suspension of particulate 
matter from grass and soil, etc. Normally, the presence of local anthropogenic pollution 
sources is not significant in these regions, although they may be affected by regional transport 
from nearby urban-industrial areas or forest fires. Therefore, they may show similar properties 
to urban-industrial (R8 and R9) and biomass burning aerosols from boreal forest fires (R7): 
exhibiting small sizes and a significant absorption (Fig. 7.d and Fig. 6.d respectively). 

3.1.5 Oceanic aerosol 

Sea spray generated from the surface of the seas and oceans is the most common component 
globally (R13). Nonetheless, they have a minor role in the solar radiative balance of the 
Earth-atmosphere system due to their low capacity for extinguishing solar radiation (low 
and stable AOD, Fig. 5.e). These particles are also characterized by a pronounced mode of 
coarse particles with effective radius of the order of mineral dust, except that oceanic 
aerosols have a spherical shape because of their hygroscopic character. These particles are 
normally the result of two physical processes: stirring the sea surface by wind and the 
rupture of air bubbles during the formation of sea foam. 
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3.1.6 Free troposphere 

The atmospheric conditions for monitoring atmospheric aerosols in the free troposphere are 
very special. These measurements should be representative of natural background 
conditions. This difficult requirement is only met in a few high mountain observatories, 
which are exposed to a natural undisturbed atmosphere with minimal influences from 
natural ecosystem or human activities. 

In order to evaluate the aerosol properties of the free troposphere (R14) two GAW (Global 
Atmospheric Watch) stations were considered: Mauna Loa and Izaña Observatories. Both 
places are located at a high altitude (2,367 and 3,397 m a.s.l. respectively) and above a 
thermal inversion layer, thus avoiding the contributions of natural and anthropogenic 
aerosols. The exceptions are episodes of African desert mineral dust measured at the Izaña 
station during the summer, months of greatest activity in the North Sahara-Sahel region. 
Thus, these events are responsible for the marked increase of AOD and effective radius 
observed in the free troposphere region during summer (Fig. 5.f and Fig. 7.f respectively). 

In order to estimate a budget of aerosol emissions, the frequency of occurrence of those 
situations with a high extinction of solar radiation has been computed for each region and 
aerosol type (Fig. 8). For that, we have only considered cases with AOD (0.44 µm)≥0.4 
according to AERONET’s high quality threshold. The Central Africa region (R2) clearly 
shows the highest number of cases that exceeds the AOD limit, 32% of those analyzed, in 
contrast to 15% in the Arabian mineral dust or values lower than 5% in the other regions 
under mineral dust. Regarding biomass burning regions, the African savannah has the 
majority impact on the AOD levels (∼15%) and doubles the cases observed in the 
Amazonian region. This latter region and the urban-industrial areas show similar 
percentages, ∼8%, while for background continental regions they represent less than 1% of 
the total. Finally, in the oceanic and the free troposphere regions there are no situations that 
fulfilled the AOD threshold. 

 
Fig. 8. Frequency of Occurrence (%) of cases with AOD (0.44 µm)≥0.4 for the key aerosol 
types grouped into 14 regions. The key aerosol types are labelled as: MD≡Mineral Dust; 
BB≡Biomass Burning; UI≡Urban-Industrial; BC≡Background Continental; O≡Oceanic and 
FT≡Free Troposphere. 
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3.2 Radiative Forcing at the BOA and at the TOA 

As aforementioned, AERONET computes the direct radiative forcing at the BOA and at the 
TOA in order to study the effect of atmospheric aerosols on the climate system. The high 
density of the AERONET stations allows for a detailed analysis of ∆F and thus the estimates 
of the total radiative effect of key aerosol types. 

The aerosol radiative forcing strongly depends on the total aerosol extinction (AOD), the 
solar geometry and the surface type. This latter parameter is especially critical in estimating 
the ∆F at the TOA, since a clear decrease of the ∆F absolute values has been documented as 
surface reflectivity increases, even changing the sign of the radiative forcing. Recent studies 
found that over dark surfaces (oceanic and vegetative covers, i.e., surface reflectivity, SR, 
lower than 30%) atmospheric aerosols always cool the Earth-atmosphere system, regardless 
of aerosol type (García et al., 2011a, 2011b). Nonetheless, over the brightest surfaces, the 
total radiative effect depends on the aerosol absorption properties and on the SR values. 
Therefore, in order to make a consistent comparison of the net aerosol effect, the analysis 
has been partitioned into two ranges of surface reflectivity: SR≤30% and SR>30%. Besides, 
the data shown are limited at sza of 60±5º to take the nearly same geometry into account. 

The annual evolution of the ∆F is mainly determined by the annual variations of total 
aerosol extinction (AOD), as shown in Fig. 9 and 10 (∆F values at the BOA, eq. 1, and at the 
TOA, eq. 2, respectively for SR≤30%). Thus, the ∆F annual cycle of each key aerosol type, 
both at the BOA and the TOA, perfectly follows its respective AOD annual evolution (see 
Fig. 5). The highest annual ∆F amplitude (in absolute value) is observed for the mineral dust 
regions, while the oceanic aerosols present the flattest ∆F annual cycle. The lowest ∆F is 
observed for the free tropospheric region, however its amplitude variations present a 
significant peak value in summer, associated with the arrival of mineral dust from the 
Saharan desert to the Izaña station. The biomass burning aerosols also show a clear 
seasonality, increasing the ∆F values (in absolute value) during the biomass burning season 
(from July to December). Finally, the urban-industrial regions have a wide ∆F amplitude 
mainly from January to August. It is important to mention that the ∆F inter-annual averages 
were negative for all regions both at the BOA and the TOA, denoting a global cooling effect 
by atmospheric aerosols. 

The maximal values of ∆F at the BOA and at the TOA are found in the Central Africa region 
during winter, associated with the mixture of mineral dust from the Sahara-Sahel desert and 
biomass burning aerosols, around -180 Wm-2 at the BOA and higher than -40 Wm-2 at the 
TOA. During the summer period (wet season) the ∆F values are comparable to other 
mineral dust regions or other aerosol species (like biomass burning or urban-industrial 
particles). In this region, we also found the highest AOD levels among those analyzed. 
Furthermore, it is remarkable the peak observed in the biomass burning regions from 
South America and South Africa during the fall, a period of maximal biomass burning 
activity, with ∆F values higher than -80 Wm-2 at the BOA and around -40 Wm-2 at the 
TOA. These values are even more important than Saharan (R1), Arabian (R3) and Asian 
(R4) mineral dust and of the order of those observed under urban-industrial 
environments. These latter regions correspond to the most industrialized areas in the 
world (Southeast Asia, Europe and the East coast of North America), where their radiative 
forcing values range between 0 and -80 Wm-2 at the BOA and from 0 to -40 Wm-2 at the 
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TOA, during the first half of the year, diminishing slightly in the second half. Regarding 
the areas dominated by background continental aerosols, the results show that the forcing 
values in the European region (R11) are double those observed in the American region 
(R12). Finally, the lowest values of forcing are obtained in the oceanic region and under 
free troposphere conditions, with values lower than -10 Wm-2 both at the BOA and at the 
TOA. 

 
Fig. 9. Annual cycle of the inter-annual average of the aerosol radiative forcing (∆F, Wm-2) at 
the BOA for the key aerosol types grouped into 14 regions and for surface reflectivity 
SR≤30%. Error bars indicate 1σ (standard deviation) 

The BOA radiative forcing provides decrease of the solar radiation at the surface due to 
scattering of radiation back to space and due to trapping of radiation in the atmospheric 
layer. Therefore, decrease of the solar radiation at the surface in conjunction with low 
aerosol scattering effectiveness (low single scattering albedo) indicates increase of radiation 
trapped in the atmospheric layer due to aerosol absorption, which is directly related to the 
aerosol semi-direct effect. This absorption produces an atmospheric temperature gradient 
contributing to the modification of atmospheric dynamic and cloud characteristics. As can 
be seen from Fig. 9 the most significant BOA forcing occurs in the Amazonian, South Africa 
and Central Africa regions. The Amazonian and South Africa are known as biomass burning 
regions, while the Central Africa in winter time is characterised by the mixture of mineral 
dust and biomass burnings particles, in all these cases the single scattering albedo (Fig. 6) is 
low presenting important aerosol absorption. 
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Fig. 10. Annual cycle of the inter-annual average of the aerosol radiative forcing (∆F, Wm-2) 
at the TOA for the key aerosol types grouped into 14 regions and for surface reflectivity 
SR≤30%. Error bars indicate 1σ (standard deviation). 

How atmospheric aerosols affect cloud cover (increase or decrease) is one of the largest 
uncertainties in climate models (IPCC, 2007). In fact, recent studies show that heavy smoke 
over the Amazon forest and pollution over China decrease the cloud cover by heating the 
atmosphere and cooling the surface and these effects may balance some of the large negative 
aerosol forcing (Kaufman & Koren, 2006, and references therein). Likewise, Satheesh & 
Ramanathan (2000) have shown that, over the tropical Indian Ocean during winter months, 
absorbing aerosols produce important atmospheric heating, which is translated into a 
diurnal mean heating rate perturbation. Therefore, the assessment of the seasonal variations 
in the ∆F values at the BOA and at the TOA presented here is fundamental to document 
properly these aerosol effects in climate modelling both at the regional and global scale. 
Furthermore, the cloud properties, one of the most crucial climatic elements, strongly 
depend on these seasonal behaviours. 

On the other hand, a very interesting issue is to observe whether there are differences in 
radiative forcing when the different aerosol types under study are grouped according to 
their origin. Thus, the regions R1, R2, R3, R4, R7, R13 and R14 were considered as natural, 
and the regions R5, R6, R8, R9 and R10 as anthropogenic. With this selection we 
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determine that the natural aerosols carry the most weight in the radiative balance. The  
∆F annual average at BOA for anthropogenic aerosols is -88±36 Wm-2 (AOD=0.54±0.28 at 
0.55 µm) while it is -121±47 Wm-2 (AOD=0.77±0.43) for natural aerosols. The ∆F at the 
TOA for anthropogenic aerosols is -31±15 Wm-2 versus -36±20 Wm-2 observed for natural 
aerosols.  

The influence of the surface reflectivity on ∆F is clearly observed, for example, for the 
mineral dust regions (Fig. 11), especially at the TOA. Thus, reductions of the absolute values 
of the ∆F are documented for surfaces with SR higher than 30%, reaching even positive 
mean values. In these latter cases, atmospheric aerosols lead to a warming of the Earth-
atmosphere system, contributing to the GHGs effect.  

 
Fig. 11. Annual cycle of the inter-annual average of the aerosol radiative forcing (∆F, Wm-2) 
at the BOA (a) and at the TOA (b) for surface reflectivity SR>30% for the mineral dust 
regions. Error bars indicate 1σ (standard deviation). 

From a global perspective, table 1 summarizes the annual and regional radiative forcing 
averages at the BOA, TOA and the AOD at 0.55 µm, considering together the whole range 
of surface reflectivity. Note that in order to compute mean values representative of the 
free troposphere on a global scale the period with possible mineral dust events at the 
Izaña Observatory were ruled out here. The results allow us to quantify, in clear sky 
conditions, the relative influence of each key aerosol type as well as the importance of the 
different mechanisms for modifying the energy balance of the Earth-atmosphere system 
(directly or by storing energy in the system). These mean values may be considered as a 
first reference at solar zenith angles of 60±5º, although it would be necessary to estimate 
annual average values from the daily radiative forcing values in order to make more solid 
conclusions. 
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Aerosol 
Type 

Region 
∆FBOA 

(Wm-2) 
∆FTOA 

(Wm-2) 
AOD 

(0.55 µm) 
MD R1 -44±28 -11±12 0.23±0.20 
MD R2 -89±51 -16±22 0.58±0.46 
MD R3 -40±23 -4±9 0.23±0.17 
MD R4 -41±32 -8±15 0.20±0.20 
BB R5 -54±45 -19±18 0.33±0.37 
BB R6 -46±37 -11±8 0.21±0.18 
BB R7 -24±26 -13±15 0.14±0.20 
UI R8 -48±30 -18±15 0.27±0.24 
UI R9 -25±20 -11±11 0.15±0.17 
UI R10 -49±34 -20±15 0.28±0.24 
BC R11 -37±22 -7±14 0.17±0.16 
BC R12 -17±12 -3±6 0.17±0.16 
O R13 -10±6 -7±4 0.07±0.04 
FT R14 -6±3 -5±3 0.03±0.01 

Table 1. Annual and regional average and standard deviation of ∆FBOA (Wm-2), ∆FTOA  

(Wm-2) and AOD at 0.55 µm for the key aerosol types grouped into 14 regions. The key 
aerosol types are labelled as: MD≡Mineral Dust; BB≡Biomass Burning; UI≡Urban-Industrial; 
BC≡Background Continental; O≡Oceanic and FT≡Free Troposphere. 

4. Conclusions 

Atmospheric aerosols play an essential role in the configuration of the radiative balance of 
the Earth-atmosphere system. The spatial and temporal heterogeneity of their physical-
chemical properties makes global networks fundamental tools for their complete 
characterization. Likewise, atmospheric aerosols are a decisive factor for modifying cloud 
properties, since they serve as cloud condensation nuclei, and hence affect the hydrological 
cycle as well. Moreover, those species with important absorption properties may lead to an 
unequal warming of the atmosphere and may also modify cloud formation and cloud cover. 
Therefore, improving our knowledge about the direct radiative effects of atmospheric 
aerosols is a necessary step in order to address the indirect and semi-direct aerosol effects. 

In this context, AERONET is today the most important network for monitoring atmospheric 
aerosols. AERONET aerosol products are widely used by the international research 
community to compute aerosol climatologies, to provide data for climate models and to 
validate space-based sensors. Thus, this chapter presents valuable information, describing 
and summarizing an approach for estimating broadband solar fluxes and hence the direct 
radiative forcing of atmospheric aerosols from AERONET retrievals. A detailed description 
of the radiative transfer model and its inputs has been shown as well as the uncertainties to 
be expected by comparing with observations of insolation. Finally, the direct radiative 
forcing of key aerosol types has been analyzed: mineral dust, biomass burning, urban-
industrial, background continental, oceanic and in free troposphere. These magnitudes have 
been evaluated at the surface and at the top of the atmosphere, allowing us to document the 
actual and net radiative balance of these aerosol types. 
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A next important step for this work would be to exploit the cloud products recently released 
by AERONET in order to make a more complete description of the relationships between 
aerosols, clouds and the energy budget in the Earth-atmosphere system. These new 
products, together with the information obtained from space-based and ground-based 
sensors, mainly the A-Train satellite constellation, will promote a deeper knowledge of the 
processes affecting cloud properties.  
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