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Abstract

This paper reviews the many developments in estimates of the direct and indirect global annual mean radiative forcing due to present day concentrations of anthropogenic tropospheric aerosols since IPCC (1996). The range of estimates of the global mean direct radiative forcing due to six distinct aerosol types are presented. Additionally, the indirect effect is split into two components corresponding to the radiative forcing due to modification of the radiative properties of clouds (cloud albedo effect) and the effects of anthropogenic aerosols upon the lifetime of clouds (cloud lifetime effect). The radiative forcing for anthropogenic sulphate aerosol ranges from –0.26Wm-2 to –0.82Wm-2. For fossil fuel black carbon the radiative forcing ranges from +0.16Wm-2 for an external mixture to +0.42Wm-2 where the black carbon is modelled as internally mixed with sulphate aerosol. For fossil-fuel organic carbon the two estimates of likely weakest limit of the direct radiative forcing are –0.02Wm-2 and –0.04Wm-2. For biomass burning sources of black carbon and organic carbon the combined radiative forcing ranges from –0.14Wm-2 to –0.74Wm-2. Estimates of the radiative forcing due to mineral dust vary widely from +0.09Wm-2 to –0.46Wm-2; even the sign of the radiative forcing is not well established due to the competing effects of solar and terrestrial radiative forcings. A single study provides a very tentative estimate of the radiative forcing of nitrates to be –0.03Wm-2. Estimates of the cloud albedo indirect radiative forcing range from –0.3Wm-2 to approximately –1.8Wm-2. Although the cloud lifetime effect is identified as a potentially important climate forcing mechanism, it is difficult to quantify in the context of the present definition of radiative forcing of climate change and current model simulations. This is because its estimation by General Circulation Models (GCMs) necessarily includes some level of cloud and water vapour feedbacks, which affect the hydrological cycle and the dynamics of the atmosphere. Available models predict that the radiative flux perturbation associated with the cloud lifetime effect is of similar magnitude to that of the cloud albedo effect.
    
1. Introduction

There has been much recent interest in the radiative effects of aerosols, particularly because anthropogenic activity is thought to have increased atmospheric concentrations. Atmospheric aerosols come from a wide variety of natural and anthropogenic sources and have typical radii ranging from 0.001 μm to 10 μm. Primary aerosols are emitted directly at the source whereas secondary aerosols are generally formed from gaseous precursors by various gas and aqueous phase oxidation pathways. Primary aerosol include for example fly ash from industrial activities, sea salt particles emitted at the ocean surface, or mineral dust aerosol that is emitted by the effects of wind erosion on arid land. An example of a secondary aerosol is sulphate aerosol that is formed from dimethyl sulphide (DMS) emissions by marine phytoplankton and from sulphur emissions from fossil fuel burning. Aerosols may undergo complex chemical reactions in the atmosphere and mix with each other either externally (where each particle contains a chemically distinct aerosol species) or internally (where each particle contains a combination of different aerosol species). Atmospheric aerosols are removed from the atmosphere either by impacting with the surface of the Earth (dry deposition) or rained out in precipitating clouds (wet deposition). Typically, the lifetime of aerosols in the troposphere ranges from a few minutes to several weeks. The geographically localised sources and sinks and relatively short atmospheric lifetime give aerosols an extreme spatial and temporal inhomogeneity in the atmosphere. Tropospheric aerosols that are thought to have a substantial anthropogenic component include sulphate, black carbon, organic carbon, mineral dust and nitrate aerosol. Anthropogenic aerosols influence the radiative budget of the Earth/atmosphere system in two different ways. The first is the direct effect whereby aerosols scatter and absorb solar and thermal infrared radiation thereby altering the radiative balance of the Earth/atmosphere system, or equivalently the planetary albedo. The second is the indirect effect whereby aerosols modify the microphysical and hence the radiative properties and lifetime of clouds. 

Radiative forcing is defined as the change in net irradiance at the tropopause due to an applied perturbation holding all atmospheric variables fixed, once stratospheric temperatures have been allowed to adjust to equilibrium. The concept of radiative forcing was first developed for 1-D radiative convective models (e.g., Manabe and Wetherald, 1967; Ramanathan and Coakley, 1978; Hansen et al., 1981) which investigated the change in the global mean surface air temperature at equilibrium, dTglobal mean, due to the global mean radiative forcing, dFadj global mean, for radiatively active species. The relationship:

dTglobal mean=dFadj global mean
where  is the model-dependent climate sensitivity parameter, was found to be approximately independent of the forcing mechanism causing the radiative perturbation. Subsequent equilibrium model studies have extended the concept to 3-D models (e.g., Cox et al., 1995; Ramaswamy and Chen, 1997; Le Treut et al., 1998), and find that the relationship between dTglobal mean and dFadj global mean continues to hold to within an accuracy of ~20%. Stratospheric adjustment is important for atmospheric perturbations that change the temperature of the stratosphere and is particularly important for mechanisms such as stratospheric ozone depletion. For the majority of tropospheric aerosols the effects of stratospheric adjustment are likely to be insignificant and stratospheric adjustment is often not accounted for. As the spatial and temporal variability of tropospheric aerosols is large, many studies report the global annual mean radiative forcing which is a useful concept in determining the relative importance of perturbations of atmospheric species due to anthropogenic activity. This statement will be qualified when it comes to the aerosol indirect effect.
IPCC (1996) considered the direct radiative forcing from three different anthropogenic aerosol species: sulphate, fossil fuel black carbon (or soot), and biomass burning aerosols. IPCC (1996) suggested a range of –0.2 Wm-2 to –0.8 Wm-2 (‘best guess’ –0.4Wm-2) for sulphate aerosols, +0.03 Wm-2 to +0.3 Wm-2 (‘best guess’ +0.1Wm-2) for fossil-fuel black carbon aerosols, and –0.07 Wm-2 to –0.6 Wm-2 (‘best guess’ –0.2Wm-2) for biomass burning aerosols. The subjective confidence level in IPCC (1996) was ‘low’ for sulphate aerosol and ‘very low’ for fossil-fuel black carbon and biomass burning aerosol. Although ‘best guess’ and confidence levels are presented in IPCC (1996), here we concentrate upon specific estimates available in the literature and present compilations of the ranges of estimates. This approach is taken because the validity of simply summing ‘best guess’ estimates for the radiative forcing of each anthropogenic species to obtain an overall ‘best estimate’ is very questionable. This is because different levels of uncertainty are associated with different aerosol species, because the ranges associated with each species make such a summation difficult, and because internal mixing complications lead to non-linear absorption effects.

As depicted in Figure 1, the aerosol indirect effect is usually split into two effects: the first indirect effect, whereby an increase in aerosols cause an increase in droplet concentration and a decrease in droplet size for fixed liquid water content (Twomey, 1974), and the second indirect effect, whereby the reduction in cloud droplet size affects the precipitation efficiency tending to increase the liquid water content, the cloud lifetime (Albrecht, 1989), and the cloud thickness (Pincus and Baker, 1994). The first and second indirect effects are also termed the "cloud albedo" and "cloud lifetime" effects, respectively. Until recently, the first indirect effect has received much more attention than the second indirect effect. IPCC (1994) and IPCC (1996) only considered the cloud albedo effect. Shine et al. (1996) in IPCC (1996) suggested a range of 0 to –1.5 Wm-2 and no best guess value for the indirect radiative forcing. However, a value of –0.8 Wm-2 was used for the year 1990 in the IS92a scenario by Kattenberg et al. (1996) in IPCC (1996), and also in IPCC (1999). The confidence level for the indirect effect was classified as ‘very low’ in IPCC (1996).

2. Direct radiative forcing 

Since IPCC (1996), there have been advances in both modelling and observational studies of the direct effect of tropospheric aerosols (see also review by Shine and Forster, 1999). Global chemical transport modelling studies encompass a greater number of aerosol species and continue to improve the representation of the aerosol physical and chemical processes. The global models are more numerous and include more accurate radiative transfer codes, more sophisticated treatments of the effects of relative humidity for hygroscopic aerosols, better treatment of clouds, and better spatial and temporal resolution than some earlier studies. Additionally, dedicated field campaigns have been performed, and satellite retrieval methods for detecting the direct radiative effect of aerosols have been developed. The present day direct radiative forcing due to aircraft emissions of sulphate and black carbon aerosol have been calculated to be insignificant (IPCC, 1999). Section 2.1 provides an introduction to the methods used in determining the direct effect and sections 2.2 and 2.3 consider sulphate, and black and organic carbon aerosols. Section 2.4 investigates the radiative forcing due to anthropogenic mineral dust aerosol, and nitrates are briefly discussed in section 2.5. The complexities of treating internally mixed aerosols are discussed in section 2.6. Section 2.7 discusses field campaigns and 2.8 developments in satellite retrievals. Section 2.9 discusses the uncertainties related to calculating the direct radiative forcing for aerosols.

2.1 Determining the direct radiative forcing

Global mean calculations of the direct radiative forcing are made up of a series of local column calculations carried out either within a general circulation model (GCM) framework or off-line, thus it is useful to consider what factors determine the local radiative forcing at a particular geographic location. The optical properties of anthropogenic aerosols are described by three parameters: the extinction coefficient, ke, which determines the degree of interaction of radiation and the aerosol particles, the single scattering albedo, o, which determines the degree of absorption, and the scattering phase function which determines the angular distribution of scattered radiation (e.g., Kiehl and Briegleb, 1993). The scattering phase function may be integrated to provide parameters such as the asymmetry factor, g, that is used in two-stream radiative transfer calculations, or the backscattered fraction, , that is used in more simple radiative transfer models (e.g., Charlson et al., 1992). These parameters are most frequently determined as a function of wavelength by assuming spherical particles and applying Mie scattering theory to a size distribution of aerosols with a specified refractive index. The local radiative forcing will depend upon the local atmospheric column burden of a particular anthropogenic aerosol species in the atmosphere, the underlying surface reflectance and the relative vertical position of the aerosol and cloud, the relative humidity if the aerosol is hygroscopic, and the insolation. 

Figure 2 shows that partially absorbing aerosols (i.e., (may exert a local negative forcing over regions with low surface reflectance and a positive forcing over regions of high surface reflectance (e.g., Haywood and Shine, 1995; Chýlek and Wong, 1995). The boundary between local negative and positive solar forcing regimes is shown as a function of the single scattering albedo and surface reflectance for aerosols with differing backscattered fractions when clouds are excluded from the calculations. Similar results are found if partially absorbing aerosol resides above clouds which have a high albedo (e.g., Haywood and Shine, 1997). It is not only the sign, but also the magnitude of the local radiative forcing that is a function of the surface reflectance. Figure 3 shows idealised column calculations of the clear-sky radiative local forcing as a function of the solar zenith angle for a) scattering aerosol and b) absorbing aerosol (Haywood and Shine, 1997). The clear-sky local radiative forcing due to scattering aerosol is a function of the solar zenith angle showing a maximum radiative forcing at solar zenith angles of between 60o and 80o due to the nature of the scattering phase function of the aerosol (e.g., Pilinis et al., 1995; Nemesure et al., 1995; Boucher et al., 1998). The radiative forcing is also a function of the surface reflectance, showing the strongest radiative forcing when the surface reflectance is low. For the absorbing aerosol, the strongest radiative forcing occurs when the surface reflectance is high. 

The global annual mean radiative forcing of a particular anthropogenic aerosol is determined by its temporal and spatial distribution in the atmosphere together with its optical properties. The atmospheric burden is determined by emission processes, chemical reactions, deposition and transport processes, each of which must be accurately modelled by global chemical transport models (e.g., Langner and Rodhe, 1991; Pham et al., 1995; Penner et al., 1998). The optical properties of aerosol may depend upon the three-dimensional geographic distribution of the aerosols. For example, in conditions of high relative humidity, hygroscopic aerosols take up water leading to changes in chemical composition and size of the aerosol particles and hence variations in the optical parameters. The global annual mean radiative forcing is also dependent upon the three dimensional distribution in the atmosphere because the radiative forcing depends upon spatially dependent fields such as insolation, cloud amount, and underlying surface reflectance. In 3-D modelling studies of the direct effect discussed here, it is important to realise that the radiative forcing is calculated in a purely diagnostic way. Radiative calculations are performed excluding and including the aerosol perturbation and the difference in the net radiation at the tropopause yields the radiative forcing. In GCM calculations, the effect of the aerosols upon the atmospheric heating rates is not included in the dynamical evolution of the atmosphere and thus no feedback mechanisms are included. We now concentrate upon estimates of the global annual mean radiative forcing estimates for specific species.

2.2. Sulphate aerosol
The main source of anthropogenic sulphate aerosol is via sulphur dioxide emissions from fossil fuel burning, with a relatively small contribution from biomass burning. The main natural sources of sulphate aerosol are from DMS emissions and volcanoes. Estimates of the global emissions of sulphate aerosol from anthropogenic and natural sources are given in Table 1. Estimates of the current magnitude and geographic distribution of emissions of sulphur from fossil fuels are fairly well known because inventories of fossil fuel burning are available (e.g., Benkovitz et al., 1996). Global mean emissions used in recent chemical transport modelling of the sulphur cycle range from 66.8 Tg S yr-1 to 92.4 Tg S yr-1 for anthropogenic emissions and from 91.7 Tg S yr-1 to 125.5 Tg S yr-1 for total emissions. The main oxidation pathways that transform sulphur dioxide into sulphate aerosols are via gaseous phase reactions with the hydroxyl radical and via aqueous phase reactions with cloud droplets (e.g., Pham et al., 1995). These reactions are parameterized in chemical transport models (CTMs) together with dry and wet deposition processes. While these parameterizations are physically based wherever possible, uncertainties in the input parameters lead to differences in the atmospheric burdens of sulphate aerosol; the burdens of total and anthropogenic sulphate from different models are shown in Table 1.
Having briefly discussed the results from CTMs, we now focus on estimates of the direct radiative forcing. Early 1-D box-model estimates of the radiative forcing (e.g., Charlson et al., 1992) using simplified expressions for radiative forcing have been superseded by global calculations using prescribed aerosol concentrations from chemical transport models (CTMs). These studies use either 3-D observed fields of e.g. clouds, relative humidity and surface reflectance (e.g., Kiehl and Briegleb, 1993; Myhre et al., 1998), or GCM generated fields (e.g., Boucher and Anderson, 1995; Haywood et al., 1997a) together with the prescribed aerosol distributions from CTMs and detailed radiative transfer codes in calculating the radiative forcing. A growing number of studies perform both the chemical transportation of aerosols and the radiative forcing calculations which have the advantage of correlating predicted aerosol distributions precisely with fields determining aerosol production and deposition such as clouds (e.g., Penner et al., 1998). Table 2 summarises estimates of the radiative forcing due to sulphate from global modelling studies. 

The global mean radiative forcing ranges from –0.26 Wm-2 to –0.82 Wm-2, although most lie in the range –0.26 Wm‑2 to –0.4 Wm-2. The spatial distribution of the forcings is similar in all of the studies, an example of which is shown in Figure 4a (Haywood et al., 1997a). The radiative forcing is negative everywhere and is strongest over industrial regions of the northern hemisphere although the ratio of the annual mean northern hemisphere/southern hemisphere radiative forcing varies from 2.0 (Graf et al., 1997) to 8.7 (Koch et al., 1999). The ratio of the annual mean radiative forcing over land to that over ocean also varies considerably, ranging from 1.3 (Kiehl et al., 2000) to 3.4 (Boucher and Anderson, 1995). The seasonal cycle is strongest in the northern hemisphere summer when the insolation is the highest although different seasonal cycles of the sulphate burden from the chemical transport models result in maximum global mean radiative forcings ranging from May to August (e.g., Haywood and Ramaswamy, 1998). The ratio of the JJA/DJF (June-July-August)/(December-January-February) radiative forcing is estimated to lie in the range less than 2 (van Dorland et al., 1997) to more than 5 (Grant et al., 1999). The range in the normalised radiative forcing (i.e., the radiative forcing per unit mass of sulphate aerosol as defined in Nemesure et al. (1995) or Pilinis et al. (1995)) accounts for different anthropogenic loadings from the chemical transport models and is similar to the uncertainty in the total radiative forcing. This indicates that differences in the radiative forcing are not due solely to different mass loadings from the CTMs. The optical parameters for sulphate aerosol in each of the studies may vary. Although the single scattering albedo of pure sulphate is close to unity, some of the studies (e.g., van Dorland et al., 1997; Feichter et al., 1997) include some absorption. Charlson et al. (1999) shows considerable variation in the specific extinction coefficient used in different studies, particularly when accounting for relative humidity effects. The treatment of the effects of relative humidity and cloud appear to be particularly important in determining the radiative forcing. The studies of Haywood and Ramaswamy (1998), Penner et al. (1998), and Grant et al. (1999) produce normalised radiative forcings a factor of two to three higher than the other studies. Both Haywood and Ramaswamy (1998) and Penner et al. (1998) acknowledge that their use of on/off cloud schemes where cloud fills an entire grid-box once a threshold relative humidity is exceeded may lead to strong radiative forcings due to strong non-linear relative humidity effects. Chuang et al. (1997) use an on/off cloud scheme and report a radiative forcing lower than these two studies, but the hygroscopic growth is suppressed above a relative humidity of 90%. The use of monthly-mean relative humidity fields in some of the calculations (e.g., Kiehl and Briegleb, 1993; Myhre et al., 1998) lead to lower radiative forcings as temporal variations in relative humidity and associated non-linear effects are not accounted for. Kiehl et al. (2000) improve the treatment of relative humidity compared to Kiehl and Briegleb (1993) and Kiehl and Rodhe (1995) by improving the relative humidity dependence of the aerosol optical properties and by using on-line GCM relative humidities rather than monthly mean analyses, resulting in a larger normalised radiative forcing. Haywood and Ramaswamy’s (1998) GCM study indicates a stronger radiative forcing when sulphate resides near the surface because the relative humidity is higher. GCM sensitivity studies (Boucher and Anderson, 1995) and column calculations (Nemesure et al., 1995) show that the radiative forcing is a strong function of relative humidity but relatively insensitive to chemical composition. The contribution to the global forcing from cloudy regions is predicted to be 4% (Haywood et al., 1997a), 11% (Haywood and Ramaswamy, 1998), 22% (Boucher and Anderson, 1995), and 27% (Myhre et al., 1998) and hence remains uncertain. Studies that impose clear skies (e.g., Schult et al., 1997; Kirkevåg et al., 1999) obtain radiative forcings much stronger than those using observed or modelled cloud distributions. The global mean longwave radiative forcing has been estimated to be less than +0.01 Wm-2 and is insignificant (Haywood et al., 1997a).

Boucher and Anderson (1995) investigate the effects of different size distributions, finding a 20-30% variation in the radiative forcing for reasonable accumulation-mode size distributions. Nemesure et al. (1995) and Boucher et al. (1998) find a much larger sensitivity to the assumed size distribution as sulphate is modelled by much narrower size distributions. Column radiative forcing calculations by 15 radiative transfer codes of varying complexity (Boucher et al., 1998) show that, for well constrained input data, differences in the computed radiative forcing when clouds are excluded are relatively modest at approximately ±20% (Figure 5). This indicates that uncertainties in the input parameters and in the implementation of the radiative transfer codes and the inclusion of clouds lead to the large spread in estimates as suggested by Penner et al. (1994).
Additional column calculations show a weakened radiative forcing when the cloud optical depth is much greater than the aerosol optical depth (Haywood and Shine, 1997; Liao and Seinfeld, 1998) and that the forcing is insensitive to the relative vertical position of the cloud and aerosol. Haywood et al. (1997b, 1998) used a cloud-resolving model and investigated effects of sub-grid scale variations in relative humidity and cloud. For their case study, the optical depth and radiative forcing in a GCM sized grid-box were underestimated by 60%. Ghan and Easter (1998) came to similar conclusions. Effects of sub-grid scale variations in relative humidity and cloud on a global scale have not been rigorously investigated.

2.3. Black carbon (BC) and Organic carbon (OC)

Measurements show that atmospheric BC and OC aerosol particles frequently contribute significantly to the total aerosol mass (e.g., Novakov et al., 1997). BC is emitted as primary particles from incomplete combustion processes, such as fossil-fuel and biomass burning and therefore much atmospheric BC is of anthropogenic origin. Naturally occurring biomass fires do occur, but the quantity of BC emitted from these non-anthropogenic sources is very difficult to quantify. OC is emitted as both primary particles and by secondary production from gaseous compounds via condensation or gas phase oxidation of hydrocarbons. Primary organic aerosols come from both anthropogenic sources (fossil-fuel and biomass burning) and from natural sources (such as debris, pollen, spores, and algae). Detailed emission inventories for both BC and OC have recently been developed (e.g., Penner et al., 1993 ; Cooke and Wilson, 1996 ; Liousse et al., 1996 ; Cooke et al., 1999) that consider both fossil-fuel and biomass components (see Table 1). The inventories of biomass burning BC and OC particles are more difficult to constrain than fossil fuel emissions, owing to the paucity of data. OC emissions are particularly difficult to constrain because measurements of OC are particularly difficult to make and often include a substantial natural component and because of secondary production. Currently, the complex reactions that form secondary organic aerosol, are not included explicitly in model estimates of the OC burden and the subsequent radiative forcing (e.g., Cooke et al., 1999; Penner et al., 1998). Cooke et al. (1999) attempt to account for these important processes by multiplying the burden of primary OC by a factor of two, while in Penner et al. (1998) the formation of secondary OC particles is accounted for in the construction of the emission inventories (Liousse et al., 1996).
Since IPCC (1996) there have been a number of more refined 3-D global model estimates of the radiative forcing due to BC aerosol from fossil-fuel burning which have superseded calculations using simple expression for the radiative forcing (e.g., Haywood and Shine, 1995; Chýlek and Wong, 1995) where the contribution from cloudy regions was not included. These estimates now include the contribution to the total radiative forcing from areas where BC exists either above or within clouds, although the treatment of BC within clouds remains crude. There are two main sources of black carbon aerosol: fossil-fuel and biomass burning. The radiative forcing due to fossil-fuel BC is considered in section 2.3.1 and the radiative forcing due to fossil-fuel OC is considered in section 2.3.2. Section 2.3.3 considers the radiative forcing due to OC and BC from biomass emissions and section 2.3.4 considers other studies that have examined OC and/or BC. Table 3 summarises recent global annual-mean estimates of the radiative forcing due to BC and OC aerosol from recent studies.
2.3.1. Fossil-fuel BC

The radiative forcing of fossil-fuel BC has received considerable attention. Haywood et al. (1997a) and Myhre et al. (1998) assumed that fossil-fuel BC was directly proportional to the mass of sulphate from Langner and Rodhe (1991) and Restad et al. (1998) respectively, by applying a 7.5% mass scaling (equivalent to a global mean burden of approximately 0.13 mg m-2 to 0.14 mg m-2). Global annual-mean radiative forcings of +0.20 Wm-2 and +0.16 Wm-2 are calculated for external mixtures from the respective studies. If BC were modelled as an internal mixture with sulphate aerosol, Haywood et al. (1997a) and Myhre et al. (1998) suggest that the degree of absorption may be considerably enhanced and the radiative forcing strengthens to +0.36 Wm-2 and +0.44 Wm-2 respectively. These estimates were performed before global modelling studies for BC were generally available. Haywood and Ramaswamy (1998) re-scaled the global column burden of BC from Cooke and Wilson (1996) to that of Liousse et al. (1996) which is thought to be more representative of optically active BC and estimated the radiative forcing due to fossil-fuel and biomass burning to be approximately +0.4 Wm-2. Approximately half of the radiative forcing due to BC was attributed to fossil-fuel burning sources leading to a fossil-fuel BC radiative forcing of +0.2 Wm-2. Penner et al. (1998) and Grant et al. (1999) used a chemical transport model in conjunction with a GCM to estimate a global column burden of BC from fossil-fuel emissions of 0.16 mg m-2 and a radiative forcing of +0.20 Wm-2. Cooke et al. (1999) estimated the global burden of optically active BC aerosol from fossil-fuel burning from a 1o by 1o inventory of emissions to be 0.14 mg m-2 and a subsequent radiative forcing of +0.18 Wm-2. The good agreement of the assumed column burdens of Haywood et al. (1997a) and Myhre et al. (1998) should be noted. Grant et al. (1999) suggest that the global mean radiative forcing due to fossil-fuel BC is strongest in JJA owing to the larger insolation coupled with higher atmospheric concentrations in the northern hemisphere. The normalised radiative forcing due to an external mixture of BC appears reasonably consistent throughout the studies ranging from +1123 Wg-1 to +1525 Wg-1. However, all these studies used the same size distribution and exclude effects of relative humidity, thus the modelled specific extinction is independent of the relative humidity at approximately 10 m2g-1 at 0.55 (m. Observational studies show a wide range of specific extinction coefficients (e.g., Liousse et al., 1993; Horvath, 1993; Martins et al., 1998) of approximately 5 to 20 m2g-1 at 0.55 (m, thus the uncertainty in the associated radiative forcing is likely to be higher than the global model results suggest. Additionally, if BC were modelled as an internal mixture, Haywood et al. (1997a) and Myhre et al. (1998) suggest the degree of absorption may be considerably enhanced, the radiative forcing being estimated as +0.36 Wm-2 and +0.44 Wm-2 respectively. Both of these studies use relatively simple effective medium mixing rules for determining the composite refractive index of internally mixed BC with sulphate and water. Detailed scattering studies including a randomly positioned black carbon sphere in a scattering droplet show that the absorption is relatively well represented by effective medium approximations (Chýlek et al., 1996b). Column studies by Haywood and Shine (1997) and Liao and Seinfeld (1998) and the global studies by Haywood and Ramaswamy (1998) and Penner et al. (1998) suggest that the radiative forcing due to BC will be enhanced if BC exists above the cloud, but reduced if the BC is below the cloud; thus the vertical profile of BC aerosol must be modelled accurately. 

2.3.2. Fossil-fuel OC

The radiative forcing due to fossil-fuel OC has been investigated by Penner et al. (1998) and Grant et al. (1999). They modelled the radiative forcing due to an internal mixture of fossil fuel BC and OC and found that the radiative forcing weakened from +0.20Wm-2 for BC alone to +0.16Wm-2 (or by –0.04 Wm-2) for a global mean OC burden of approximately 0.7 mg m-2. However, if OC were modelled as an external mixture with BC and/or if the effects of relative humidity are included, the radiative forcing due to OC from fossil-fuels is likely to be more negative and thus –0.04Wm-2 represents an approximate lower limit for the strength of the forcing due to fossil-fuel OC. Cooke et al. (1999) perform calculations for an external mixture assuming OC is partially absorbing with a modelled  of approximately 0.97 at a wavelength of 0.55 m and find a radiative forcing of –0.02 Wm-2 from a global mean burden of 0.34 mg m-2. If OC were modelled as purely scattering or if the effects of relative humidity were considered, the radiative forcing may be significantly stronger. Thus these modelling estimates suggest an approximate lower limit for the normalised radiative forcing for OC of approximately –60 Wg-1, which is significantly smaller in magnitude than that due to BC or sulphate aerosol. This may be due to the modelling studies using different size distributions based on observations, which yield lower extinction efficiencies than for sulphate aerosols and due to smaller hygroscopic effects (Penner et al., 1998). 

2.3.3. Biomass-burning BC and OC

The annual mean radiative forcing due to biomass-burning aerosol where BC and OC are combined has been studied by Hobbs et al. (1997), Iacobellis et al. (1999), Penner et al. (1998) and Grant et al. (1999). Hobbs et al. (1997) performed aircraft measurements of smoke from biomass burning during the Smoke Cloud and Radiation-Brazil (SCAR-B) experiment and used the model of Penner et al. (1992) to estimate a global mean radiative forcing of –0.3 Wm–2 as an approximate upper limit for OC and BC combined. Penner et al. (1998) and Grant et al. (1999) perform 3-D GCM modelling studies of the radiative forcing of OC and BC combined as an internal mixture and determine a radiative forcing of between –0.14Wm-2 and –0.21Wm-2 depending upon the assumed optical parameters. Iacobellis et al. (1999) calculate the radiative forcing due to biomass-burning BC and OC combined to be –0.7 Wm-2 but use an emission factor that Liousse et al. (1996) suggest may be a factor of three too high leading to a possible overestimate of the atmospheric burden. Additionally, the specific extinction coefficient used in the study of Iacobellis et al. (1999) is significantly larger than those of Penner et al. (1998) who base their model calculations upon observed extinction coefficients; thus Iacobellis et al. (1999) calculate a larger normalised radiative forcing (see Table 3).

2.3.4. Other studies

The radiative forcing for BC from both fossil-fuels and biomass burning has been studied by Haywood and Ramaswamy (1998) and Hansen et al. (1998). Haywood and Ramaswamy (1998) determine a radiative forcing due to combined biomass and fossil-fuel sources of +0.4Wm-2; approximately half of this radiative forcing is attributed to fossil-fuel and half to biomass burning. Hansen et al. (1998) used a different approach and adjusted the single scattering albedo of purely scattering sulphate and organic aerosols from unity to 0.92-0.95 to account for the absorption characteristics of BC. Hansen et al. (1998) used the geographical distribution of OC derived from the chemical transport model of Liousse et al. (1996) to estimate the radiative forcing due to purely scattering fossil-fuel and biomass OC to be –0.41Wm-2.

The geographic distribution of the radiative forcing of fossil-fuel BC and OC combined from the study of Penner et al. (1998) is shown in Figure 4b. Because the contribution to the global mean radiative forcing due to fossil-fuel OC is relatively small (see Table 3), the radiative forcing tends to be positive almost everywhere due to the strong absorption characteristics of BC (see section 2.1, Figures 2 and 3). The geographic distribution of the radiative forcing of biomass-burning BC and OC combined from the study of Penner et al. (1998) is shown in Figure 4c. The radiative forcing is calculated to be negative over the majority of the globe, but some limited areas of positive forcing exist over areas with a high surface reflectance, due to the dependency of the radiative forcing upon the underlying surface albedo (see section 2.1, Figure 2 and Figure 3), and the partially absorbing nature of combined OC+BC. 

2.4. Mineral dust aerosol
Mineral dust is created by wind erosion of arid areas of the Earth. Dust production is typically parameterised in transport models as a function of the vegetation fraction and surface wind-speed and includes a soil moisture dependent threshold velocity below which no dust is produced. Recent studies have suggested that between 20% to 50% of the total mineral dust in the atmosphere originates from anthropogenic activities (Sokolik and Toon, 1996; Tegen and Fung, 1995). Determination of the anthropogenic fraction of mineral dust in the atmosphere is exceedingly difficult for many reasons. There is no physically based inventory of emissions except from models. Additionally, the influence of anthropogenic activity upon land-use change is difficult to determine because it is likely that some changes occur due to natural climate variability or as a feedback in response to changing atmospheric conditions (e.g., Myhre and Stordal, 2000). Here, only the radiative forcing from this anthropogenic component is considered, as there is no evidence that the naturally occurring component has changed since 1750. However, over longer time-scales, ice core measurements suggest that atmospheric concentrations of dust have varied substantially, with significantly more mineral dust deposited in the Antarctic and Greenland ice sheets during the last glacial maximum (e.g., Reader et al., 1999 and the references therein). Because mineral dust particles are of a large size and because it becomes lofted to high altitudes in the troposphere, in addition to the solar radiative forcing, dust may exert a significant thermal infrared radiative forcing. The global mean radiative forcing will be negative in the solar part of the spectrum, due to the predominantly scattering nature of mineral dust aerosol at these wavelengths, and positive in the thermal infrared.
Sokolik and Toon (1996) estimated the anthropogenic contribution to the dust loading due to changes in land use associated with anthropogenic activity to be 20% of the total dust burden and neglected forcing in cloudy regions to estimate a solar radiative forcing of –0.25 Wm-2 over ocean and –0.6 Wm-2 over land leading to a global forcing of approximately –0.46 Wm-2. They point out that this is offset to some extent by a positive thermal infrared forcing. Tegen and Fung (1995) modelled dust aerosol and estimated that approximately 30–50% of the total dust burden is due to changes in land use associated with anthropogenic activity. The radiative forcing using these data was estimated by Tegen et al. (1996) to be –0.25 Wm-2 in the solar spectrum and +0.35 Wm-2 in the thermal infrared resulting in a net radiative forcing of +0.09 Wm-2. Updated calculations of the net radiative forcing based on Miller and Tegen (1998) estimate the radiative forcing to be –0.22 Wm-2 in the solar spectrum and +0.16 Wm-2 in the thermal infrared, resulting in a net radiative forcing of –0.06 Wm-2. Hansen et al. (1998) perform similar calculations and calculate a net radiative forcing of –0.12 Wm–2 by assuming a different vertical distribution, different optical parameters and using a different global model. These global studies have considered mineral dust as a homogeneous mixture of minerals i.e. they have used a constant refractive index that is independent of the mineral composition of the aerosols. More recent studies have started to incorporate the mineral composition as a function of the dust sources (e.g., Claquin et al., 1999; Sokolik and Toon, 1999) and examined the effect of the optical parameters. Myhre and Stordal (2000) perform a sensitivity study of the effects of mineral dust using a global model and two different 3-D data sets for mineral dust. They investigate the effects of altitude, size distribution, and refractive index and find a large sensitivity in the radiative forcing to each, but particularly to the assumed refractive index, which is dependent upon the mineral composition. The effects of non-sphericity of the mineral dust are not accounted for in any of these calculations. Mishchenko et al. (1997) models dust particles as spheroids as suggests that differences in the optical parameters between model spheroids and spheres does not exceed ten to fifteen percent, although changes of this magnitude may have a large effect on the radiative forcing (Miller and Tegen, 1998). An example of the geographical distribution of the radiative forcing is shown in Figure 4d (Tegen et al., 1996). This shows regions of positive and negative forcing. Positive forcing tends to exist over regions of high surface reflectance and negative radiative forcings tend to exist over areas of low surface reflectance due to the dependency of the forcing on surface reflectance as described in section 2.1, and the additional effects of the longwave radiative forcing. 

One problem that needs to be solved is uncertainty in representative refractive indices (Claquin et al., 1998). The modelling study of Hansen et al. (1998) calculates that the net radiative forcing changes from –0.12 Wm-2 to –0.53 Wm-2 when dust is treated as conservatively scattering. Sokolik et al. (1993) present a summary of solar imaginary refractive indices from many geographical locations showing a range of –0.003i to –0.009i at 0.55 µm. Differences in refractive index in the thermal infrared from different geographical sources are also reported by Sokolik et al. (1998). von Hoynigen-Huene et al. (1999) determine the imaginary part of the refractive index from surface based absorption and scattering measurements and find that a refractive index of –0.005i best fits the observations. The radiative forcing is particularly sensitive to the single scattering albedo (Miller and Tegen, 1999). Additional uncertainties lie in modelling the size distributions (Tegen and Lacis, 1996; Claquin et al., 1998) which, together with the refractive indices, determine the optical parameters. Although there have been a growing number of estimates of the local, clear sky radiative effect and optical depths of Saharan dust from satellite instruments (e.g., Ackerman and Chung, 1992; Swap et al., 1996; Goloub et al., 1999), relating instantaneous observational measurements that do not account for the effects of clouds, diurnal averaging of the radiation, the seasonal signal associated with emissions and the fraction of mineral dust that is anthropogenic to the global mean radiative forcing is very difficult. Note also that the effects of stratospheric adjustment have not been considered in any study to date: this is likely to be more important for tropospheric aerosols that are lofted to high altitudes in the troposphere such as mineral dust. Because the resultant global mean net radiative forcing is a residual obtained by summing the solar and the thermal infrared radiative forcings which are of roughly comparable magnitudes, the uncertainty in the radiative forcing is large and even the sign is in doubt due to the competing nature of the solar and thermal infrared effects.

2.5. Nitrate aerosol
Although IPCC (1994) identified nitrate aerosol as a significant anthropogenic source of aerosol, there have been few studies of the direct radiative effect. Adams et al. (1999) perform a global chemical modelling study of sulfate, nitrate and ammonium aerosol and estimate a global mean burden of approximately 0.13 Tg NO3 (0.25 mg m-2). van Dorland et al. (1997) has produced a radiative forcing estimate of approximately -0.03 Wm-2 for ammonium nitrate but, as acknowledged by the authors, many of the assumptions implicit within the calculations make this a first-order estimate only. Recent measurement studies by Veefkind et al. (1996) and ten Brink et al. (1997) in the Netherlands have shown that nitrate aerosol in the form of ammonium nitrate is a locally important aerosol species in terms of aerosol mass in the optically active sub-micron size range and hence the associated local radiative forcing. They also emphasise the problems in measuring the concentrations and size-distributions of nitrate that is a semi-volatile substance. The paucity of global studies of this aerosol species means that an assessment of the radiative forcing due to anthropogenic nitrate aerosol is not possible at the present time.


2.6. Mixed aerosols

Most of the global modelling studies performed to date consider tropospheric aerosol to be externally mixed (i.e., each aerosol chemical species exists independently of the others), which makes modelling the sources, atmospheric transport and radiative properties simpler (e.g., Tegen et al., 1997; Haywood et al., 1999). However, single particle analysis of particles containing mineral dust (e.g., Levin et al., 1996) and sea-salt (e.g., Murphy et al., 1998) have often shown them to be internally mixed with sulphate and other aerosols of anthropogenic origin. This means that sub-micron particles such as anthropogenic sulphate may be removed from the optically active region through heterogeneous processes and become internally mixed with larger super-micron species (e.g., Dentener et al., 1996), an effect that has not yet been accounted for as in global modelling studies. Global studies that examine the radiative forcing of absorbing and scattering particles such as BC and sulphate (e.g., Haywood et al., 1997a; Myhre et al., 1998; Chýlek et al., 1995) suggest that an internal mixture may be more absorbing than a corresponding external mixture. Also, West et al. (1998) suggest that for internally mixed aerosol particles containing sulphate, the radiative forcing may not increase monotonically with sulphate loading due to chemical interactions between sulphate and other chemical components such as ammonium, nitrate, and water. Additionally, McInnes et al. (1997) suggest that OC may act to suppress the hygroscopic nature of sea-salt and sulphate, thus the effect of OC emissions may, under certain circumstances, result in a net positive forcing. Thus, it is very unlikely that the radiative forcing from different species will add linearly. Further modelling work where all aerosol types, including natural species, are included in chemical transport models is necessary if the effects of internal mixing upon the overall radiative forcing are to be assessed on a global scale.

2.7. Field Campaigns

Field campaigns such as the Tropospheric Aerosol Radiative Forcing Observational Experiment (TARFOX) and the Aerosol Characterisation Experiment (ACE-1, ACE-2), the Indian Ocean Experiment (INDOEX) and SCAR-B (Smoke, Clouds and Radiation-Brazil) and long term monitoring network such as AERONET, provide essential information upon the chemical, physical, and optical properties of aerosol particles without which it would be impossible to validate assumptions used in modelling studies (e.g., Novakov et al., 1997; Hegg et al., 1997; Murphy et al., 1998; Hobbs et al., 1997; Ross et al., 1998; Holben et al., 1998). TARFOX has helped validate current treatment of radiative transfer by comparing in-situ radiances and irradiances with those predicted by radiation codes using in-situ observations of aerosol chemical composition and morphology and atmospheric concentrations. Hignett et al. (1999) modelled TARFOX aerosol as an internal mixture of sulphate, OC and BC and used in-situ aircraft observations to show the importance of the BC component in obtaining good agreement between modelled and observed broad-band irradiances. Similar calculations were performed by Russell et al. (1999) who also showed good agreement between modelled and measured irradiances and that the strongest forcing occurred not at mid-day, but when the solar zenith angle was approximately 60 to 70 degrees, in agreement with theoretical calculations (see Figure 5). Francis et al. (1999) made similar modelling assumptions and found reasonable agreement between the modelled and measured radiances indicating that the scattering phase function was in reasonable agreement with theory. The hygroscopic growth factor of the aerosol was investigated in detail by Kotchenruther et al. (1999) who found different growth factors for different large-scale flow regimes and that, on average, the direct radiative forcing at 80% relative humidity was approximately double that of the dry aerosol. The results from TARFOX suggest that under certain circumstances, the use of an internal mixture may be more appropriate for modelling the physical and radiative properties of aerosols (section 2.6) rather than the assumption of external mixtures that have been widely used in modelling studies. INDOEX provided information of the chemical, physical and optical properties of aerosols in the Indian Ocean, chemical analysis revealing that aerosol can be transported for thousands of miles from the source regions (Podgorny et al., 2000; Satheesh et al., 1999). A significant degree of absorption due to the large quantities of atmospheric BC aerosol was noted as evidenced by the fact that the change in irradiance at the surface was two to three times that observed at the top of the atmosphere (Podgorny et al., 2000). This means that there is a vertical redistribution of energy throughout the atmosphere that does not occur with purely scattering aerosols. Modelling studies suggest that, for absorbing aerosols, the climate sensitivity parameter, , may differ significantly due to diabatic heating in the aerosol layer modifying the temperature structure of the atmosphere which may affect the formation of clouds (Hansen et al., 1997). SCAR-B studied biomass burning aerosol over Brazil and provided important information on the refractive indices (e.g., Yamasoe et al., 1998) size parameters (e.g., Remer et al., 1998), optical parameters (e.g., Dubovik et al., 1998), relative humidity growth factors (e.g., Ross et al., 1998), and radiative effects (e.g., Eck et al., 1998; Ross et al., 1998) of biomass burning aerosol. Hobbs et al. (1997) highlight the significant absorption of biomass burning aerosols and the fact that biomass burning aerosol is not as hygroscopic as industrial aerosol measured off the coast of the continental USA (see also Kotchenruther et al. (1999) and Ross et al. (1998)). ACE-2 provided much information on the physical characteristics of aerosol over the Eastern Atlantic. Russell and Heintzenberg (1999) summarise a variety of column closure experiments for Saharan dust and for marine boundary layer aerosol performed during the campaign, and highlight differences between observed and calculated aerosol optical depths due to particle shapes, complex refractive indices and single scattering albedos. Schmid et al. (2000) perform local closure experiments for aerosol size distributions and aerosol optical depths using in-situ measurements of the size distributions and sunphotometer data and find excellent agreement despite the fact that the desert dust aerosols are assumed to be spherical. Haywood et al. (2000) use aircraft measurements of the scattered radiance at 0.55 m in a Saharan dust layer and find good agreement with modelling calculations that assume spherical particles. These studies suggest that, for reasonable accuracy in radiative calculations, dust particles may be modelled as spheres (see section 2.4). 
Field campaigns have helped verify our understanding of radiative transfer and aerosol physical properties and thus are extremely valuable in verifying assumptions for input parameters in global modelling studies. However, note that the limited area nature of measurement campaigns and difficulties in distinguishing between aerosols from anthropogenic and natural sources mean that global models remain necessary in estimating the global radiative forcing.
2.8. Satellite measurements
Remote sensing of aerosols has made considerable progress in the past few years (King et al., 1999). Spaceborne instruments, such as AVHRR (Husar et al., 1997; Nakajima and Higurashi, 1998; Higurashi and Nakajima, 1999), METEOSAT (e.g., Jankowiak and Tanré, 1992; Moulin et al., 1997), have proven useful in retrieving aerosol optical depth. More recently dedicated instruments, such as POLDER (Goloub et al., 1999; Deuzé et al., 1999), MODIS (King et al., 1992; Kaufman et al., 1997; Tanré et al., 1997), OCTS (Nakajima et al., 1999), or ATSR (Veefkind et al., 1999) have been designed to monitor aerosol properties, and accurate retrieval of the aerosol optical depth over the ocean in clear-sky conditions has proved to be feasible (Goloub et al., 1999; Tanré et al., 1999; Veefkind et al., 1999).

Cusack et al. (1998) report better agreement between GCM clear-sky top and bottom of atmosphere irradiances over oceans and observations from ERBE and SCARAB when a simple aerosol climatology is included. Haywood et al. (1999) find that inclusion of chemical transport model based aerosol climatologies and radiative effects can explain much of the magnitude and the spatial distribution of differences between GCM modelled and observed ERBE irradiances over oceans. Figure 6 shows an example of the radiative effect of tropospheric aerosols as computed from the POLDER aerosol retrievals (Boucher and Tanré, 2000). The radiative signatures of biomass burning aerosols and the Saharan dust plume off the coast of West Africa, and that of industrial aerosols of the East coast of the USA and over the Mediterranean Sea are clearly visible. There is also a clear seasonal variation in the aerosol radiative effects.

Aerosol retrievals over land are also developing rapidly, but are complicated by the spectral and angular dependence of the surface reflectivity (e.g., Leroy et al., 1997; Wanner et al., 1997). Soufflet et al. (1997) developed an aerosol retrieval algorithm over dark land surfaces using AVHRR. Kaufman et al. (1997) undertakes a similar approach with the MODIS instrument. M. Herman et al. (1997) suggest that the surface contribution could be more easily corrected for the polarised radiances than for the total radiances, which would allow the retrieval of the aerosol optical depth over land. Flowerdew and Haigh (1996) and Veefkind et al. (1998) used the dual-look capability of the ATSR-2 instrument in order to retrieve the aerosol optical depth over land by assuming that the ratio of the surface reflectances in the two viewing directions is independent of the wavelength. Li and Kou (1998) determine the radiative effect of smoke over visible wavelengths using GOES data over boreal forests in West Canada where the surface reflectance is also relatively invariant. The infrared radiances from METEOSAT (and other sensors) can also be used to detect desert dust events over bright surfaces (Legrand et al., 1989; Ackerman, 1997) and diagnose their radiative impact. The TOMS instrument (J. Herman et al., 1997) has the capability to detect partially absorbing aerosols over land and ocean but the measured signal is a function of the vertical distribution of aerosols and therefore remains semi-quantitative.

In addition to aerosol optical depth, the Angström coefficient can also be retrieved with reasonable agreement when compared to ground-based sun photometer data (Goloub et al., 1999; Nakajima and Higurashi, 1998; Higurashi and Nakajima, 1999). The Angström coefficient gives an indication on the vertically averaged size distribution of the aerosol particles. The retrieval of the single scattering albedo, which is important in predicting the sign of the direct radiative forcing, is still a not yet resolved issue despite exploratory studies (Kaufman, 1987). Although satellite measurements of aerosols will undoubtedly help in estimating the aerosol direct radiative forcing and validating model predictions of the global aerosol cycles in the future, there are few studies on this topic to date. Moreover, the problem of separating the natural from the anthropogenic components of the atmospheric aerosols remains, although the Angström coefficient can discriminate between primary and secondary aerosols (Boucher and Tanré, 2000). In particular, the fraction of emitted dust that originates from changes in land use remains very uncertain. Finally, aerosol retrieval is usually associated with a stringent cloud-screening algorithm, which raises the issue of the representativeness of sampled (cloud-free) pixels. In particular, aerosol retrievals over and close to cloudy regions are not possible. In this perspective future satellite lidar measurements are very promising. Despite these potential problems, it is very likely that more and more global modelling efforts will use satellite retrievals of the clear sky radiative effect or the optical depth to help better constrain the radiative effects of aerosols, particularly when the models incorporate all of the natural and anthropogenic aerosol components discussed here.
2.9. Discussion of uncertainties of direct effect

While the radiative forcing due to greenhouse gases may be determined to a reasonably high degree of accuracy (IPCC, 1996), the range of estimates due to aerosol direct radiative forcings remain large, and estimations of the aerosol forcing rely to a large extent on global modelling studies that are difficult to verify at the present time. The range of estimates presented in this section represent the structural uncertainties (i.e., differences in the model structures and assumptions) rather than the parametric uncertainties (i.e., the uncertainties in the key parameters such as optical parameters, burden etc) (see Pan et al., 1997). Three major areas of uncertainty exist: uncertainties in the atmospheric burden, uncertainties in the optical parameters, and uncertainties in implementation of the optical parameters and burden to give a radiative forcing. The atmospheric burden of an anthropogenic aerosol species is determined by factors such as combustion, emission, aging, convective transport, and scavenging processes, each of which has an associated uncertainty. The optical parameters have associated uncertainties in size distribution, chemical composition, state of mixing, method of mixing, and asphericity. Uncertainties in calculating the radiative forcing from specified burdens and optical parameters arise from uncertainties in the parameterization of relative humidity effects, the horizontal and vertical distributions of the aerosol, the uncertainties and sub-grid scale effects in other model fields such as clouds, humidity, temperature and surface reflectance, the representation of the diurnal cycle, and the accuracy of the radiation code used in the calculations. Accurate satellite retrievals of aerosol radiative effects show promise for helping to constrain estimates of the model input parameters such as size distribution as well as constraining the radiative effects on a close to global scale. While the general spatial distribution of the radiative forcing for sulphate aerosol from different studies appears to be similar, some important features such as the seasonal cycle in the radiative forcing remain highly uncertain which may have important consequences in terms of the detection and attribution of climate change. Additionally, we have concentrated specifically upon the radiative forcing of anthropogenic aerosol species; a further uncertainty highlighted by Hansen et al. (1997) is that, for absorbing aerosols, the climate sensitivity parameter,  may differ significantly due predominantly to the feedback effect of clouds.

3. Indirect radiative forcing

Aerosols serve as cloud condensation and ice nuclei. An increase in aerosol concentration and/or properties can therefore modify the microphysical and radiative properties of clouds, as well as the precipitation efficiency and hence the cloud lifetime. A review of theoretical and observational evidence for the aerosol indirect effects can be found in Schwartz and Slingo (1995). The observational evidence includes measurements of an anthropogenic influence on cloud condensation nuclei (CCN) concentrations (e.g., Hegg et al., 1993), correlative measurements of sulphate or aerosol concentrations and cloud droplet number concentration (e.g., Leaitch et al., 1992; Martin et al., 1994; Novakov et al., 1994), and studies of the so-called "ship track" phenomenon (e.g., Coakley et al., 1987; Radke et al., 1989). Recently, the ACE-2 CLOUDYCOLUMN experiment focused on the contribution of stratocumulus clouds to the indirect effect in June-July between Portugal and the Canary Islands (Brenguier et al., 2000a). Significantly larger cloud droplet number concentrations and smaller cloud droplet size were reported for clouds formed in air masses of continental origin compared to air masses of marine origin (Brenguier et al., 2000b). A clear comparison of the cloud visible reflectance or cloud optical depth between polluted and non-polluted clouds is complicated by the fact that these clouds have different geometrical thicknesses. When the effect of geometrical thickness is accounted for, a correlation is found between the cloud optical depth and the cloud droplet number concentration, albeit with considerable scatter (Brenguier et al., 2000b, Fig. 6b). It should be noted that there is, to date, no convincing observations showing the entire chain of processes of the aerosol indirect effect from enhanced aerosol concentrations to enhanced cloud albedo on a scale large enough to influence significantly the Earth’s radiation budget. This is due, in particular, to the large variability in the cloud albedo parameter due to the large natural variability in cloud types and cloud liquid water path. 
Below we review and discuss the various estimates of the globally-averaged aerosol indirect radiative forcing by anthropogenic aerosols. Because of the inherent complexity of the aerosol indirect effect, GCM studies dealing with its quantification necessarily include a significant degree of simplification. While this is a legitimate approach, it should be clear that GCM estimates of the aerosol indirect effect are very uncertain. Section 3.1 investigates the indirect radiative forcing due to sulphate aerosols, on which most efforts have concentrated, while other aerosol types are treated in section 3.2. Section 3.3 is devoted to alternative approaches, while section 3.4 investigates the aerosol indirect effects on ice clouds.

3.1. Sulphate aerosols
3.1.1. Estimates of the cloud albedo effect

The indirect radiative forcing by sulphate aerosols has received a lot of attention since IPCC (1996). Table 4 reports the studies available in the literature. These studies use different GCMs and different methods for computing the droplet number concentration. While some authors (e.g., Boucher and Lohmann, 1995) used empirical relationships between the sulphate mass and the cloud droplet number concentration, other studies (e.g., Jones et al., 1994) rely on empirical relationships between the sulphate aerosol number concentration and the cloud droplet number concentration. In the latter case, one has to assume a size distribution for sulphate aerosols to convert the sulphate mass concentration predicted by the CTM or GCM into an aerosol number concentration. Amongst the most recent studies, Chuang et al. (1997), Lohmann et al. (2000), and Ghan et al. (2000a) developed parameterizations of the cloud nucleation process. This approach (sometimes referred to as a “mechanistic” approach) accounts for other pre-existing aerosol types and variations in the cloud vertical updraft, and avoids the problem of prescribing a unique relationship between aerosol mass and cloud droplet concentration. While this represents a more comprehensive approach, it also adds to models one degree of complexity, by introducing a process which is not yet fully understood. Some of the relationships are plotted in Figure 7. A comparison between diagnostic and prognostic relationships is not straightforward. For Jones et al. (1999) over the ocean, the relationship also depends on the the sea-salt concentration. The best fit between sulphate mass and cloud droplet number concentration obtained with the Lohmann et al. (2000) parameterization is also due to other aerosol types, which are correlated to sulphate aerosols and also serve as cloud condensation nuclei. Figure 7 nevertheless suggests that the empirical relationships used by the first investigators show the same qualitative behaviour as the new “mechanistic” parameterizations, although of course they cannot be considered as universally valid.
One can see from Table 4 that the radiative forcing estimates for the cloud albedo effect range from –0.3 to –1.8 Wm-2, which is close to the range of 0 to –1.5 Wm-2 given in IPCC (1996) when only a few estimates were available. There does not seem to be an obvious relationship between the level of model complexity and the magnitude of the forcing, as each of the approaches discussed above leads to a rather large range of forcings. 
There is a tendency for more and more studies to use interactive (on-line) rather than prescribed (monthly- or annual-mean) sulphate concentrations. Feichter et al. (1997) pointed out that the first indirect effect calculated from monthly-mean sulphate concentrations is 20% larger than calculated from interactive sulphate concentrations. Jones et al. (1999) found that the total indirect effect was overestimated by about 60% if they used seasonal- or annual-mean sulphate concentrations.

The various GCM studies show some disagreement on the spatial distribution of the forcing, an example of which is shown in Figure 8. The northern to southern hemisphere ratio (NH:SH ratio) varies from 1.4 to 4 depending on the models. It is generally smaller than the NH:SH ratio of anthropogenic sulphate aerosol concentrations because of the higher susceptibility of the clouds in the SH (Platnick and Twomey, 1994; Taylor and McHaffie, 1994). The ocean to land ratio depends very much on the type of sulphate mass to cloud droplet number concentration which is used and on the natural background aerosol concentrations. It was generally found to be smaller than unity (Boucher and Lohmann, 1995; Jones and Slingo, 1997; Kiehl et al., 2000). Larger ratios, such as 1.6 (Chuang et al., 1997) and 5 (Jones and Slingo, 1997), are reported in some of the GCM sensitivity experiments. Using a detailed inventory of ship sulphur emissions and a simple calculation of the aerosol indirect effect, Capaldo et al. (1999) suggested that a significant fraction of the effect over the oceans (–0.11 Wm-2, averaged globally) could be due to ship-emitted particulate matter (sulphate plus organic material in this case). So far this source of aerosols has not been included in the GCM studies.

Kogan et al. (1996, 1997) used the Warren et al. (1988) cloud climatology over the oceans rather than a GCM to predict the indirect effect by sulphate aerosols on cloud albedo. The cloud albedo susceptibility was evaluated from a large eddy simulation model applied to stratocumulus clouds. They found an indirect shortwave forcing of –1.1 Wm-2 over the oceans with a small hemispheric difference of 0.4 Wm-2 (i.e., a NH to SH ratio of about 1.4). In their study, the forcing had a strong seasonal cycle, with the SH forcing prevailing in some seasons.

3.1.2. Estimates of the cloud lifetime effect and of the combined effects

Whereas the first indirect effect can be computed diagnostically, assessment of the second indirect effect implies that two independent (i.e., with the same fixed sea surface temperatures, but with different meteorologies) GCM simulations be made, a first one with pre-industrial and a second one with present-day aerosols. The difference in top-of-atmosphere fluxes or cloud radiative forcings between such two simulations is used by some authors as a proxy of the forcing due to the second aerosol indirect effect. The simulations need to be sufficiently long (usually 5 years) so that the effects of natural variability are expected to average out. However, as a consequence, the estimates of the aerosol indirect effect may include some undesirable feedbacks involving, for instance, changes in the temperature and water vapour fields. There are no studies yet to confirm unambiguously that the radiative impacts associated with the second indirect effect and computed in such a way can be interpreted in the strict sense of a radiative forcing. While some authors call their estimate of the cloud lifetime effect a radiative forcing (e.g., Rotstayn, 1999), some others (e.g., Jones et al., 1999) label it as just a radiative effect.

Jones et al. (1999) and Rotstayn (1999) provide estimates for the cloud lifetime effect alone with ranges of –0.53 to –2.29 Wm-2 and –0.4 to –1.0 Wm-2, respectively. For the combined effect (first and second effects estimated together), Jones et al. (1999) and Rotstayn (1999) give best estimates of –1.18 and –2.1 Wm-2. Larger forcings are found by Rotstayn (1999), who uses the parameterization for droplet concentration proposed by Roelofs et al. (1998), and by Lohmann and Feichter (1997), who test two alternative cloud schemes, giving values of –3.2 and –4.8 Wm-2 respectively. In contrast, Lohmann et al. (2000) predict a much smaller combined effect with radiative impact of 0.0 and -0.4 Wm-2, assuming externally and internally mixed sulphate aerosols, respectively. The authors attribute this rather small radiative impact to the small increase in anthropogenic sulphate aerosol number concentrations. Ghan et al. (2000a) estimate a combined effect of –1.7 Wm-2 using a mechanistic approach similar to that of Lohmann et al., but with aerosol size distribution predicted rather than prescribed. The larger forcing is due to a variety of differences in the models which remain to be investigated. The studies by Rotstayn (1999) and Jones et al. (1999) both indicate that the longwave (positive) radiative effect associated with the indirect aerosol effect is small (between 0.0 and 0.1 Wm-2 for each of the effects).

The partitioning of the total indirect radiative forcing between the first and second effect is uncertain. Jones et al. (1999) found that the ratio between their best estimates of the first and second indirect effects, taken separately, was 1.38, while Lohmann et al. (2000) predicted a ratio of 0.71 (for sulphate and carbonaceous aerosols taken together). In a set of independent simulations, Rotstayn (1999) estimated with his GCM that the radiative impact of the two effects considered together was similar or slightly larger than the sum of the two effects considered separately, depending on the versions of the model being used. In contrast, Jones et al. (1999) found that the combined radiative impact (–1.18 Wm-2) was less than the sum of the two effects computed separately (estimated as –0.91 and –0.66 Wm-2, respectively, corresponding to a total of –1.57 Wm-2). This non-additivity of the radiative impacts implies that some sort of interactions between the two effects are occurring, at least in the model of Jones et al. This suggests that the change in top-of-atmosphere fluxes between two independent simulations with and without the effects of anthropogenic aerosols constitutes an imperfect quantity in representing the aerosol indirect effect. However, it is recognised that the impact of the second indirect aerosol effect could be a major factor of climate change. 

3.1.3. Model evaluation
To date, there is no method for a direct validation of GCM estimates of the aerosol indirect forcing against observations. Nevertheless, global satellite retrievals of various cloud parameters provide indirect means for evaluating and validating the GCM predictions. The simulated cloud droplet effective radii (Jones et al., 1994; Boucher and Lohmann, 1995; Jones and Slingo, 1996; Chuang et al., 1997; Jones and Slingo, 1997; Roelofs et al., 1998; Rotstayn, 1999; Kiehl et al., 2000; Ghan et al., 2000b) have been compared with those retrieved from satellite data (Han et al., 1994). The observed hemispheric and land/ocean contrasts in cloud droplet size are generally simulated by the models, at least qualitatively, the detailed comparison being more or less conclusive depending on the models. It would certainly be appropriate to validate also the horizontal and vertical distribution of the cloud droplet number concentration. This is not yet possible because a global-scale climatology of this parameter does not exist. However, Han et al. (1998b) produced a climatology of the column cloud droplet concentration from AVHRR data (Figure 9), which may prove very helpful for model validation. General circulation models with a predictive treatment of the cloud droplet number concentration (Ghan et al., 2000b; Lohmann et al., 1999a, 1999b) tend to produce reasonable results. 
3.1.4. Further discussion of uncertainties
Some authors have argued that sea-salt particles may compete with sulphate aerosols as cloud condensation nuclei, thereby reducing the importance of anthropogenic sulphate in droplet nucleation (O’Dowd et al., 1999; Ghan et al., 1998). While this process is accounted for in some of the above-mentioned estimates, validation of its parameterizations against observations remain difficult, which adds further uncertainty. 
Considerable sensitivity is found to the parameterization of the autoconversion process (Boucher et al., 1995; Lohmann and Feichter, 1997; Jones et al., 1999) which complicates matters because there is a need to "tune" the autoconversion onset in GCMs (Boucher et al., 1995; Fowler et al., 1996; Rotstayn, 1999) to which the indirect aerosol forcing is sensitive (Rotstayn, 1999; Jones et al., 1999; Ghan et al., 2000a). The indirect aerosol forcing is also sensitive to the treatment of the pre-industrial aerosol concentrations and properties (Jones et al., 1999; Lohmann et al, 2000) which remains poorly characterised, the representation of the microphysics of mid-level clouds (Lohmann et al., 2000), the representation of aerosol size distribution (Ghan et al., 2000a), the parameterization of sub-grid scale clouds (Ghan and Easter, 1998), and the ability of GCMs to simulate the stratus and stratocumulus cloud fields. Also it should be noted that all the studies discussed above cannot be considered as truly "independent" because many of them (with the exception of Lohmann et al. (2000) and Ghan et al. (2000a)) use similar methodologies and similar relationships between sulphate mass and cloud droplet number concentration. Therefore the range of results does not encompass the total range of uncertainties.



3.2. Other Aerosol Species

3.2.1. Carbonaceous aerosols

In this section, carbonaceous aerosols refer to the mixture (internal or external) of OC and BC aerosols. Novakov and Penner (1993) and Novakov and Corrigan (1996) have suggested that organic aerosols may act as efficient cloud condensation nuclei. There have been few GCM studies estimating the indirect forcing from carbonaceous aerosols. Penner et al. (1996) reported a range of forcing from –2.5 to –4.5 Wm-2 (not reported in Table 4), which may be too large because of low natural emissions of organic aerosols and neglect of absorption of solar absorption by black carbon within the cloud. Lohmann et al. (2000) predicted a radiative impact for the combined effect (i.e., first and second effects) of -1.3 and -0.9 Wm-2 for externally- and internally-mixed carbonaceous aerosols, respectively. These estimates do not include the effects of secondary organic aerosols, nor the effects of absorption of solar radiation by black carbon within the cloud.
3.2.2.
Combination of sulphate and carbonaceous aerosols

Lohmann et al. (2000) found that the radiative impact of sulphate and carbonaceous aerosols considered simultaneously (-1.1 Wm-2 for the internally-mixed assumptions) is comparable to the sum of the radiative impacts calculated separately (-0.4 and –0.9 Wm-2 for sulphate and carbonaceous aerosols, respectively). This finding is to be related to the fact that sulphate production does not form new particles in their model. Therefore, this result probably does not hold for the other studies and it is likely that the indirect radiative forcings by sulphate and carbonaceous aerosols computed independently do not add linearly. In fact, most of the GCM studies of the indirect aerosol effect used sulphate as a surrogate for the total anthropogenic fraction of the aerosol (e.g., Boucher and Lohmann, 1995; Feichter et al., 1997; Lohmann and Feichter, 1997). In this case the computed forcings incorporate the effects of other aerosol types which have a similar spatial distribution to sulphate aerosols, such as nitrate aerosols or carbonaceous aerosols from fossil-fuel combustion. It does not include, however, the effects of biomass burning aerosols which have a different spatial distribution from sulphate aerosols.


Another issue is the potential for light-absorbing aerosols to increase in-cloud absorption of solar radiation - and correspondingly decrease the cloud albedo - when incorporated inside cloud droplets. This effect is generally not considered in the GCM studies, where the black carbon is included as interstitial particles within the cloudy areas. Twohy et al. (1989) concluded from measurements off the coast of California and from simple radiative calculations that the observed levels of soot would not lead to a significant impact on the cloud albedo. Chýlek et al. (1996a) estimated an upper bound for increased absorption of solar radiation of 1 to 3 Wm-2 (global and annual average) for a black carbon concentration of 0.5 (g.m-3. Considering the modelled atmospheric concentrations of soot (see sections 2.3.1 and 2.3.3) and the fact that only a small fraction of the soot is incorporated in the cloud droplets, the effect is probably smaller by one to two orders of magnitude. It remains, however, to be estimated properly. For instance, Heintzenberg and Wendisch (1996) showed that the decrease in radiative forcing due to a decrease in soot concentrations with increasing distances from the pollution sources could be compensated by a concurrent increase in the fraction of soot which is incorporated in the cloud droplets.


3.2.3. Mineral dust aerosols

Levin et al. (1996) observed desert dust particles coated with sulphate. Such particles may originate from in-cloud scavenging of interstitial dust particles followed by evaporation of the cloud droplets (see also sections 2.6 and 2.8 for the direct effect). The presence of soluble material (which may be of anthropogenic origin) on the desert dust particles convert them into large and effective CCN which may affect the cloud microphysics. Whether this effect results in a significant climate forcing has not been investigated and cannot presently be quantified.

3.2.4. Effect of gas-phase nitric acid

Kulmala et al. (1993, 1995) argued that enhanced concentrations of condensable vapours (such as HNO3 and HCl) in the atmosphere could affect cloud properties by facilitating the activation of cloud condensation nuclei. The impact of such an effect on the planetary cloud albedo has not been assessed.

3.3. Other methods for estimating the indirect aerosol effect

3.3.1. The "missing" climate forcing

Hansen and colleagues have used two alternative approaches to characterise and quantify any "missing" climate forcing besides those due to greenhouse gases, solar constant, ozone, and aerosol direct effect. Hansen et al. (1995) used a simplified GCM to investigate the impact of various climate forcings on the diurnal cycle of surface air temperature. They found that, although the aerosol direct effect or an increase in continental cloud albedo could contribute to damp the surface temperature diurnal cycle, only an increase in continental cloud cover would be consistent with observations (Karl et al., 1993). The required cloud increase depends on cloud height and would be of the order of 1% global coverage for low clouds (i.e., 2–5% over land). We cannot rule out that such a change is an unidentified cloud feedback rather than a forcing. Hansen et al. (1997) also argued that agreement between observed and computed temperature trends requires the presence of another forcing of at least –1 Wm-2. However, this method assumes that the observed change in surface temperature since the pre-industrial times is entirely a response to anthropogenic forcings, that all the other anthropogenic forcings are well quantified, and that the climate sensitivity parameter (section 1) predicted by the GCM is correct. As outlined by Rodhe et al. (2000), there is a also risk of circular reasoning in estimating the indirect radiative forcing of aerosols in this manner. Therefore it may simply be a coincidence that such an estimate is consistent with the GCM estimates discussed above.

3.3.2. Remote sensing of the indirect effect of aerosols

Because of their global coverage, satellite observations are very useful to evaluate the results of general circulation models. They also provide some insights on the detection and the quantification of the indirect radiative effects of aerosols on clouds. Han et al. (1994) analysed AVHRR satellite radiances to retrieve the cloud droplet size of low-level clouds. They reported significant inter-hemispheric differences for both maritime and continental clouds. Boucher (1995) showed that, if this difference is to be attributed to anthropogenic aerosols, it implied a differential forcing of about –1 Wm-2 between the two hemispheres. Assuming a NH to SH ratio of 2:1 for the aerosol indirect effect, this would imply a globally-averaged forcing of –1.5 Wm-2. Using an independent technique for retrieving cloud droplet size Bréon and Goloub (1998) and Bréon et al. (1999) confirmed the smaller size of cloud droplets in the northern hemisphere compared to the southern hemisphere. They also noted smaller cloud droplet sizes downstream from the source regions of anthropogenic aerosols. The technique of Bréon and Goloub (1998) is based on the polarization signature of cloud droplet in the rainbow scattering angle, which requires specific conditions of observations and applies only to homogeneous cloud fields; therefore it is currently difficult to extrapolate these results to the global-scale. In a recent analysis of the ISCCP (International Satellite Cloud Climatology Programme) data, Han et al. (1998a) revealed a more complicated picture. They found that the cloud albedo increases with decreasing cloud droplet size for most continental clouds and for all optically thick clouds. However, the cloud albedo is observed to decrease with decreasing droplet size for the optically thinner clouds over the oceans. Correlations between cloud albedo and cloud droplet size (or similarly aerosol optical depth) are in fact not meaningful if they are not made for clouds which are comparable with respect to their other macroscopic properties such as the cloud geometrical thickness. In particular, this study underlines the limitations in using the hemispheric contrast in droplet size as an indicator of the aerosol indirect forcing, as done by Boucher (1995). In this context, the positive correlation between aerosol optical depth and cloud optical depth and the negative correlation between aerosol optical depth and cloud droplet size found by Wetzel and Stowe (1999) for stratus clouds have to be interpreted with caution. 
Kaufman and Nakajima (1993) used AVHRR data to analyse bright warm clouds over Brazil during the biomass-burning season. While they found a decrease in the cloud droplet size, they also found a decrease in the cloud reflectance when the smoke optical thickness increased and acredit this to the effects of absorbing graphitic carbon particles within the cloud. Kaufman and Fraser (1997) used a similar approach to observe thinner and less reflective clouds. They showed that smoke reduced the cloud droplet size and increased the cloud reflectance for smoke optical depth up to 0.8. They estimated the indirect radiative forcing by smoke to be –2 Wm-2 over this region for the three months of biomass burning, which would suggest a much smaller global average. However, using a combination of satellite observations and a global chemistry model, Remer et al. (1999) estimate that 50% of the cumulative biomass burning aerosol indirect forcing occurs for smoke optical depth smaller than 0.1, that is well away from the source regions.
Rosenfeld (1999, 2000) used a combination of AVHRR and TRMM satellite observations to investigate precipitation formation in clouds. He gave evidences for a suppression of precipitation in clouds locally affected by high levels of pollution from biomass burning or industrial aerosols. However, it seems to be currently difficult to quantify the cloud lifetime effect on the global scale from satellite measurements. 
3.4. Aerosol indirect effect on ice clouds

3.4.1. Contrails and contrail-induced cloudiness

Contrails are ice clouds that form under some thermodynamical conditions after aircraft have passed in the upper troposphere. Their radiative effect is similar to that of thin cirrus clouds. Line-shaped contrails can be identified in satellite data, either from visual inspection (Bakan et al., 1994) or through some automatic detection scheme (Mannstein et al., 1999). These studies indicate that line-shaped contrails have an average cover of between 0.5 and 2% in some parts of Europe and the Eastern North Atlantic. Using meteorological and air traffic data scaled to regional observations of contrail cover, Sausen et al. (1998) estimated the present-day global mean cover by line-shaped contrails to be about 0.1%. This results in a global- and annual-mean radiative forcing by line-shaped contrails of 0.02 Wm-2 (Minnis et al., 1999), subject to an uncertainty factor of about 4, due to uncertainties in the contrail cover, optical depth, ice particle size and shape (Meerkötter et al., 1999). 

When the ambient relative humidity exceeds ice saturation, contrails can evolve into extended cirrus clouds. Boucher (1999) and Fahey et al. (1999) have shown evidence that cirrus occurrence and coverage may have increased in regions of high air traffic compared to the rest of the globe. The trends in cirrus clouds could not be established with accuracy because of quantitative differences between the ground-based and satellite observations. Smith et al. (1998) reported the existence of nearly invisible layers of small ice crystals, which cause absorption of infrared radiation, and could be due to remnant contrail particles. From consideration of the spatial distribution of cirrus trends during the last 25 years, Fahey et al. (1999) gave a range of 0 to 0.04 Wm-2 for the radiative forcing due to aviation-induced. 
The available information on cirrus clouds was deemed insufficient to determine a single best estimate or an uncertainty range.
3.4.2. Impact of aircraft exhaust on cirrus cloud microphysics

Measurements by Ström and Ohlsson (1998) in a region of high air traffic revealed higher crystal number concentrations in areas of the cloud affected by soot emissions from aircraft. If the observed enhancement in crystal number density (which is about a factor of 2) is associated with a reduction in the mean crystal size, a change in cloud radiative forcing may result. Wyser and Ström (1998) estimated the forcing, although very uncertain, to be on the order of 0.3 Wm-2 in regions of dense air traffic under the assumption of a 20% decrease of the mean crystal size. No estimate of the globally-averaged radiative forcing is available.

Sedimentation of ice particles from contrails may remove water vapour from the upper troposphere. This effect is expected to be more important in strongly supersaturated air when ice particles can fall without evaporating (Fahey et al., 1999). The impacts of such an effect on cirrus formation, vertical profile of humidity and the subsequent radiative forcing have not been assessed.

3.4.3. Effect of anthropogenic aerosols emitted at the surface on ice clouds

Aerosols also serve as ice nuclei although it is well recognised that there are fewer ice nuclei than cloud condensation nuclei. It is conceivable that anthropogenic aerosols emitted at the surface and transported to the upper troposphere affect the formation and properties of ice clouds.

Jensen and Toon (1997) suggested that insoluble particles from the surface or soot particles emitted by aircraft, if sufficiently effective ice nuclei, can result in an increase in cirrus cloud coverage. Laaksonen et al. (1997) argued that nitric acid pollution is able to cause an increase in supercooled cirrus cloud droplet concentrations, and thereby influence climate. Such effects, if significant at all, are not quantified at present.

4. Summary and conclusion
Table 5 shows a summary of the range of radiative forcings for the direct and indirect effect of aerosols that have become available in the literature since IPCC (1996). For sulphate aerosol the direct radiative forcing ranges from –0.26 Wm-2 (Graf et al., 1996) to –0.82 Wm-2 (Haywood and Ramaswamy, 1998) and depends not just on the column burden determined by the chemical transport models, but on the treatment of relative humidity and cloud. For fossil-fuel BC aerosol the direct radiative forcing ranges from +0.16 Wm-2 to +0.42 Wm-2 (Myhre et al., 1998), the major factor influencing the radiative forcing being the degree of internal mixing. The two studies that have examined the radiative forcing due to fossil-fuel OC lead to radiative forcings of –0.02 Wm-2 (Cooke et al., 1999) and –0.04 Wm-2 (Penner et al., 1998), although the forcing may be stronger if the effects of mixing and relative humidity are considered. Estimates of the radiative forcing due to OC and BC from biomass burning range from –0.14 Wm-2 (Penner et al., 1998) to –0.74 Wm-2 (Iacobellis et al., 1999), the main uncertainties appear to be in the emission factors that subsequently affect the atmospheric burden of aerosol and the assumed optical parameters. For mineral dust, even the sign of the radiative forcing is in doubt due to the competing nature of the (negative) solar radiative forcing and (positive) terrestrial radiative forcing. Estimates of the radiative forcing due to mineral dust range from –0.46 Wm-2 (Sokolik and Toon, 1996) to +0.09 Wm-2 (Tegen et al., 1996). Areas of uncertainty in determining the radiative forcing due to mineral dust lie in determining the fraction that is of anthropogenic origin and determining the optical characteristics. Only one tentative estimate of the radiative forcing due to nitrate aerosol is available at –0.03 Wm-2. It should be noted that the overall direct effect of anthropogenic aerosols is unlikely to equal simply the sum of all of the individual radiative forcing components due to the complexities of internal mixing. Additionally, the range in the estimates in the literature makes it difficult to quantify the overall direct radiative forcing of aerosols. Satellite retrievals of aerosol radiative effects have made considerable progress in determining the radiative effects of aerosols over ocean regions provided they are carefully calibrated against field measurements. Satellite retrievals of the radiative effects over land currently remain problematic as does determining the anthropogenic component of aerosols from satellite data.
For the indirect effect of aerosols, only GCM estimates of the cloud albedo effect computed in a diagnostic manner can be strictly compared against estimates of the radiative forcing by other agents (e.g., greenhouse gases). The GCM studies dedicated to the cloud lifetime effect (or second indirect effect) usually approximate its radiative impact as the change in top-of-atmosphere fluxes between two independent experiments (with and without aerosols), which may allow feedbacks on the hydrological cycle and the dynamics of the atmosphere to develop. The second indirect effect is therefore difficult to define and quantify in the context of current evaluations of radiative forcing of climate change and current model simulations. Nevertheless, available GCM simulations suggest a radiative flux perturbation for the second aerosol indirect effect of similar magnitude to that for the first effect. Published GCM estimates of the radiative forcing for the cloud albedo effect by sulphate aerosols range from –0.3 to –1.8 Wm-2. GCM estimates of the radiative impact of the second indirect effect by sulphate aerosols range from –0.4 to –2.3 Wm-2. Only one reliable GCM estimate of the effect of carbonaceous aerosols indicate a radiative impact of –0.9 Wm-2 for the combined (first and second) effects. The aerosol indirect radiative forcing due to all aerosols differ significantly from the sum of the radiative forcings by the individual components. In particular, the indirect effects of sulphate and carbonaceous aerosols cannot be added up, because of internal mixing and because the different aerosol species compete with each other to form cloud droplets. It is argued that present estimates of the indirect aerosol effects are subject to large uncertainties and that the present range of estimates does not necessarily reflect the actual uncertainty range because most the GCMs use similar assumptions. Also, absorption of solar radiation by black carbon aerosols incorporated into the cloud droplets, although probably a second-order effect, is generally not considered in the GCM studies. Recent field campaigns (e.g., ACE-2) provided useful insights into the chemistry and physics of the aerosol indirect effects.  It will be fruitful to “scale-up” the observations at the local scale to the larger scale of the GCMs in order to evaluate and improve the parameterizations. Combined satellite retrievals of aerosol and cloud parameters are becoming useful tools to diagnose the radiative impact of the first indirect effect but require a careful interpretation. Global-scale satellite observations of cloud microphysical properties will also help to validate the GCM simulations of the aerosol indirect effects. Clearly more research is needed regarding the indirect effects of aerosols, especially as far as mid- and high-level clouds are concerned. 
These estimates for the aerosol direct and indirect effects derived from the published literature can be compared against a radiative forcing for well-mixed greenhouse gases of +2.45 Wm-2 (IPCC, 1996). We believe that the effects of aerosols continue to represent one of the largest uncertainties in the detection and prediction of climate change.
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Figure 1. Schematic of the aerosol indirect effects. CDNC is the cloud droplet number concentration, and LWC is the liquid water content.
Figure 2. The critical single scattering albedo, o, at which the clear-sky radiative forcing changes sign as a function of surface reflectance, Rs, for different backscattered fractions, adapted from Haywood and Shine.

Figure 3. Examples of column calculations of the clear-sky radiative forcing for scattering aerosol (sulphate) and absorbing aerosol (black carbon) as a function of solar zenith angle for different Lambertian surface reflectances, Rs (adapted from Haywood and Shine, 1997).

Figure 5. The normalised clear-sky radiative forcing for sulphate aerosol from the intercomparison study of Boucher et al. (1998). A log-normal distribution with a geometric mean diameter of 0.170 (m and a geometric standard deviation of 1.105 together with an aerosol optical depth of 0.20 at 0.55 (m and a Lambertian surface reflectance of 0.15 was assumed. For details of the radiation codes used in the calculations see Boucher et al. (1998).
Figure 7. Cloud droplet number concentration as a function of sulphate mass concentration over a) land and b) ocean. The empirical relationships of Boucher and Lohmann (1995) and Jones et al. (1999) are shown, along with a best fit obtained with the mechanistic parameterization of Lohmann et al. (2000). The correlation coefficient is indicated for the Lohmann et al. (2000) fit to the data. The relationship obtained by Ghan et al. (2000a) is displayed as a separate scatter plot on c). See text for more details.
For Figures 4, 6, 8 and 9, see the Colour Plate.
Table 1. Estimates of the global present-day emissions of various different types of aerosol from various sources. NA represents not accounted for or not available.
Emission
Source
Langner & Rodhe (1991)
Pham 
et al. 
(1995)
Chin & Jacob (1996)
Chuang et al. (1997)
Feichter et al. (1997)
van Dorland
 et al. 
(1997)
Graf 
et al. (1997)
Restad 
et al. (1998)
Koch 

et al. (1999)
Lohmann
et al. (1999c)

SO2 (TgSyr-1)

Atmos. Burden (TgSO4)


Anthropogenic

Biomass Burning

Volcanic

Oceanic

Other

Total

Total

Anthropogenic
70.0

2.5

8.5

16.0

1.0

98.0

 2.31 (1.56s)

1.18 (0.90s)
92.4

3.0

9.2

19.7

1.2

125.5

2.4

1.65
67.4

NA

6.7

22.6

0

96.7

1.59

0.60
75.7

2.2

3.4

23.7

1.0

106.0

1.65

1.07
66.8

2.5

8.0

18.1

0.9

96.3

2.04

1.14
74

2

6

16

NA

98

NA

1.08
78

2

14

25

NA

119

2.34

0.87
65

2

8.7

16

NA

91.7

1.51

0.97
66.6

2.3

3.5

10.7

0.1

83.2

2.19

1.68
66.8

2.5

8.0

17.5

0.9

95.7

3.09

NA



Ghan & Penner (1992)
Cooke & Wilson (1996)
Liousse 
et al. (1996)
Cooke et al. (1999)
Penner 

et al.
 (1993)






BC (TgCyr-1)
Fossil-fuel 

Biomass Burning
5.8

NA
8.0

6.0
6.6

12.3
6.4

NA
6.6

17.2






OC (TgCyr-1)
Fossil-fuel

Biomass Burning
NA

NA
NA

NA
20.4

31.9
10.1

NA
NA

NA






Table 2. The global mean annual average direct radiative forcing (DRF) due to sulphate aerosols from different global studies. The optical parameters foir sulphate aerosol at 0% relative humidity at a wavelength of 0.55 m are also shown. The anthropogenic column burden of sulphate and the source of the sulphate data are also shown together with the normalised radiative forcing. Frac indicates a cloud scheme with fractional grid-box cloud amount and on/off indicates that a grid-box becomes totally cloudy once a certain relative humidity threshold is reached. *indicates that the maximum hygroscopic growth of the aerosols was restricted to a relative humidity of 90%. The ratio of the northern hemisphere DRF to the southern hemisphere DRF and the ratio of the mean radiative forcing over land to the mean radiative forcing over oceans is also shown. NA indicates that data is not available. LR91s indicates that the slow oxidation case was used in the calculations.

Study
o
(0.55m)
ke
(m2g-1SO4)
(0.55m)
g (0.55m)
DRF  (Wm-2)
Anthropogenic Column Burden 
(mg m-2)
Normalised DRF 
(Wg-1)
Cloud Scheme
DRF NH/SH
DRF land/ocean
Source(of Sulphate Data

Boucher and Anderson (1995)
1.0
3.12
0.60
(0.29
2.32
(125
Frac
4.3
3.4
Langner and Rodhe (1991)

Graf et al. (1997)
NA
NA
NA
(0.26
1.70
(153
Frac
2.0
NA
Graf et al. (1997)

Feichter et al. (1997)
<1.0
5.0
NA
(0.35
2.23
(157
Frac
4.2
1.4
Feichter et al. (1997)

Kiehl and Briegleb (1993)
1.0
5.0
0.69
(0.28
1.76
(159
Frac
3.3
NA
Langner and Rodhe (1991)s

Myhre et al. (1998)
1.0
5.0
0.64
(0.32
1.90
(169
Frac
6.9
NA
Restad et al. (1998)

van Dorland et al. (1997)
<1.0
4.0
NA
(0.36
2.11
(171
Frac
5.0
NA
van Dorland et al. (1997)

Koch et al. (1999)
1.0
5.0
NA
-0.68
3.3
(200
Frac
8.7
NA
Koch et al. (1999)

Kiehl and Rodhe (1995)
1.0
5.0
0.69
(0.66
3.23
(204
Frac
NA
NA
Pham et al. (1995)





–0.29
1.76
–165
Frac
NA
NA
Langner and Rodhe (1991)s

Chuang et al. (1997)
1.0
5.0
0.64
(0.43
2.10
(205
On/off*
4.7
2.4
Chuang et al. (1997)

Haywood et al. (1997)
1.0
5.0
0.64
(0.38
1.76
(215
Frac
4.0
NA
Langner and Rodhe (1991)s

Hansen et al. (1998)
1.0
NA
NA
(0.28
1.14
(246
Frac
NA
NA
Chin and Jacob (1996)

Kiehl et al. (2000)
1.0
5.0
0.66
(0.56
2.23
(251
Frac
2.7
1.3
Barth et al. (2000)

Haywood and Ramaswamy (1998)
1.0
5.0
0.64
(0.63
1.76
(358
On/off
3.6
2.6
Langner and Rodhe (1991)





(0.82
1.76
(460
On/off
5.8
2.7
Kasibhatla et al. (1997)

Penner et al. (1998) & Grant et al. (1999)
1.0
5.07
0.65
(0.81
1.82
(445
On/off
4.5
2.3
Penner et al. (1998)

Table 3. The global-mean annual-average direct radiative forcing due to BC and OC aerosols from different studies. The type of mixing or source of optical parameters is shown. The single scattering albedo, o, and the specific extinction coefficient, ke, are shown together with the wavelength, , and the relative humidity, RH. inv indicates that the optical parameters are invariant with relative humidity. The anthropogenic column burden of BC and OC is shown together with the normalised direct radiative forcing.
Aerosol
Author 

Mixing or optical parameters
o
ke
 (m2g-1)
DRF (Wm-2)
Column Burden (mgm-2)
Normalised DRF 

(Wg-1)
Remarks

Fossil-fuel BC
Haywood et al. (1997a)
External
0.21
9.3
+0.20
0.13
1525
GCM study. 7.5% mass scaling of BC to SO4 assumed. SO4 from Langner & Rodhe (1991) (slow oxidation case).




=0.55m,RH=inv







Internal with sulphate
0.91
11.1
+0.36
0.13
2770
Internal mixing approximated by volume weighting the refractive indices of BC and SO4.




=0.55m,RH=80%






Myhre et al. (1998)


External
0.21
9.3
+0.16
0.14
1123
3-D study using global climatologies for cloud, surface reflectance etc. 7.5% mass scaling of BC to SO4 assumed. SO4 from Restad et al. (1998).




=0.55m,RH=inv







Internal with sulphate
0.77
5.5
+0.42
0.14
3000
Internal mixing approximated by volume weighting the refractive indices of BC and SO4.




=0.55m,RH=0%






Penner et al. (1998) & Grant et al. (1999)
Internal
NA
NA
+0.20
0.16
1287
BC modelled using chemical transport model and GCM. BC and OC fractions vary geographically.


Cooke et al. (1999)
External
0.23
11.0
+0.17
0.14
1210
BC modelled using chemical transport model and GCM. 




=0.50m,RH=inv






Haywood and Ramaswamy (1998)
External mixture 
0.21
0.93
+0.2
0.13
1500
3-D GCM study using Cooke and Wilson (1996) BC data scaled to Liousse et al. (1996) total BC mass. 50% of the BC mass assumed to be from fossil-fuels.




=0.55m,RH=inv





Fossil-fuel OC
Penner et al. (1998)
Internal with 

fossil-fuel BC
1.0
5.3
–0.04
~0.7
–60
OC modelled using chemical transport model and GCM. May be more negative due to mixing and effects of RH.




=0.5-0.69m

RH=0%






Cooke et al. (1999)
External mixture
0.98
3.6
–0.02
0.34
–70
OC modelled using chemical transport model and GCM. May be more negative due to effects of RH and assumption of partial absorption of OC.




=0.5m,RH=inv





Biomass-burning (BC+OC)
Hobbs et al. (1997)
Optical parameters of biomass smoke
0.88
4.3
–0.3
3.7
–80
Uses simplified expression from Chylek and Wong (1995). Neglects radiative forcing from cloudy areas. Other parameters including estimated column burden from Penner et al. (1992).




=0.55m,RH=80%






Iacobellis et al. (1999)
Optical parameters of biomass smoke
0.975
9.06
–0.74
3.5
–210
3-D chemical transport model and GCM. Simplified expressions also examined.




=0.25-0.68m

RH=0%






Penner et al. (1998) & Grant et al. (1999)
Internal mixture of OC and BC
0.98
2.4
–0.14
to
–0.21
1.76
–80 to –120
3-D chemical transport model and GCM using biomass optical parameters modelled from two observational studies.




=0.5-0.69m

RH=0%





Fossil-fuel & biomass burning BC
Haywood and Ramaswamy (1998)
External mixture 
0.21
9.3
+0.4
0.27
1500
3-D GCM study using Cooke and Wilson (1996) BC data scaled to Liousse et al. (1996) total BC mass.




=0.55m,RH=inv






Hansen et al. (1998)
Observed single scattering albedo
NA
NA
+0.27
NA
NA
Adjustment of modelled single scattering albedo from 1.0 to 0.92-0.95 to account for the absorption properties of BC.

Fossil-fuel & biomass-burning OC
Hansen et al. (1998)
External mixture
1.0
NA
–0.41
NA
NA
3-D GCM study using Liousse et al. (1996) OC data. OC modelled as scattering aerosols.




=0.55,RH=inv





Table 4: The global-mean annual-average indirect radiative forcing due to aerosols from different global studies.

Reference
Aerosol
Forcing estimate (Wm-2)

Remarks


Type
Cloud albedo
Cloud lifetime
Both effects



Boucher and Rodhe (1994)*
Sulphate


–0.65 to –1.35
P
Use 3 relationships between sulphate mass and CCN/CDN concentrations.

Chuang et al. (1994)
Sulphate
–0.47


C
Include a parameterization of cloud nucleation processes.

Jones et al. (1994)
Sulphate
–1.3


P
Use a relationship between aerosol and droplet number concentrations.

Boucher and Lohmann (1995)
Sulphate
–0.5   to –1.4

–0.45 to –1.5 


P
LMD GCM

ECHAM
Use 4 different relationships between sulphate mass

and CCN/CDN concentrations (A, B, C, and D).

Jones and Slingo (1996)
Sulphate
–0.3   to –1.5


P
Use 2 different sulphate distributions.

Follow Jones et al. (1994), Hegg (1994), Boucher and Lohmann (1995) ‘D’.

Kogan et al. (1996)

Kogan et al. (1997)
Sulphate
–1.1



Use a cloud climatology rather than GCM-simulated clouds.

Chuang et al. (1997)
Sulphate
–0.4   to –1.6


C
Include a parameterization of cloud nucleation processes.

Use a mixture of pre-existing aerosols.

Feichter et al. (1997)
Sulphate
–0.76


C
Use Boucher and Lohmann (1995) ‘A’ relationship.

Jones and Slingo (1997)
Sulphate
–0.55 to –1.50


P
Use 2 different versions of the Hadley Center model.

Lohmann and Feichter (1997)*
Sulphate
–1

–1.4 to –4.8
C
Use Boucher and Lohmann (1995) ‘A’ relationship.

Rotstayn (1999)*
Sulphate
–1.1 to –1.7
–0.4   to –1.0
–1.6 to –3.2
P
Include a (small) LW radiative forcing.

Jones et al. (1999)* $
Sulphate
–0.91
b.e. –0.66
–1.18
C
Include a (small) LW radiative forcing. The two effects add non-linearly.

Kiehl et al. (2000)
Sulphate
–0.40   to –1.78


C



Sulphate


0 to –0.4
C


Lohmann et al. (2000) *
Carb.


–0.9 to –1.3
C
Include a parameterization of cloud nucleation. 


Both
~40
~60
–1.1 to –1.5
C


Ghan et al. (2000a) *
Sulphate
~50%
~50%
–1.6 to –3.2
   (b.e. –1.7)
C
Include a parameterization of cloud nucleation. Predicted aerosol size distribution. 

Letters P (prescribed) and C (computed) refer to off-line and on-line sulphate aerosol calculations, respectively.

CCN and CDN stand for cloud condensation nuclei and cloud droplet number, respectively.

b.e. stands for ‘best estimate’. Carb. stands for carbonaceous aerosols.
In studies indicated by a * the estimate in flux change due to the indirect effect of aerosols was computed as the difference 
in top-of-atmosphere fluxes between two distinct simulations and therefore do not represent a forcing in the strict sense. 
$ This model predicts sulphate concentrations which are too small on average.
Table 5: A summary of the range of radiative forcings discussed in the text. The range of radiative forcings from IPCC (1996) are included where appropriate. NA indicates that IPCC (1996) did not consider this forcing mechanism. NE indicates that IPCC (1996) did not give any estimate. 

Forcing Mechanism
Aerosol Species
IPCC (1996)

(Wm-2)
Range discussed 

in the text (Wm-2)
Remarks

Direct Effect
Sulphate aerosol
–0.2 to –0.8
–0.26 to –0.82 
Main uncertainties in column burden and effects of relative humidity and cloud.


Fossil-fuel BC
+0.03 to +0.3
+0.16 to +0.42
Smallest estimates for an external mixture, largest estimates for an internal mixture.


Fossil-fuel OC
NA
–0.02 to –0.04
Likely to be a lower limit due to the effects of mixing and unresolved hygroscopicity.


Biomass burning BC + OC
–0.07 to –0.6
–0.14 to –0.74
Highest estimate has larger atmospheric burden and specific extinction coefficient.


Mineral dust
NA
–0.46 to +0.09
Significant positive terrestrial and negative solar radiative forcing leads to uncertainties in the sign of the radiative forcing.


Nitrate aerosol
NA
–0.03
Only one very tentative estimate is available.

Indirect Effect
Cloud albedo effect
–0 to –1.5
–0.3 to –1.8
This range is for sulphate aerosols only. 


Cloud lifetime effect
NE
–0.4 to –2.3
This range is for sulphate aerosols only*
.


Contrails
NA
0.005 to 0.06
This estimate is based on IPCC (1999).


Aviation-induced cirrus
NA
0.04
This estimate is based on IPCC (1999). No range was given.

*GCM estimates cannot be strictly considered as radiative forcing calculations (see text).
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