JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 103, NO. D6, PAGES 6043-6058, MARCH 27, 1998

Global sensitivity studies of the direct radiative forcing
due to anth

J. M. Haywood!
AOS Program, Princeton University, Princeton, New Jersey

V. Ramaswamy

Geophysical Fiuid Dynamics Laboratory, Princeton University, Princeton, New Jersey

Abstract. The direct radiative forcing (DRF) of sulfate and black carbon (BC) aerosols is
investigated using a new multispectral radiation code within the R30 Geophysical Fluid

u'y'uauubb LdUUldLUiy' gCIlCldl LlIbuldLlUIl model (utm). 1WO lI](leCIl(lCIl[ suifate

climatologies from chemical transport models are applied to the GCM; each climatology
has a different atmospheric burden, vertical profile, and seasonal cycle. The DRF is
calculated to be appr0x1mately —0.6 and —0.8 W m~2 for the different sulfate
climatologies. Additional sensitivity studies show that the vertical profile of the sulfate
aerosol is important in determining the DRF; sulfate residing near the surface gives the
strongest DRF due to the effects of relative humidity. Calculations of the DRF due to BC
reveal that the DRF remains uncertain to approximately a factor of 3 due to uncertainties
in the total atmospheric burden, the vertical profile of the BC, and the assumed size
distribution. Because of the uncertainties in the total global mass of BC, the normalized
DREF (the DRF per unit column mass of aerosol i in watts per milligram (W mg 1)) due to
BC is estimated; the range is +1.1 to +1.9 W mg~! due to uncertainties 1n the vertical
profile. These Values correspond to a DRF of approximately +0.4 W m~2 with a factor of
3 uncertainty when the uncertainty in the total global mass of BC is included. In contrast
to sulfate aerosol, the contribution to the global DREF from cloudy regions is very
significant, being estimated as approximately 60%. The vertical profile of the BC is, once

again, important in determining the DRF, but the sensitivity is reversed from that of
sulfate; BC near the surface gives the weakest DRF due to the shielding effects of
overlying clouds. Although the uncertainty in the estimates of the DRF due to BC
remains high, these results indicate that the DRF due to absorption by BC aerosol may
contribute a significant positive radiative forcing and may consequently be important in
determining climatic changes in the Earth-atmosphere system.

1. Introduction

Since preindustrial times, concentrations of atmospheric
aerosols of anthropogenic origin appear to have increased
[Houghton et al., 1996]. These aerosols may influence the cli-
mate of the Earth via the direct effect by scattering and ab-
sorbing incident radiation [e.g., Charison et al., 1991; Kiehl and
Briegleb, 1993; Boucher and Anderson, 1995; Haywood et al.,
1997a] and via the indirect effect by modifying the microphys-
ical and optical properties of clouds [e.g., Twomey, 1977; Jones
et al., 1994; Boucher and Lohmann, 1995; Jones and Slingo,
1996]. Although the indirect effect may prove to exert a sig-
nificant radiative forcing, this study concentrates solely upon
the radiative forcing due to the direct effect.

Much recent work on the direct radiative forcing (DRF) of
aerosols (i.e., the change in net irradiance at the top of the
atmosphere due to the presence of aerosols [Houghton et al.,
1996]) has been focussed upon sulfate aerosol [e.g., Charlson et
al., 1991; Kiehl and Briegleb, 1993; Boucher and Anderson,
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1995]. However, there is a growing realization that other aero-
sols of anthropogenic origin may exert a significant DRF and
thus influence the climate of the Earth [Houghton et al., 1996].
Penner et al. [1992] used a simple reflection model and ne-
glected aerosol absorption to estimate the DRF due to biomass
burning to be approximately —1 W m~2. Recently, Tegen et al.
[1996] estimated the DRF of anthropogenic sources of dust
aerosol to be —0.25 W m ™2 in the solar spectrum and +0.34 W
m~?2 in the terrestrial spectrum, resulting in a global net DRF
of +0.09 W m ™2 Haywood and Shine [1995] assumed a global
linear relationship between the mass of fossil-fuel black carbon
(BC) and sulfate and used a simple reflection and absorption
model to estimate the range of the DRF of fossil-fuel BC to be
+0.03 to +0.24 W m~2, depending upon the degree of internal
and external aerosol mixing and the fractional mass of the BC.
Haywood et al. [1997a] extended this study by using a general
circulation model (GCM) and found the DRF due to fossil-
fuel BC to be +0.20 W m™~ for an external mixture and +0.36
W m ™2 for an internal mixture, assuming a BC/sulfate mass of
0.075. These results suggest a larger DRF from BC than the
reflection and absorption model of Haywood and Shine [1995]
because the GCM calculations include a significant DRF from
BC that exists above and within clouds. It should be noted that
neither Haywood and Shine [1995] nor Haywood et al. [1997a]
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Figure 1. Specific extinction coefficient k,, single scattering
albedo w, and asymmetry factor g for dry ammonium sulfate
aerosol modeled by a lognormal distribution with a geometric
mean radius of 0.05 um and a geometric standard deviation of
2.0.

include the DRF of BC from biomass burning as global BC
climatologies have only just become available. Only radiative
forcings from sulfate and elemental carbon are investigated in
this study. The emissions of organic carbon aerosols due to
fossil-fuel and biomass burning are likely to produce a signif-
icant negative forcing [e.g., Penner et al., 1992]; this radiative
forcing is not examined in this study.

This study uses the new sulfate climatology of Kasibhatla et

al. [1997] (KCS97) and the new BC climatology of Cooke and

Wilson [1996] (CW96) to investigate the DRF due to sulfate
and BC aerosols, respectively. Only anthropogenic sources of
both types of aerosol are used in this study; natural emissions
are not considered. Section 2 determines the radiative prop-
erties of both sulfate and BC by using Mie theory, and section
3 briefly describes the radiation code and the GCM that are
used to determine the DRF. Section 4 presents the results for
sulfate aerosol and includes calculations made using the sulfate
climatologies of Langner and Rodhe [1991]. Section 5 presents
the results for BC, and section 6 presents the results for an
external mixture of the two aerosol species. A discussion and
conclusions follow in section 7.

2. Aerosol Radiative Properties

The aerosol radiative properties are approximated throughout
this study using Mie theory, the aerosol size distributions being
modeled by lognormal distributions of the form [WCP, 1986]:

dN N,

3 (Inr —1nr,)?

"dr " o+/(2m) exp [ ( 2(In 0)* )]’ )
where r is the radius, N is the number of particles per unit
volume with In (radii) between In (r) and In () + d In (r), N,
is the total number density, 7,, is the geometric mean radius,
and o is the geometric standard deviation.

Dry ammonium sulfate is modeled using a geometric mean
radius of 0.05 um and a geometric standard deviation of 2.0
[e.g., Kiehl and Briegleb, 1993; Haywood et al., 1997a]. Base case
calculations of the DRF due to BC are made assuming a
geometric mean radius of 0.0118 um and a geometric standard
deviation of 2.0 [e.g., World Climate Program (WCP), 1986;
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Haywood et al., 1997a]. The refractive indices for dry ammo-
nium sulfate are from Toon et al. [1976], and a density of 1769
kg m ™3 is assumed [Weast, 1987]. The refractive indices for BC
are from WCP [1986]. Densities of BC in the literature vary
from 625 kg m~> for BC particles containing 75% empty space
to 2250 kg m™> for pure graphitic particles [Horvath, 1993].
Following Haywood et al. [1997a] and Haywood and Shine
[1997], a density of 1000 kg m 2 is assumed, as this value gives
a wavelength dependent specific extinction coefficient that is in
agreement with many measurements [e.g., Waggoner et al.,
1976, 1981; Horvath, 1993].

The single scattering albedo w, the asymmetry factor g, and
the specific extinction coefficient &, for dry ammonium sulfate
and BC aerosols are shown in Figures 1 and 2, respectively.
Figure 1 shows that the single scattering albedo for sulfate
aerosol is unity throughout the majority of the solar spectrum,
indicating that it acts to scatter incident solar radiation with no
absorption. Figure 2 shows that the single scattering albedo for
BC is less than 0.35 throughout the solar spectrum, indicating
that BC absorbs a large fraction of the incident solar radiation.
The specific extinction coefficient for both sulfate and BC is
largest in the ultraviolet and visible regions of the spectrum but
very small in the near infrared and thermal infrared, indicating
a strong interaction with solar radiation but little interaction in
the thermal infrared. Thus the DRF in the thermal infrared is
a second-order effect [see Haywood et al., 1997a] that is ig-
nored in this study.

3. GCM Integrations

The R30 Geophysical Fluid Dynamics Laboratory (GFDL)
GCM described by Wetherald and Soden [1995] is used to
provide appropriate fields of gaseous species, surface reflec-
tance, cloud, and solar insolation data. The spatial resolution is
approximately 420 km by 250 km at the Equator, and there are
14 sigma levels in the vertical. A new 26-band two-stream
8-Eddington solar radiation scheme is included within the
GCM [Freidenreich and Ramaswamy, 1997] that explicitly in-
cludes aerosol optical properties calculated from Mie theory
and the cloud radiative properties parameterization of Slngo
[1989]. This radiation code compares favorably against “refer-
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Figure 2. Specific extinction coefficient k., single scattering
albedo w, and asymmetry factor g for BC aerosol modeled by
a lognormal distribution with a geometric mean radius of
0.0118 wm and a geometric standard deviation of 2.0.
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ence” calculations performed with the line-by-line doubling
and adding radiation code described by Ramaswamy and Fre-
idenreich [1991]. When aerosol particles are present in cloudy
regions of the atmosphere, an external mixture of cloud drop-
lets and aerosol particles is assumed for both sulfate and BC
aerosols. In the real atmosphere, some of the aerosols are
likely to act as cloud condensation nuclei and become cloud
droplets. This physical process is not included, as it is regarded
to be a component of the indirect effect of aerosols, which is
not considered in this study. The treatment of the aerosol and
cloud droplets as an external mixture is unlikely to significantly
affect the DRF because the contribution to the DRF from
cloudy regions is found to be small (section 4.1).

The time step for the model integrations is 18 min for the
dynamics, and the solar radiation scheme is called once every
day. The radiative forcing is independent of ocean dynamics;
therefore, only the atmospheric component of the GCM was
integrated using observed seasonally varying sea surface temper-
atures. Cloud is assumed to exist throughout an entire grid box if
the relative humidity exceeds a certain height-dependent thresh-
old, the threshold ranging from 100% relative humidity in the
lowest layer of the model to 90.15% in the highest model layer.

Three-dimensional monthly mean aerosol fields from
KCS97 and CW96 are applied, and the DRF diagnostic is
calculated as the difference between the top of the atmosphere
net solar irradiance when the aerosol is excluded and when the
aerosol is included. Thus the DRF in these calculations rep-
resents the instantaneous rather than the adjusted DRF
[Houghton et al., 1996]. These calculations use the average
solar zenith angle in computing the DRF; the DRF obtained
from the average solar zenith angle is weighted by the frac-
tional day length to obtain the DRF diagnostic. The DRF will
be a function of the diurnal variation of the solar zenith angle
[e.g., Pilinis et al., 1995; Nemesure et al., 1995; Haywood and
Shine, 1997; O. Boucher et al., Results from the Sulfate Short-
wave Aerosol Radiative Forcing Intercomparison Project, sub-
mitted to Journal of Geophysical Research, 1997, hereinafter
referred to as submitted paper]; this source of variation is
ignored in this study. The atmospheric GCM is integrated for
a period of 1 year, and monthly mean and annual mean diag-
nostics are computed. It is important to note that the effects of
the aerosol upon the diabatic heating rates and, consequently,
the dynamics of the model atmosphere are not included in
computation of the DRF diagnostic. Coupled ocean-atmo-
sphere model studies of the effects of sulfate aerosol upon
global dynamics and climate have been performed by others
[e.g., Mitchell et al., 1995; Meehl et al., 1996; Haywood et al.,
1997b] and are not discussed here.

4. Results: Sulfate Aerosol

Section 4.1 presents calculations for the base case, section
4.2 presents sensitivity calculations of the DRF to the relative
humidity parameterization, and section 4.3 presents sensitivity
calculations to the assumed vertical profile of the aerosol.
Additional calculations using the Langner and Rodhe [1991]
sulfate aerosol distributions are presented in section 4.4. The
sensitivity of the DRF to the assumed sulfate size distributions
and chemical composition has been investigated by others
[Kiehl and Briegleb, 1993; Boucher and Anderson, 1995] and is
not examined in this study.
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Figure 3. Growth factor gf for the linear, ascending, and
descending relative humidity parameterizations described in
the text.

4.1. Base Case Calculations

Sulfate is considered to be composed entirely of ammonium
sulfate and is assumed to be hygroscopic. The relative humidity
parameterization that accounts for the growth of sulfate aero-
sol particles with increasing relative humidity and the subse-
quent change in the aerosol optical properties is based upon the
parameterization of Fitzgerald [1975] and is identical to the linear
parameterization used by Haywood et al. [1997a] (see Figure 3).

Three-dimensional monthly mean aerosol anthropogenic
sulfate fields from KCS97 are applied to the GCM; the annual
mean column integrated sulfate burden is shown in Figure 4.
As in many other modeling studies of the global sulfate distri-
bution [e.g., Langner and Rodhe, 1991; Pham et al., 1995; Pen-
ner et al., 1994], there are three major peaks in sulfate distri-
bution in the northern hemisphere occurring over the eastern
United States, central and eastern Europe, and southeastern
Asia. The average global column burden of sulfate is 1.76 mg
m ™2, which is equivalent to a total atmospheric burden of 0.90
Tg SO;™.

The annual mean DRF for the base case is shown in Figure
5. As expected from the sulfate distribution shown in Figure 4,
the strongest DRF occurs in the three regions where the sul-
fate concentrations are high, results that are in agreement with
several other modeling studies [e.g., Kiehl and Briegleb, 1993;
Boucher and Anderson, 1995; Haywood et al., 1997a). The
northern hemisphere DRF is —1.40 W m~2, and the southern
hemisphere DRF is —0.24 W m ™2, resulting in a global DRF of
—0.82 W m™2 These values are somewhat higher than the
estimates of Kiehl and Briegleb [1993], Boucher and Anderson
[1995], and Haywood et al. [1997a] but somewhat lower than
the estimate of Taylor and Penner [1994).

The global mean normalized DREF (i.e., the forcing per unit
column mass of sulfate in watts per milligram) is —0.46 W
mg . However, Figure 6 shows that the normalized DRF has
a dramatic spatial variation and varies from approximately
zero over areas of high surface reflectance such as the polar ice
caps to —1 W mg™" over oceanic regions near the equator.
Similar results have been demonstrated in the detailed multi-
spectral column calculations of Haywood and Shine [1997] and
O. Boucher et al. (submitted paper, 1997). This is because the
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Figure 4. Total annual mean column burden of sulfate aerosol from the climatology of KCS97 (mg m™?).
The hemispheric mean column burdens are also shown.

normalized DRF is a strong function of surface reflectance, It is possible to estimate the DRF from cloudy areas,
although solar irradiance, relative humidity, cloud optical AF 4, by adopting the cloud mask approach of Haywood et
depth and amount, and altitude of the aerosol also play a part  al. [1997a]. For each grid box, the monthly mean cloud amount
in determining the normalized DRF. A., the monthly mean DRF including clouds AF.,, and the
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Figure 6. Normalized DRF due to sulfate aerosol using the climatology of KCS97 (W mg™"). The global

mean normalized DRF is also shown.

monthly mean DRF excluding clouds AF ., are determined
allowing calculation of AF .4 As shown by Haywood and
Shine [1997], it is important to perform these calculations for
each GCM grid box rather than using the bulk global values for
DREF and cloud amount, as this allows for correlation between
areas of strong DRF and clear-sky regions. The 12 monthly
mean AF .4 values are then used to calculate the annual
AF 4,.q- The results indicate that the contribution to the total
global annual DRF from cloudy regions is approximately
—0.09 W m ™2, or 11% of the total DRF. The results differ
from those of Boucher and Anderson [1995], who neglected the
spatial correlation between DRF and cloud and found a con-
tribution to the total DRF from cloudy regions to be approx-
imately 22%. They also differ from those obtained by Haywood
et al. [1997a], who used an identical method to that described
here and determined that the contribution of the DRF from
cloudy skies to the total DRF was approximately 5%. The
reasons for these differences are unclear but may be due to the
fact that the Haywood et al. [1997a] calculations use a different
cloud scheme and include a diurnal cycle. Once again, it should
be noted that the sulfate aerosol and cloud droplets are con-
sidered to be an external mixture (section 3) and that the effect
of sulfate particles upon cloud microphysical properties is not
considered.

4.2.

In order to investigate the effects of relative humidity upon
the DRF, seven additional 1-year model integrations were
performed assuming the following.

1. The optical parameters for dry ammonium sulfate aero-
sol are without hygroscopic growth.

2. The optical parameters for ammonium sulfate are at a
relative humidity of 70%. This relative humidity has been used
in the study of Haywood and Shine [1995] in determining the
DREF due to sulfate aerosol.

Investigations Into the Effects of Relative Humidity

3. The optical parameters for ammonium sulfate are at a
relative humidity of 80%. This relative humidity has been used
in the study of Charlson et al. [1991] in determining the DRF
due to sulfate aerosol.

4. The optical parameters for ammonium sulfate are at a
relative humidity of 92%. As is shown below, this relative
humidity gives a global DRF equal to that calculated in the
base case (see Table 1).

5. The ammonium sulfate growth factor follows the as-
cending branch of the hysteresis curve of Tang et al. [1981] (see
Figure 3).

6. The ammonium sulfate growth factor follows the de-
scending branch of the hysteresis curve of Tang et al. [1981]
(see Figure 3).

7. A single idealized subgrid-scale distribution of relative
humidities is assumed that represents the distribution of rela-
tive humidities found in the model of Haywood et al. [1997c].
The distribution of relative humidities is assumed to be glo-
bally constant and is described by a triangular function with
magnitude +10% about the mean grid-box relative humidity
for mean grid-box relative humidities below 90% (see distri-
bution 1 in Figure 7). For mean grid-box relative humidities of
over 90% the subgrid-scale relative humidity distribution is
truncated at a relative humidity of 100% (see distribution 2 in
Figure 7). This subgrid-scale relative humidity distribution is
intended to represent that found in the limited-area nonhy-
drostatic model study of Haywood et al. [1997c], where the
model simulates convection. In the real atmosphere the sub-
grid-scale distribution of relative humidities will vary globally
and will not resemble that used here in many locations. It
should also be noted that only the subgrid-scale effects of
relative humidity are accounted for; no account is made for the
subgrid-scale effects of cloud. However, this calculation is in-
cluded to demonstrate the potential importance of subgrid-
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Figure 7. Diagram showing two possible subgrid-scale rela-
tive humidity distributions described in the text. The subgrid-
scale parameterizations consist of simple triangular functions
truncated at 100% relative humidity.

scale relative humidities in calculating the DRF. The results
are summarized in Table 1.

Table 1 shows that the global DRF is the weakest at —0.31
W m~2 when no relative humidity growth is applied and the
ammonium sulfate is considered to be dry. The global radiative
forcing strengthens to  —0.51 and —0.58 W m~2 when the
optical parameters for moist aerosol at 70% and 80% relative
humidities are used, respectively. These relative humidities
have been used in estimating the DRF in models that do not
include spatially varying relative humidities [e.g., Charlson et
al., 1991; Haywood and Shine, 1995]. Assuming that the aerosol
relative humidity growth is best described by the hysteresis
curve of Tang et al. [1981] leads to a global DRF of —0.76 W
m ™2 for the ascending branch of the hysteresis curve and —0.85
W m~? for the descending branch of the hysteresis curve.
These results indicate that the linear parameterization ap-
proach shown in Figure 3 should not lead to large inaccuracies
in the calculation of the DRF.

The DREF is considerably stronger when the relative humid-
ity fields from the R30 GCM are used than when an 80%
constant relative humidity field is used because of the nature of
the cloud scheme within the GCM. The cloud scheme consists
of an on/off switch; clouds are included throughout the grid
box if the relative humidity exceeds a certain height-dependent
threshold relative humidity (see section 3). To demonstrate
this, consider the lowest layers of the model, where the relative
humidity threshold is approximately 100%. The global annual
average relative humidity in the lowest layer of the model is
82%, but there are large spatial and temporal variations
around this mean. Figure 3 shows that the increase in the
growth factor at high relative humidities is very nonlinear,
which in turn, leads to a DRF that also strengthens in a very
nonlinear manner [e.g., Haywood et al., 1997c]. As the R30
GCM does not form cloud in any one grid box until the relative
humidity approaches 100%, relative humidities of 90-99.9%
produce strong DRFs, and there is no cloud within the grid box
to reduce the radiative forcing. Only when the relative humid-
ity reaches 100% is cloud formed and the DRF in the grid box
weakens dramatically, as the DRF is small in cloudy regions
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(see section 4.1). Thus, using the R30 GFDL model, a fixed
relative humidity of 92% is necessary to obtain the same DRF
as when the spatially varying relative humidity parameteriza-
tion of the base case is used (see Table 1). GCMs that include
a cloud fraction in each grid box in calculations of the DRF
due to hygroscopic sulfate aerosol [e.g., Boucher and Anderson,
1995; Haywood et al., 1997a] do not show such a high sensitivity
to the inclusion of relative humidity parameterizations be-
cause, as the relative humidity increases in a grid box, so does
the cloudy fraction. The nonlinearity of the DRF with increas-
ing relative humidity and the moderating effect of cloud have
been investigated in the limited-area model used by Haywood
et al. [1997c]. »

The inclusion of a very simple idealized subgrid-scale rela-
tive humidity parameterization leads to the strongest DRF of
—0.89 W m 2, or a strengthening of approximately 9% when
compared to the base case. Haywood et al. [1997c] showed that
the subgrid-scale effects of relative humidity upon the DRF are
reduced by the coexistence of cloud in areas of high relative
humidity. To examine the extent of this cancellation, a model
integration was performed excluding clouds from the model
integration as in section 4.1. The global DRF is found to
change from —1.64 W m™2 for the base case calculations ex-
cluding clouds and subgrid-scale relative humidity effects to
—1.92 W m~? when subgrid-scale effects are included, i.e., a
strengthening of approximately 17%. As expected, this
strengthening is of a larger magnitude than when clouds are
included; these calculations indicate that the sensitivity to sub-
grid-scale variations in relative humidity when clouds are in-
cluded is approximately half that of when clouds are excluded
from the model integrations. It should be emphasized that a
single global subgrid-scale relative humidity distribution is
used in this study that is dependent only upon the mean rela-
tive humidity of the GCM grid box. No account is made for
variations in the width or shape of the subgrid-scale distribu-
tion. To perform a more realistic global calculation of the
effects of subgrid-scale variations in relative humidity and
cloud would require a more sophisticated GCM parameteriza-
tion and more accurate observations of both relative humidity
and cloud amount.

4.3. Sensitivity of the DRF to the Vertical Profile
of the Aerosol

It is interesting to investigate the sensitivity of the DRF to
the vertical profile of sulfate aerosol, particularly as chemical
transport models often rely on simplistic vertical transport
mechanisms such as bulk parameterizations for deep convec-

Table 1. Variation of Direct Radiative Forcing for the
Different Relative Humidity (RH) Schemes Described
in the Text

Northern Southern

Case Hemisphere Hemisphere Global
Base case —1.40 -0.24 -0.82
Dry -0.52 —-0.09 —0.31
70% RH -0.86 —-0.16 -0.51
80% RH —0.99 —0.18 —0.58
92% RH -1.39 -0.26 -0.82
Ascending -1.30 -0.22 —0.76
Descending —1.45 -0.25 —0.85
Subgrid RH -1.52 -0.25 -0.89

Unit of measure is W m™2.
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Figure 8. Sensitivity of the DRF (W m™?) to the altitude of the aerosol layer within the GFDL R30 GCM.
Plots are shown for dry ammonium sulfate, moist ammonium sulfate using the linear relative humidity
parameterization scheme shown in Figure 3, and BC aerosol. Note that the magnitude of the radiative forcing
is shown and that the DRF due to sulfate aerosol is actually negative. The global annual mean relative

humidity at each model level is also shown.

tive processes, leading to large uncertainties in the vertical
profile of the aerosol. Additionally, the scarcity of measure-
ments at different altitudes means that the global distribution
of the vertical profile of sulfate aerosol is not well known. To
investigate the sensitivity of the DRF to changes in the vertical
profile of the sulfate aerosol, the following method was ap-
plied. The monthly mean column integrated dry sulfate mass
was determined and applied, in turn, to a single layer of the
GCM. GCM calculations of the annual DRF were performed
both for dry ammonium sulfate and assuming the linear rela-
tive humidity parameterization of the base case. The results
are shown in Figure 8.

Figure 8 shows that the DRF is a strong function of the
altitude of the aerosol when the linear relative humidity pa-
rameterization used in the base case is applied, the DRF being
strongest when the sulfate aerosol layer is nearest to the sur-
face. The DRF weakens by approximately a factor of 2 as the
altitude of the aerosol layer is raised to 2.5 km. As the aerosol
layer is raised above 2.5 km, the DRF strengthens with altitude
up to approximately 9 km before weakening again as the sul-
fate is moved to higher altitudes. These effects can be ex-
plained by considering the effects of relative humidity. When
the aerosol layer is near the surface of the Earth, the global
mean relative humidity is high at approximately 82%, leading
to a large growth factor, a correspondingly large specific ex-
tinction coefficient, and hence a strong DRF. As the aerosol
layer moves up to 2.5 km altitude, the global mean relative
humidity decreases, leading to a decrease in the DRF. As the
aerosol layer is moved to higher altitudes, the GCM relative
humidity remains approximately constant up to 9 km, and
there is a small strengthening in the DRF because there is less
scattering and absorbing atmosphere above the aerosol; hence
there is more solar radiation incident upon the aerosol. The
subsequent decrease in the relative humidity with altitude
leads to decreases in the DRF until the DRF is identical to that
for dry ammonium sulfate aerosol at altitudes of approximately
22 km. It is interesting to note that the parameterization for
hygroscopic growth with increasing relative humidity has a
threshold relative humidity of 30%; therefore one might expect
that the DRF for moist aerosol might be equal to that for dry

aerosol above altitudes of approximately 14 km. However,
there are significant spatial and temporal variations in the
model relative humidity at this level, which frequently exceeds
90%, leading to large differences in the DRF for moist and dry
aerosol even at high altitudes. Thus, as in the case for spatial
subgrid-scale variations in relative humidity, temporal varia-
tions of the relative humidity are also important in determining
the DREF. It should be noted that although the relative humid-
ity profile of the R30 GCM may not be representative of the
real atmosphere at every location, many of the relative humid-
ity profiles of McClatchey et al. [1972] show the same general
features as the annual global mean profile shown in Figure 8.

4.4. Application of the Langner and Rodhe [1991]
Sulfate Climatology

To investigate the effects of applying another sulfate clima-
tology, the “slow oxidation” climatology of Langner and Rodhe
[1991] (LR91) is used in place of the climatology of KCS97.
This sulfate distribution has been used previously in the studies
of Kiehl and Briegleb [1993] and Haywood et al. [1997a), al-
though Haywood et al. [1997a] used the annual mean distribu-
tion rather than the monthly mean distributions.

The spatial pattern of the annual mean distribution of LR91
strongly resembles that of KCS97, with peak sulfate concen-
trations over the eastern United States, central Europe, and
southeastern Asia. Additionally, the annual mean sulfate bur-
dens from LR91 are 1.83 mg m ™2 globally, 3.08 mg m 2 for the
northern hemisphere, and 0.60 mg m ™~ for the southern hemi-
sphere, showing good quantitative agreement when comparing
against the burdens from KCS97 shown in Figure 4. However,
the seasonal cycle of the sulfate burdens differ, with the LR91
data showing maximum northern hemisphere concentrations
in February and the KCS97 data showing two peaks in Febru-
ary and September (see Figure 9).

Three model integrations are performed using the LR91
data in place of KCS97 data; the first corresponds to the base
case performed in section 4.1, the second to the dry case
performed in section 4.2, and the third uses fixed optical pa-
rameters for sulfate aerosol at 80% relative humidity. The
results are summarized in Table 2.



6050

4.0 E
g
g s
Q [ b
kil 3.0
=]
w
K<}
g
°
5 20 @——@ N.Hemisphere KCS97 4
2 B— S.Hemisphere KCS97
£ O—ON.Hemisphere LR91
% O—0O S.Hemisphere LR91
o
®
°©
[

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 9. Seasonal cycle of the hemispheric mean column
burden of sulfate aerosol (mg m~2) for KCS97 and for LR91.

Table 2 shows that, for the base case, the DRF for LR91 is
23% lower than for KCS97 but for the other two cases the
DRF for LR91 is only 5% lower than for KCS97. The DRF is
weaker for LR91 in the dry and 80% relative humidity cases
due to a combination of effects including differences in the
seasonal cycle, differences in the model relative humidity pro-
file, and differences in the spatial distribution of the aerosol.
The larger difference in the base case calculations can be
explained by considering differences in the vertical profile of
the aerosol. The annual mean mass of sulfate in each layer of
the GCM for the KCS97 and LR91 climatologies is shown in
Figure 10. Although the vertical profiles are similar with a peak
in the lower troposphere and a general decrease with altitude,
the peak in the LR91 data is at a higher altitude than the
KCS97 data, and the mass of sulfate in the lower layers of the
GCM is lower. Thus the LR91 data have less sulfate aerosol at
higher relative humidities (see Figure 8), and the sensitivity of
the DRF to inclusion of a relative humidity parameterization
will therefore be lower (see section 4.3). These results empha-
size that the vertical profile of the sulfate aerosol produced by
the chemical transport models needs to be accurate if esti-
mates of the DRF due to hygroscopic aerosols such as sulfate
are to be improved. Accurate representation of the vertical
profile of the aerosol may require improved vertical resolution
to reduce the effects of artificial diffusion which may result in
displacement of aerosol mass to higher altitudes.

It is also worth considering how differences in the seasonal
cycle of the sulfate aerosol shown in Figure 9 affect the sea-
sonality of the DRF. The hemispheric seasonal cycles of the
DREF for LR91 and KCS97 are shown in Figure 11 for the base

Table 2. Global Mean Direct Radiative Forcing for Using
Sulfate Climatologies of KCS97 and LR91

Kasibhatla

Langner and

Case et al. [1997] Rodhe [1991]
Base case —0.82 —0.63
Dry -0.31 -0.29
80% RH -0.58 —0.56

RH, relative humidity. Unit of measure is W m 2.
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Figure 10. Sulfate loading in each layer of the R30 GFDL
model. Vertical profiles for both KCS97 and LR91 are shown.

case calculations for each aerosol climatology. In the northern
hemisphere the DRF for LR91 has a broad peak in April-July,
and the DRF for KCS97 has a broad peak in June-September.
Note that in February and April the northern hemisphere
DREF is similar for the two sulfate data sets despite the fact that
the sulfate burden is higher in LR91 than in KCS97 in these
months (see Figure 9) due primarily to differences in the ver-
tical profile and the effects of relative humidity. From these
calculations it appears that the northern hemisphere DRF due
to sulfate peaks in the summer months because of the addi-
tional insolation regardless of the seasonal cycle of the sulfate
burden, although the strongest DRF is delayed from May for
LR91 to August for KCS97.

5. Results: Black Carbon Aerosol

As in the case of sulfate aerosol, the optical properties of BC
aerosol were determined using Mie theory applied to a log-
normal size distribution (see section 2). BC is considered to be
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Figure 11. Seasonal cycle of the hemispheric mean DRF (W
m~?) for KCS97 and for LR91.
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Figure 12. Total annual mean column burden of BC aerosol from the BC climatology of CW 96 (mg m ™).
The hemispheric mean column burdens are also shown.

hydrophobic throughout this work [Horvath, 1993], although
Parungo et al. [1992, 1994] suggest that BC may become coated
with sulfate aerosol from fossil-fuel emissions subsequent to
emission. Recent global modeling studies also suggest that BC
becomes hygroscopic as it ages due to mixing with other aero-
sol particles, resulting in internal aerosol mixtures [e.g., Li-
ousse et al., 1996; CW96]. Section 5.1 presents base case cal-
culations, section 5.2 examines the effects of different size
distributions, section 5.3 examines the effect of different ver-
tical profiles, and section 5.4 presents calculations of the nor-
malized DRF.

5.1. Base Case Calculations

The monthly mean BC climatologies from CW96 were ap-
plied to the R30 GCM. The annual mean global BC burden
from the CW96 data is shown in Figure 12, which shows peaks
similar to those for sulfate aerosol and, in addition, significant
peaks in BC column burden in Africa and South America. This
is because the BC climatology of CW96 includes emissions of
BC from industrial regions of the northern hemisphere and, in
addition, emissions from biomass burning. The annual mean
column burden of BC is 0.57 mg m ™2, which is equivalent to a
total atmospheric burden of approximately 0.28 Tg.

The global mean DRF from BC for the base case is shown in
Figure 13. The northern hemisphere mean DRF is +1.70 W
m~?, and the southern hemisphere mean DRF is +0.42 W
m ™2, resulting in a global mean DRF of +1.06 W m~2. The
largest DRF occurs over regions of central Africa, eastern
Europe, southeast Asia, and the Himalayas.

The global mean normalized DREF (i.e., the forcing per unit
column mass of BC) is +1.85 W mg™?, but as in the case for
sulfate aerosol, the normalized DRF varies widely spatially,
with normalized DRFs ranging from approximately zero over
ocean areas of low surface albedo in the tropics to 5 W mg™!

over highly reflectant ice sheets (Figure 14). The specific ex-
tinction coefficient at 0.55 um for dry sulfate is approximately
5.0 m? g™, while that for BC aerosol is 9.3 m* g~ * (see Figures
1 and 2). As seen in section 4.2, a fixed relative humidity of
92% is required to reproduce the global annual mean radiative
forcing of the sulfate aerosol base case. The specific extinction
coefficient for sulfate aerosol at 92% relative humidity is ap-
proximately 20 m? g~'; thus the mean specific extinction coef-
ficient for hydrated sulfate aerosol is approximately double
that of BC aerosol. Thus it is interesting that the normalized
DREF is much larger for BC aerosol than for hydrated sulfate
aerosol even though the specific extinction coefficient is a
factor of 2 lower. The reasons for the higher sensitivity of the
normalized DRF of BC are twofold. First, the DRF is not
solely a function of the specific extinction coefficient but a
function of the surface albedo. According to Chylek and Wong
[1995], the DREF in clear skies of a partially absorbing aerosol
may be approximated in a simple reflection absorption model
by

S
DRF =~ ~ 7 T4(1 = AJ[(1 = R)2B7e — 4R7]  (2)

where S, is the solar constant, T, is the transmission of the
atmosphere above the aerosol layer, 4. is the cloud amount,
R, is the surface reflectance, B is the backward scattered frac-
tion, 7, is the scattering optical depth, and 7, is the absorp-
tion optical depth. We consider two simplified aerosols each of
identical optical depth but one which purely scatters radiation
(T.0s = 0), giving rise to DRF,_,, and one which purely absorbs
incident radiation (7, = 0), giving rise to DRF,,,.. Application
of a global mean R, of 0.15 [e.g., Charlson et al., 1991] and a 8
of 0.21 [Kiehl and Briegleb, 1993] leads to

DRF,,, ~ 2 X DRF,, 3)
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Figure 13. DREF due to BC aerosol using the'climatology of CW96 (W m~2). The hemispheric mean DRFs

are also shown.

Thus the absorbing aerosol will produce a clear-sky DRF that
is approximately double that for the scattering aerosol. There-
fore, in our analysis where the specific extinction coefficient for
sulfate is approximately double that for BC, one might expect
the normalized clear-sky DRF to be similar in both cases.
Calculations reveal that the normalized clear-sky DRF is ap-
proximately +1.16 W mg~* for BC and —0.99 W mg~* for
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sulfate aerosol, indicating the approximate validity of the ar-
gument outlined above.

The second reason for the stronger DRF due to BC is that
whereas sulfate aerosol exerts a reduced DRF in cloudy re-
gions (section 4.1), the DRF due to BC in cloudy regions is
amplified [e.g., Haywood and Shine, 1997; Haywood et al.,
1997a] (see section 5.3). This is because the presence of

4

5

Global Mean = +1.85W mg™!

Figure 14. Normalized DRF (W mg~!) due to BC aerosol using the climatology of CW96. The global mean

normalized DREF is also shown.
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strongly absorbing BC above highly reflective cloud has a much
larger effect upon the planetary albedo than the same amount
of BC over a less reflectant surface. This may be demonstrated
using an identical cloud-masking procedure to that for sulfate
aerosol. Application of this method reveals a contribution from
cloudy regions of +1.00 W m™2 for the northern hemisphere
and +0.27 W m~2 from the southern hemisphere, yielding a
global contribution from the cloudy regions of approximately
+0.64 W m~2 Thus.the contribution from cloudy regions is
over 60% of the total DRF. This sensitivity is radically differ-
ent from the results for sulfate aerosol where the contribution
from the cloudy regions was found to be 11% of the total DRF.
It should be noted that BC is considered to be hydrophobic
throughout the study, and it is modeled as an external mixture
when it coexists with cloud droplets. In the recent study of
Chylek et al. [1996], approximately 9% of the in-cloud BC was
found to exist internally mixed with cloud droplets. The radi-
ative effects of such internal mixtures are likely to lead to a
more positive DRF than a corresponding external mixture of
the same chemical composition [e.g., Chylek et al., 1984, 1988,;
Fassi-Fihri et al., 1997].

5.2. Sensitivity to the Assumed Size Distribution

Just as the sulfate climatologies of KCS97 and LR91 do not
contain any information about the size distribution of sulfate
within the atmosphere, the BC climatology of CW96 does not
contain any information on the size of the BC particles. Sulfate
aerosol however, is formed from the precursor gas sulfur di-
oxide via gaseous and aqueous phase reactions (e.g., LR91),
whereas BC is emitted directly by the combustion source. BC
may be emitted over a wide range of size distributions, depend-
ing upon the combustion source and the type of combustion.
Subsequent to emission, coarse particles may fractionate into
fine particles or be removed from the atmosphere via sedimen-
tation; thus the atmospheric lifetime of coarse BC is short,
leading to local and regional rather than global-scale transport.
At least two distinct size distributions of BC aerosol particle
have been observed in the atmosphere corresponding to fine-
and coarse-mode particles [e.g., Berner et al., 1996]. In model-
ing studies, WCP [1986] assume a geometric mean radius of
0.0118 wm, a value that is adopted in the base case calculations
detailed in section 5.1. However, Shettle and Fenn [1979] model
coarse BC particulates in urban/industrial regions with a geo-
metric mean radius of 0.50 wm. Both of these models assume
that the geometric standard deviation of the size distribution is
2.0.

A definitive segregation of the CW96 BC climatology into
coarse- and fine-mode particles is difficult; therefore a sensi-
tivity study spanning the fine and coarse particle size distribu-
tions is performed. The results are shown in Table 3.

Table 3 shows that the DRF is a very strong function of the
assumed geometric mean radius of the aerosol distribution,
with the global DRF ranging from +1.06 W m ™2 for fine-mode
BC with a geometric mean radius of 0.01 um, dropping to
+0.15 W m~2 for a coarse-mode BC with a geometric mean
radius of 0.5 um, thus highlighting the need for size discreti-
zation in chemical transport models.

5.3. Sensitivity of the DRF to the Vertical Profile
of the Aerosol

A similar method to that outlined in section 4.3 was pursued
using the optical properties of BC in place of the optical prop-
erties of sulfate and the monthly mean BC climatologies in
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Table 3. Variation of Direct Radiative Forcing for
Different Model Geometric Mean Radii for Black
Carbon Aerosol

s Northern Southern

wm Hemisphere Hemisphere Global
0.01 +1.71 +0.42 +1.06
0.0118 +1.70 +0.42 +1.06
0.05 +1.05 +0.25 +0.65
0.10 +0.61 +0.15 +0.38
0.50 +0.24 +0.06 +0.15

Unit of measure is W m™2,

place of the sulfate climatologies. Figure 8 shows that the DRF
for BC is largest when the aerosol is placed at high altitudes in
the GCM and is smallest when the aerosol is at low altitudes.
Comparison with the sulfate DRF shows that the variation is
less complex, as no relative humidity dependence is accounted
for in the calculations. The DRF is largest when the aerosol is
highest due to a combination of two factors. First, as the
aerosol is moved to higher altitudes, there is a smaller propor-
tion of scattering and absorbing atmosphere above the aerosol
layer; thus more radiation is incident upon the aerosol (T,, in
(2) increases). Second, and more important, as the BC is
moved to higher altitudes, the aerosol layer moves above more
cloudy layers in the atmosphere. As shown by Haywood and
Shine [1997], BC that exists above cloud exerts a DRF that may
be greater than that in clear skies by more than a factor of 10,
the magnitude of the increase being a function of the cloud
optical depth, the surface reflectance, and the solar zenith
angle. The large sensitivity of the DRF to the altitude of the
aerosol emphasizes the need to determine the vertical profile
of the BC aerosol accurately. CW96 state that the chemical
transport mode] tends to overaccumulate BC in the middle
troposphere, which suggests that the DRF obtained from their
climatology in the base case calculations may be too high. If it
is assumed that BC is confined to the lowest 2 km of the
atmosphere (i.e., there is negligible transport from the bound-
ary layer into the free troposphere), then the DRF ranges from
approximately +0.45 to +0.9 W m™2, depending upon the
vertical profile.

5.4. Sensitivity of the DRF to Total BC Burden

The BC climatology of CW96 is derived using the MOGUN-
TIA chemical transport model. Liousse et al. [1996]
(LPCWED96) have also developed a BC climatology using the
GRANTOUR chemical transport model and calculate the to-
tal global BC to be 0.13 Tg, which is 54% lower than the 0.28
Tg calculated by CW96. The optical parameters assumed by
LPCWE96 (see their Table 2) clearly indicate that the BC
modeled in their study is the optically active fine-particle BC,
as these parameters are very similar to those shown in Figure
2. The BC climatology of LPCWEY6 is not yet generally avail-
able. However, the spatial distribution of the BC is similar to
that of CW96; thus, to a first approximation, the CW96 clima-
tology may be scaled by a factor of 46% to represent the BC
climatology of LPCWE96. Because of the uncertainty in the
total column burden of BC, only a crude sensitivity study is
possible at the current time. Calculations are performed in
which the DRF of BC calculated from the CW96 climatology
is scaled to the total atmospheric burden for BC atmospheric
burdens ranging from 0.05 to 0.30 Tg. Additionally, because of
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Table 4. Sensitivity Analysis of Direct Radiative Forcing
(DREF) for Black Carbon (BC) Assuming Different Total
Global Burdens and Different Vertical Profiles

DREF for Different Vertical Profiles, W m~?

Total
Burden, Cooke and

Tg BC Wilson [1996] 1 km 2.5 km 5 km
0.05 +0.19 +0.11 +0.14 +0.17
0.10 +0.38 +0.21 +0.27 +0.33
0.13* +0.49* +0.28* +0.35* +0.43*
0.15 +0.57 +0.32 +0.41 +0.50
0.20 +0.76 +0.43 +0.54 +0.66
0.25 +0.95 +0.54 +0.68 +0.83 -
0.28* +1.06* +0.60* +0.76* +0.93*
0.30 +1.14 +0.64 +0.81 +1.00

*Column burdens of black carbon and the associated radiative forc-
ing for the Liousse et al. [1996] and Cooke and Wilson [1996] clima-
tologies. .

the importance of the altitude of the aerosol upon the DRF
(see section 5.3), further sensitivity studies are performed as-
suming that the BC is confined to the lowest 1, 2.5, and 5 km.
The DREF for BC shown in Figure 8 is used to approximate the
DRF for BC aerosol confined to these layers by taking the
DRF at the midaltitude of the aerosol layer. The results are
shown in Table 4.

Table 4 shows that the DRF ranges from approximately
+0.1 to +1.1 W m~2, indicating that the uncertainty in the
estimate is very large. A DRF of approximately +0.4 W m™2 is
chosen as representative of the DRF due to BC with a factor
of 3 uncertainty. The global mass of BC required to produce a
DRF of +0.4 W m ™2 assuming the same spatial distribution of
the aerosol as CW96 is approximately 0.106 Tg. Because much

HAYWOOD AND RAMASWAMY: DIRECT RADIATIVE FORCING OF AEROSOLS

of the uncertainty in the DRF due to BC is due to the uncer-
tainty in the total global burden, the normalized DRF in W
mg ! is calculated; the range is approximately +1.1to +1.9 W
mg . This range represents uncertainties in the altitude of the
aerosol alone, assuming that the BC aerosol is fine-particle BC
(see section 5.2).

6. Results: External Mixture of Sulfate
and BC Aerosol

To simulate the effects of an external mixture of sulfate and
BC aerosol, the DRF for sulfate is simply added to that for BC.
This approach is justified, as in general, the optical depth of the
sulfate and BC aerosols is small, which means that any radia-
tion scattered/absorbed by sulfate aerosol is unlikely to un-
dergo scattering/absorption by the BC aerosol, and vice versa.
The DREF for an external mixture of sulfate and BC is modeled
using the base case DRF for sulfate and a global DRF of BC
of +0.4 W m™2 with a factor of 3 uncertainty (see section 5.4).
Figure 15 shows that the DRF due to an external mixture
produces strongly contrasting regions of positive and negative
DREF, the sign of the DRF being a strong function of the
surface reflectance. The three regions where there is a positive
DREF are over central Africa, the Tibetan plateau, and high
latitudes of both hemispheres; these are regions where the
surface albedo is relatively high.

The single scattering albedo is approximated by determining
the annual average of the optical depth of both sulfate aerosol
and BC aerosol. The BC is scaled to a mass of 0.106 Tg (section
5.4). The total column burden of the sulfate is determined and
multiplied by the specific extinction at 92% relative humidity to
determine the sulfate aerosol optical depth. This relative hu-
midity is chosen in these calculations, as this is the fixed rela-

-5 -3

N. Hemisphere = -0.76W7m_2
S. Hemisphere = -0.08W m™?

Figure 15. DRF (W m2) due to an external mixture of sulfate and BC aerosol using the climatology of
KCS97 and scaling the climatology of CW96 as described in the text. The hemispheric mean DRFs are also

shown.
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Figure 16. Single scattering albedo due to an external mixture of sulfate and BC aerosol using the clima-
tology of KCS97 and scaling the climatology of CW96 as described in the text.

tive humidity necessary to produce the radiative forcing of the
base case (see Table 1). The single scattering albedo may then
be determined as

Wy Tsul + WRCTBC

(4)

Wexternal —
Tsul + TBC

where 7, is the optical depth of the sulfate and 7y is the
optical depth of the BC. The single scattering albedo at 0.55
um derived using this method is shown in Figure 16. The
global mean single scattering albedo is 0.93 but ranges from
less than 0.5 in regions where the aerosol is predominantly BC
(i.e., the areas where biomass burning occurs) to in excess of
0.975 in some industrialized regions of the northern hemi-
sphere. In continental regions of the northern hemisphere, the
single scattering albedo generally exceeds 0.95, although some
areas of Scandinavia and the western United States have single
scattering albedos of between 0.925 and 0.95.

When comparing the single scattering albedo from an exter-
nal mixture of sulfate and BC with atmospheric measurements,
there are three important caveats to consider. First, the single
scattering albedo shown in Figure 16 does not include any
sulfate from natural sources. Second, other aerosol types such
as dust, organic carbon, and nitrates are not included in the
calculations. Third, the effects of internal mixing are not in-
cluded in the calculations. The first and second of these caveats
mean that the single scattering albedo calculated using this
method will be lower than observations, although the third
caveat may act to offset the first two to some extent. LPCWE96
has recently calculated the single scattering albedo of a com-
posite mixture of sulfate, BC, and organic carbon and finds that
the single scattering albedo at 0.55 wm ranges from 0.84 to 1.0,
results that generally compared favorably with observations
(see LPCWED96, Table 8), even though other aerosol particles
such as dust and nitrates are not included. Inclusion of organic

carbon aerosol in our calculations would result in a better
agreement with observations.

A particular concern relating to the calculation of the global
distribution and global mean single scattering albedos is that it
is difficult to include the effects of relative humidity upon the
optical depth of sulfate in a consistent manner. The global
single scattering albedo of 0.93 reduces to 0.90 and 0.88 using
the optical properties corresponding to relative humidities of
80% and 70%, respectively. This indicates that, when measure-
ments of the single scattering albedo of a hygroscopic aerosol
are made in situ in the atmosphere, it is important to make
corresponding measurements of the relative humidity and in-
corporate these data in the results. It should also be noted that
these calculations show column-averaged single scattering al-
bedos. Recently, Hansen et al. [1997] used a simplified GCM to
demonstrate that the critical single scattering albedo that de-
termines when the DRF switches from a negative forcing to a
positive forcing is a function of the horizontal and vertical
spatial distribution of the applied partially absorbing aerosol
due to surface albedo and cloud effects. The additional com-
plexities of calculating a single scattering albedo of a mixture
of hygroscopic sulfate aerosol and absorbing BC aerosol high-
lighted here further indicate the limitations of the concept of a
global critical single scattering albedo and in the interpretation
of such a concept for specific regions of the globe. These
limitations and concerns are further discussed by Heintzenberg
et al. [1997].

7. Discussion and Conclusions

The global mean DRF calculated for sulfate aerosol from
the climatology of KCS97 is approximately —0.8 W m™?; the
global mean DRF from the climatology of LR91 is calculated
as —0.6 W m ™2 These results may be compared to the global
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mean DRFs of —0.28 W m ™2 calculated by Kiehl and Briegleb
[1993], —0.95 W m ™ calculated by Taylor and Penner [1994],
—0.29 W m ™2 calculated by Boucher and Anderson [1995], and
—0.38 W m ™2 calculated by Haywood et al. [1997a). Houghton
et al. [1995] suggest a DRF due to sulfate aerosol of approxi-
mately —0.4 W m~2 with a factor of 2 uncertainty. Thus the
DREF of anthropogenic sulfate calculated in this study is rather
higher than in many recent studies, with differences occurring
due to different aerosol climatologies, assumed vertical pro-
files of the aerosol, aerosol size distributions, radiation codes,
GCMs, and treatments of relative humidity. These differences
mean that it is very difficult to determine exactly why differ-
ences in the DRF due to sulfate occur. While there has been a
comprehensive intercomparison of the DRF due to sulfate
aerosol using column models and multispectral radiation codes
(O. Boucher et al., submitted paper, 1997), only when a similar
intercomparison project for global distributions of sulfate has
been performed will it be possible to reconcile the DRFs from
each global modeling study.

The lack of representation of a diurnal cycle in the GFDL
R30 GCM means that an average solar zenith angle must be
used in the DRF calculations. Analysis of column DRF calcu-
lations from the recent study of O. Boucher et al. (submitted
paper, 1997) suggests that the instantaneous global clear-sky
DREF due to sulfate will be overestimated when using an aver-
age solar zenith angle by as much as 25%, assuming a global
aerosol optical depth of 0.10 and a surface reflectance of 0.15.
However, the main features from the sensitivity studies that
are presented in this study are unlikely to change due to this
limitation of the model. This deficiency in the calculations of
the DREF is small in the case of BC aerosol, as the DRF is a
much less complex function of solar zenith angle [Haywood and
Shine, 1997], as the primary physical process that determines
the DRF for BC is absorption rather than scattering.

Additionally, it is possible that the calculated values for the
sulfate DRF may be too high due to the lack of representation
of subgrid-scale cloud amount at high relative humidities by
the on/off cloud scheme contained within the GFDL R30
GCM. Note that even the GCM studies of Boucher and Ander-
son [1995] and Haywood et al. [1997a] that contain subgrid-
scale cloud fractions do not consider the correlation between
subgrid-scale cloudy areas and areas of high relative humidity.

The DRF calculated for BC aerosol from the climatology of
CW96 is approximately +1.1 W m™?2; this is considered to be
an approximate upper bound for the DRF due to the relatively
high BC loading and to the overaccumulation of BC in the
upper troposphere by the MOGUNTIA model. The sensitivity
study of section 5.4 shows that a DRF of +0.4 W m~2 with a
factor of 3 uncertainty appears reasonable. This value is in
reasonable agreement with the +0.20 W m™2 calculated by
Haywood et al. [1997a] for fossil-fuel BC if one considers that
approximately 60% of the BC in the CW96 climatology is of
fossil-fuel origin. At this time, the global burden of optically
active fine-particle BC remains highly uncertain. Because of
this, a more satisfactory way of presenting the DRF due to BC
is the normalized DRF, which is calculated to range from +1.1
to +1.9 W mg ™. The uncertainty in this estimate is due solely
to uncertainties in the vertical profile of the BC aerosol if one
assumes fine-particle BC. The most obvious discrepancy that
needs to be addressed in future estimates of the DRF due to
BC is the differences in the total BC loading between CW96
and LPCWEY6; uncertainties in the vertical distribution and
size distributions of BC particles also need to be addressed.
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The vertical profile of both aerosol species has been shown
to be very important in determinirig the overall DRF of both
aerosol species, with sulfate at low altitudes giving the stron-
gest DRF due to the effects of relative humidity. BC at high
altitudes gives the strongest DRF as the aerosol is moved
above the cloudy layers of the atmosphere. These results sug-
gest that chemical transport models must simulate the vertical
profile of each aerosol species accurately; improved param-
eterizations for deep convection and increased vertical resolu-
tion in the chemical transport models are desirable. Recently,
Chylek et al. [1996] found that the concentrations of BC over
southern Nova Scotia were higher at altitudes of 1-3 km than
those below 1 km, suggesting that BC aerosol does indeed
become somewhat lofted and may exist within or above clouds.
The recent Tropospheric Aerosol Radiative Forcing Experi-
ment (TARFOX) measurement campaign over the Atlantic
Ocean off the eastern coast of the United States found that the
single scattering albedo was highest close to the surface and .
decreased with altitude due to the combined effects of elevated
carbon to sulfate ratios at higher altitudes and relative humid-
ity effects (P. Hobbs, personal communication, 1997). Addi-
tionally, the effects of BC emitted directly in the upper tropo-
sphere by aircraft are not considered in the study of either
CW96 or LPCWEY6; the long residence time and the elevation
of the BC mean that this source of BC in the troposphere
should be considered in future chemical transport models.
Additional measurements of the vertical profile of both sulfate
and BC are needed to provide data for chemical transport
model verification, so that the DRF of both species of aerosol
may be better constrained.

Adopting the global DRF from the base case for sulfate
aerosol (—0.8 W m~2) and a value of +0.4 W m > for the BC
DREF leads to a global DRF for an external mixture of —0.4 W
m~2. This indicates that, in this model, the DRF due to sulfate
is reduced by 50% due to the presence of BC aerosol. How-
ever, it should also be noted here that further components of
anthropogenic aerosols also need to be considered in calculat-
ing the overall direct effect of anthropogenic aerosols, these
components being organic carbon, dust, and nitrates [Hough-
ton et al., 1996].

A further issue that is not investigated in this study is that of
the degree and type of mixing between aerosol species. The
GCM calculations of Haywood et al. [1997a] suggest that in-
ternally mixed sulfate and BC aerosols should exert a DRF
that is more positive than an external mixture of the same
chemical composition. The calculations presented in this study
represent an external mixture; thus, when internally mixed, the
BC may exert a more positive forcing than that modeled here.

This study shows that, although considerable attention has
been given to modeling the radiative forcing of sulfate aerosol
and the subsequent climate response, the direct radiative forc-
ing due to sulfate aerosol remains uncertain due primarily to
uncertainties in the total atmospheric burden, vertical profile
of the aerosol, and treatment of relative humidity effects. Ad-
ditionally, as in the work by Haywood et al. [1997a], the DRF
of BC may be significantly higher than previous estimates [e.g.,
Haywood and Shine, 1995; Chylek et al., 1995] due to BC aero-
sol residing above and within clouds. Further measurements of
the vertical profile of both aerosol species are critical if the
overall climatic influence of the two species is to be accurately
assessed.
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