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ABSTRACT

Parameterizations of absorptance depth for ammonium sulfate [(NH4)2SO4], ammonium bisulfate (NH4HSO4),
and sulfuric acid (H2SO4) in the infrared are provided for an eight-band model (covering 340–2500 cm21) and
for 32 individual wavenumbers in order to generate other band schemes. The parameterization is simple in form
and in its dependence on relative humidity.

It is found that the aerosol surface infrared forcing can cancel about 12%–24% aerosol surface solar forcing
in a clear sky condition. Also the existence of clouds could enhance the ratio of aerosol surface infrared forcing
to the aerosol surface solar forcing. In contrast to the solar case, a small mode size distribution does not always
produce a larger aerosol surface forcing. Also it is found that the aerosol surface forcing is dependent on the
aerosol location. Very simple analysis is presented to help understand the related physics on sulfate aerosol
infrared radiative forcing.

1. Introduction

In recent years, atmospheric aerosols have been con-
sidered important for climate change because their direct
forcing and indirect forcing are appreciable to alter the
radiative balance. Among all aerosols, sulfate aerosols
have been paid most attention, since sulfate aerosols
over land are mostly an anthropogenic product and since
the optical properties and size distributions of sulfate
aerosols could be reasonably well known.

Most of studies on atmospheric aerosol are focused
on solar radiation (Chuang et al. 1994; Mitchell et al.
1995; Nemesure et al. 1995; Liousse et al. 1996; Fei-
chter et al. 1997; Haywood et al. 1997; Reader and Boer
1998; Grant et al. 1999; Kiehl et al. 2000; and others).
Atmospheric aerosols prevent some solar photons from
reaching the earth’s surface. The direct forcing at the
surface is therefore negative. This negative forcing
could partly compensate the positive forcing caused by
greenhouse gases. However, in comparison with the
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number sulfate aerosol solar forcing studies, sulfate
aerosol infrared forcing has been paid less attention.

To perform radiative transfer calculations that account
for aerosol effects, the related aerosol optical properties
are required. From observations, all sulfate aerosol par-
ticles grow in size as relative humidity increases (Tang
and Munkelwitz 1994; Tang 1996). Therefore, like the
parameterization of the aerosol optical properties for
solar radiation, the parameterization for aerosol infrared
optical properties is also a function of relative humidity.

To understand the mechanics for the aerosol infrared
forcing, we will implement the proposed parameteri-
zation scheme in a column radiative transfer model to
illustrate what the magnitude is for aerosol infrared forc-
ing.

Li et al. (2001, hereafter Li01) proposed a parame-
terization of sulfate aerosol optical properties for solar
radiation, which could be easily implemented within
climate models. This work completes Li01 by extending
the parameterization to the infrared.

2. Parameterization of absorptance coefficient

It is known that, in the troposphere, the dominant
sulfate compounds are ammonium sulfate [(NH4)2SO4],
ammonium bisulfate (NH4HSO4), and sulfuric acid
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(H2SO4) (Twomey 1971; Nemesure et al. 1995; and oth-
ers). Recent observations show that sulfate aerosols can
mix with organic species. This makes the process for
calculation of sulfate aerosol radiative forcing much
more complicated. First, the refractive indexes for var-
ious organic species are not currently available; second,
the proportions of organic species and extent of their
mixing is not clear; third, as opposed to nonorganic
species, organic species can change easily by chemical
reaction. We must admit at the present stage we do not
have the ability to properly handle the optical properties
of sulfate aerosols mixing with organic species. There-
fore, in the works of Kiehl et al. (2000) and others, pure
sulfate aerosol without organic species mixture is as-
sumed.

For the growth of aerosol particles, the growth factor
h is defined as the ratio of the aerosol particle radius r
at a specified H (the relative humidity normalized to uni-
ty) to the radius of the corresponding dry aerosol rd:

r
5 h(r , H ). (1)drd

In our calculations, the aerosol growth is obtained
using the traditional Köhler curve with recent devel-
opment in equilibrium saturation theory considered (see
Li01).

The size distribution of many types of aerosol par-
ticles in the atmosphere tends to closely resemble log-
normal distributions. A single-mode distribution has the
following form:

2dN N (lnr 2 lnr )0 0n(r) 5 5 exp 2 . (2)
2[ ]dr 2(lns)Ï2pr lns

A multimodal distribution is obtained by simply sum-
ming single-mode distributions. In (2), r is the radius
of the aerosol particle, N0 is the total number density,
r0 is the geometric mean radius (for the mode), and s
is the geometric standard deviation. The effective radius
and effective variance for the lognormal distribution are
easily obtained as re 5 r0 exp[2.5(lns)2] and ye 5
exp[(lns)2] 2 1.

The wet size distribution n(r) is related to the dry
size distribution n(rd) in the following way:

r d(r/h)
n(r ) → n(r) 5 n . (3)d 1 2h dr

This prescription constrains the conservation of particle
number in the growth process. The number of dry par-
ticles in the interval from rd to rd 1 drd is required to
equal the number of wet particles in the interval from
r to r 1 dr. That is, n(rd)drd 5 n(r)dr. As the particles
grow, the wet size distribution n(r) will shift toward
larger radius size, and the wet size distribution may be
distorted from the lognormal form. However, based on
(3), the manner in which the wet size distribution is
related to the dry size distribution, an average of a phys-

ical quantity F(r) weighted by a wet size distribution
can be obtained from the dry distribution:

` `

F 5 F(r)n(r) dr/N 5 F(hr )n(r ) dr /N . (4)E 0 E d d d 0

0 0

In most climate models, usually only the size distri-
bution for dry aerosol is specified. Because of growth,
wet optical properties will be significantly dependent on
the wet aerosol distribution, especially for high relative
humidities. But with the relation shown in (4) the wet
optical properties are analytically related to the dry size
distribution. The exact size distribution weighted phys-
ical quantities can be obtained without explicit deter-
mination of the wet aerosol size distribution.

In the infrared the absorption effect is dominant and
the absorption approximation is widely used:

dI(t , m)
m 5 (1 2 ṽ)I(t , m) 2 (1 2 ṽ)B(T ), (5)

dt

where m 5 cosu, u is the zenith angle, t is the optical
depth, is the single scattering albedo, and B(T ) is theṽ
blackbody emission at temperature T.

If we define an absorptance depth k 5 t (1 2 v) Eq.
(5) is simplified as

dI(k, m)
m 5 I(k, m) 2 B(T ). (6)

dk

Like optical depth, we also can separate out the wet
aerosol content (WAC) from the absorptance depth: k 5
WACj, where we call j the specific absorptance, and

j 5 c (1 2 v), (7)

where c is the specific extinction.
Since the initial source of aerosols is considered dry,

we can also write

k 5 DACR j, (8)

where R 5 WAC/DAC, is the ratio of wet to dry aerosol
contents. The DAC and WAC are defined by

4prd 3DAC 5 n(r )r dr , (9)E d d d3

where rd is the mass density of the dry aerosols, and

4p
3WAC 5 rn(r )(hr ) dr , (10)E d d d3

where r is the mass density of wet particles, a function
of H.

From (7) the specific absorptance at wavenumber l is

2p [Q (l, hr ) 2 Q (l, hr )](hr ) n(r ) drE ext d sca d d d d

j 5 ,l
4pr

3n(r )(hr ) drE d d d3
(11)
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TABLE 1. Coefficients in (12) for the ratio of wet to
dry aerosol content.

Sulfate k1 k2 k3 k4

(NH4)2SO4

NH4HSO4

H2SO4

20.2373
20.0611

0.2515

1.135
0.7515
1.147

0.010 48
0.029 56
0.008 723

1.06
1.10
1.049

where Qext is the extinction efficiency and Qsca is the
scattering efficiency.

For our calculations, we use the refractive indexes of
water and sulfate the same as Li01.

Measurements show that the aerosol distributions
usually have an effective radius in the range from 0.1
to 1 mm (Lacis and Mishchenko 1995) in a lognormal
distribution. As in the parameterization for solar radi-
ation, three effective radii are considered: 0.166, 0.5,
and 1 mm. Note that these values of effective radius
correspond to dry aerosol sizes. To obtain the optical
properties for other values of effective radius, an ap-
propriate interpolation technique can be employed. An
effective variance of 0.693 is used in all calculations
for the dry aerosol distribution (Chýlek and Wong 1995;
Li01).

We find that R is strongly dependent on the relative
humidity H, but largely insensitive to changes in the
effective radius of the dry aerosol size distribution.
Also, it is found that R is insensitive the changes in the
effective variance. Therefore, the parameterization of R
is taken as independent of effective radius of the original
dry particle distribution. Here, R is parameterized as

k3R 5 exp k 1 k H 1 . (12)1 2 2[ ](H 2 k )4

The coefficients for each sulfate aerosol are relisted in
Table 1 (there are two errors in sign in Table 1 of Li01).
For (NH4)2SO4, the parameterization is valid for 0.35 ,
H , 0.98, and for below the crystallization point R 5
1. The parameterization for NH4HSO4 and H2SO4 is val-
id for 0.05 , H , 0.98. Given the fractional yield of
emitted SO2 gas that will react to produce sulfate aero-
sols and the dry loading of the sulfate aerosol, we can
use R to obtain the wet sulfate loading.

The averaged value of specific absorptance for band
i is defined as

j 5 j B (T ) dl B (T ) dl, (13)i E l l E l@
Dl Dli i

where Bl(T ) is the Planck function, T is the temperature,
and Dli is the spectral interval for band i. Equation (13)
is physically similar to the Chandraskhar mean (Liou
1992).

We consider an eight-band scheme covering 340–
2500 cm21. In the range of 0–340 cm21, the refractive
index for sulfate aerosol is not currently available. Also,
the fractional weight of the Planck function in this range

is very small. The specific absorptance for each band
(i) is parameterized in the following way:

ia3i ij 5 a 1 a H 1 . (14)i 1 2 (H 2 1.05)

The parameterization coefficients , , and are pro-i i ia a a1 2 3

vided in Table 2 for sulfuric acid, ammonium sulfate,
and ammonium bisulfate. The last term accounts for the
very rapid change in specific absorptance when H is
close to 1.

In Fig. 1, the specific absorption for the eight-band
scheme of sulfuric acid is shown with the effective radii
of 0.166, 0.5, and 1.0 mm, respectively. These results
show that the parameterizations of (14) are able to pro-
vide accurate values for the sulfate aerosol specific ab-
sorptance.

In Fig. 1, opposite to the solar case shown in Li01,
in which the specific extinction shows completely dif-
ferent behavior in response to changes in H for different
effective radius sizes, the behavior of specific absorp-
tance in response to changes in H is relatively very
similar for different effective radius sizes. For the solar
wavelength range, the ratio of the wavelength to particle
size is small; while for the infrared, the ratio becomes
very large. By Mie theory the absorption is sensitive to
the wavelength to particle size ratio only when the ratio
is small.

For different bands, the behaviors in response to
changes in H are very different. For bands 1 to 5, the
specific absorptance decreases with the increase of H;
while for bands 7 and 8 the specific absorptance in-
creases with the increase of H. Though the specific ab-
sorptance depends on the specific extinction and single
scattering albedo, the increase or decrease of specific
absorptance is mostly determined by the behavior of
specific extinction. This is because the single scattering
albedo is relatively insensitive to H.

The absorptance depth is a product of WAC and the
specific absorptance. By comparing the behavior of
WAC (Fig. 2 in Li01) and the behavior of specific ab-
sorptance with the change of H, we find that the change
in WAC is much larger than the change in specific ab-
sorptance as H increases. This means that the absorp-
tance depth will always tend to increase, regardless of
any decrease in specific absorptance.

Table 2 illustrates the specific results for the eight-
band scheme. However, in order to produce other band
schemes, we also present results for each single wave-
number. We use the same parameterization scheme as
(14) for each single wavenumber:

la3l lj 5 a 1 a H 1 , (15)l 1 2 (H 2 1.05)

where l represents the wavenumber. Any band scheme
can be obtained through the sum of the results for in-
dividual wavelengths with respect to the Planck func-
tion, as in (15).
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FIG. 1. The variation of the specific absorptance as functions of relative humidity for H2SO4. The theoretical calculations are shown as
solid lines, and the parameterization results are dotted lines. The effective radius equals (a) 0.166, (b) 0.5, and (c) 1.0 mm. The numbers
shown on the left sides are the band numbers.

FIG. 2. Aerosol surface infrared forcing via aerosol loading: (a) H2SO4, (b) (NH4)2SO4, and (c) NH4HSO4. The aerosols are homogeneously
distributed within 2 km above the surface. The solid, dashed, and dotted lines are the results for effective radius of 0.166, 0.5, and 1 mm,
respectively. The upper panels are the MLS results and the lower panels are the SAW results.
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FIG. 3. The same as Fig. 2 but for sulfate aerosol surface solar forcing. The solar zenith angle is 50.68. The solid, dashed, and dotted
lines are the results for effective radius of 0.166, 0.5, and 1 mm, respectively.

The results of the specific absorptance for 32 indi-
vidual wavenumbers are listed in Table 3 covering the
range of 400–2500 cm21. The distribution of the chosen
wavenumber is not even. We consider more cases near
the window region, since higher radiative energy is
weighted for the window region at the atmospheric tem-
perature conditions. Since the specific absorptance is
not sensitive to the effective radius, only the results of
re 5 0.5 mm are presented.

3. Sulfate aerosol surface infrared radiative
forcing

For the upward flux in the infrared, the aerosols act
like greenhouse gases to prevent radiation loss directly
to space. However, this effect is very small (see later
discussion). Aerosols can reduce the downward flux and
also can enhance the emission to the surface. The aero-
sol direct forcing for the downward flux is determined
by these two opposing factors.

We investigated the aerosol infrared forcing using a
one-dimensional radiative transfer model instead of us-
ing general circulation models (GCMs), since it is much
easier for us to understand the crucial factors determin-
ing aerosol infrared direct forcing.

We used the radiation model for CCC GCM in the
Canadian Center for Climate Modeling and Analysis
model, which is a model using a correlated-k distribution

for gaseous transmission. The continuum scheme is
based on numerical calculations from LBLRTM (Mlaw-
er et al. 1997). For cloud and aerosol optical properties,
there are nine bands for the infrared, covering from 0–
2500 cm21.

Usually it is believed that aerosols are well mixed
within boundary layer (usually 1 ; 2 km) due to tur-
bulence. Above the boundary layer, the aerosol con-
centration decays exponentially. In Fig. 2 the surface
forcing via aerosol loading is shown. For simplicity,
aerosol is assumed to be homogeneously loaded within
2 km above the surface. Two atmospheric profiles of
middle latitude summer (MLS; upper panels) and sub-
arctic winter (SAW; lower panels) are considered. The
global averaged loading of is about 2 mg m222 2SO4

(Feichter et al. 1995; Kiehl et al. 2000). If the sulfate
aerosol is specified to be H2SO4, the loading will exhibit
almost no change, since the molecular weights for

and H2SO4 are close. If the sulfate aerosol is2 2SO4

specified to be (NH4)2SO4, the loading will increase
about 30%. And if the sulfate aerosol is specified to be
NH4HSO4, the loading will increase about 15%.

For a sulfate aerosol loading of 2.5 mg m22, the sur-
face forcing is about 0.06 ; 0.1 W m22 for (NH4)2SO4.
The forcing for H2SO4 is higher. We present the cor-
responding surface solar forcing in Fig. 3 with the solar
zenith angle set to the diurnal mean of 50.68. We find
that unlike aerosol surface infrared forcing, the aerosol
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FIG. 4. An MLS atmospheric profile of a cloud located between 4 and 5 km. (top) The aerosol surface infrared forcing via aerosol loading
with aerosol condition the same as Fig. 2; (bottom) the aerosol surface solar forcing via aerosol loading with aerosol condition the same as
Fig. 3.

surface solar forcing is very sensitive to the aerosol size.
Aerosols with a small effective radius can produce a
much larger forcing than aerosols with a larger effective
radius.

Comparing Fig. 2 and Fig. 3, we see the surface in-
frared forcing could be about 6% ; 10% of the surface
solar forcing for (NH4)2SO4, and the surface infrared
forcing could be about 12% of the surface solar forcing
for H2SO4. These are relatively small. However, the
aerosol solar forcing only exists in the daytime, but the
aerosol infrared forcing exists all day. As a result, the
aerosol infrared forcing has to be doubled when com-
paring it with the aerosol solar forcing. Therefore, the
aerosol surface infrared forcing can actually cancel
about 12%–24% surface solar forcing.

The aerosol infrared surface forcing for tropical pro-
file is not shown in Fig. 2. By using a tropical sounding
the results are similar to MLS except about 10% lower
in magnitude.

As mentioned before, the shade of cloud over aerosols
will reduce the aerosol surface solar forcing, since the
downward solar flux could be dramatically reduced, thus
the difference in flux caused by existing aerosols will
also be reduced. However, the influence of cloud to
aerosol surface infrared forcing could be smaller than
that of solar, since the downward infrared flux contrib-
uted from the emission below the cloud will not change.

Figure 4 shows the aerosol surface forcing change with
a cloud located between 4 and 5 km. The aerosol con-
ditions are the same as those in Figs. 2 and 3. In com-
parison with Figs. 2 and 3, the surface infrared forcing
is about 30% of the results without clouds, while the
surface solar forcing is only about 2% of the results
without clouds. Therefore, the existence of cloud could
enhance the ratio of aerosol surface infrared forcing to
the aerosol surface solar forcing.

In the following we present the simple analytical so-
lution of (6), which can help us to understand the physics
related to the aerosol infrared forcing. We assume that
level 1 is the top of the atmosphere, level N is the surface,
and layer i is between level i and level i 1 1. For sim-
plicity, we use isothermal source, that is, constant Planck
function Bi determined by the temperature at the middle
of the layer i. The solution for ith layer is

1 1 2k /m 2k /m ˜i 1 i 1F 5 F e 1 (1 2 e )B , (16a)i i11 i

2 2 2k /m 2k /m ˜i 1 i 1F 5 F e 1 (1 2 e )B , (16b)i11 i i

where ( ) is the upward (downward) flux at level1 2F Fi i

i, 1/m1 5 e1/2 5 1.648 721 3 (Li 2000) is the diffusivity
factor, and B̃i 5 pBi. Note that in the column radiative
transfer model we use a nonisothermal source function.
The isothermal source of a constant Planck function
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FIG. 5. Aerosol infrared forcing profiles. The solid (dotted) lines are the differences in the upward (downward) flux caused by the existence
of aerosol. The loading is 2.5 mg m22. The effective radius is 0.5 mm. The aerosol is distributed homogeneously between 0 and 2 km. (top)
The MLS results and (bottom) the SAW results.

FIG. 6. Aerosol surface infrared forcing via aerosol vertical stretch in the distribution. The loading is 2.5 mg m22. The effective radius is
0.5 mm. The aerosol is distributed homogeneously. The solid lines are MLS results, and the dotted lines are SAW results.

presented here is only for the purposes of illustrating
the related physics for aerosol forcing.

Since the aerosol absorptance depth is very small, the
forcing can be considered as a perturbation result.
Therefore, if aerosol absorptance depth for the ith layer
is Dki, the changes in upward flux at level i and down-
ward flux at level i 1 1 are

1 1 2k /m˜ i 1DF 5 2(F 2 B )e Dk , (17a)i i11 i i

2 2 2k /m˜ i 1DF 5 2(F 2 B )e Dk . (17b)i11 i i i

Figure 2 shows that the aerosol surface infrared forcing
is always linearly proportional to the aerosol loading,
which supports the perturbation theory. The downward
flux is very small at the high altitude and it gradually
increases with a decrease in height. Therefore, generally,

2 B̃i , 0 and D is positive. For the upward flux,2 2F Fi i11

if the temperature decreases with height in the lower
atmosphere, the upward flux would also decrease with
height in the lower atmosphere, thus 2 B̃i . 0 and1Fi11

the forcing is negative. However, if temperature inver-
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sion occurs in the lower atmosphere, the incoming flux
may be smaller than the layer emission B̃i and forc-1Fi11

ing could be positive.
In Fig. 5 the changes of upward and downward flux

due to the existence of aerosols are shown. The cases
are the same as Fig. 2 with aerosol loading 2.5 mg m22.
We find that the model results are consistent with the
above analysis. Since the temperature profile is slightly
inverted below 2 km in SAW, the forcing for the upward
flux is slightly positive.

It is found from Fig. 5 (clearly shown in the data)
that above the aerosol existing layer, the forcing of up-
ward flux always deceases with height. If aerosol in i
layer produce forcing D at level i, the flux at level i1Fi

2 1 is
1 1 2k /m˜ ˜i21 1F 5 (F 2 B )e 1 Bi21 i i21 i21

1 2k /mi21 11 DF e . (18)i

Therefore, the forcing of upward flux at level i 2 1
becomes D with an attenuation factor. This1 2k /mi21 1F ei

process continues to level 1, and the forcing becomes
D . We therefore can draw an inter-1 2(k 1k 1···1k )/mi21 i22 1 1F ei

esting conclusion from the above discussion: in the in-
frared, the further one goes away from the perturbation
region, the less perturbation can be observed. In other
words, to some extent the infrared flux has the ability
to adjust itself from the perturbations in the transfer
process.

The aerosol surface infrared forcing is also deter-
mined by the location of the aerosol. In Fig. 6, the
aerosol loading is set to a constant 2.5 mg m22, but the
vertical stretch of the distribution varies from 0.25 to 5
km. The effective radius is 0.5 mm for all types of sulfate
aerosol. It was found that for the same amount of aerosol
loading, the surface forcing is larger when the aerosol
is more concentrated near the surface. However, we
must ask whether this is generally true and what are the
relevant physics for this.

If the aerosol is loaded in the first layer above the
surface, we only need to consider the radiative transfer
process in layer N 2 1:

2 2 2k /m 2k /m˜N21 1 N21 1F 5 F e 1 B (1 2 e ).N N21 N21 (19)

Therefore, the aerosol surface forcing is

1
(1) 2 2k /m˜ N21 1DF 5 2 (F 2 B )e Dk , (20)N21 N21 N21m1

where Dki is the perturbation of absorptance depth by
aerosol for layer i.

If the aerosol is loaded in the first two layers above
the surface, the change in the downward flux at level
N 2 1 is

1
2 2 2k /m˜ N22 1DF 5 2 (F 2 B )e Dk , (21)N22 N22 N22 N22m1

and the surface forcing is

1
(2) 2 2 2k /m˜ N21 1DF 5 2 (F 2 B 2 DF )e Dk .N21 N21 N22 N21m1

(22)

Since the total loading for the two cases is the same,
DkN21 (5DkN22) in (22) is equal to 0.5DkN21 in (20),
we denote it as 0.5Dk. Thus,

(1) (2)DF 2 DF

1
2 2k /m˜ N21 15 20.5 (F 2 B )e DkN21 N21m1

1
2 2(k 1k )/m 2˜ N21 N22 11 (F 2 B )e (Dk) . (23)N22 N222m1

Since Dk is very small, the first term dominates. As
we mentioned, generally, 2 B̃i , 0. Therefore, DF (1)2Fi

2 DF (2) is positive. The results of (23) hold true for the
multilayer case. Therefore, the aerosol surface forcing
is larger for the case with more aerosols located near
the surface. Of course, in the particular case with very
strong temperature inversion, which leads 2 B̃i .2Fi

0, the results could be opposite.
In summary, a simple parameterization of the sulfate

aerosol infrared optical properties as a function of rel-
ative humidity is presented in this note. It is found that
sulfate aerosol absorptance is sensitive to relative hu-
midity but not sensitive to particle size distribution. It
is found that the aerosol surface infrared forcing can
cancel about 12%–24% aerosol surface solar forcing in
clear sky conditions. Also in this note the mechanics
for aerosol infrared forcing is discussed.
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