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ABSTRACT

In order to understand the response of the earth-atmosphere-aerosol system to climate forcing
by greenhouse gases, it is essential to know the relative importance of the different factors
within it. The purpose of the present work is to determine how much of the planetary clear sky
albedo is due to the layer of sea salt aerosol that exists over the oceans. We calculate AF (the
change in solar flux entering at the top of the atmosphere) due to the presence of the sea salt
aerosol layer, then show that this AF is opposite in sign and comparable in magnitude to the
predicted radiative forcing by increased levels of CO,. Since sea salt is a stable component of
the atmosphere, its radiative effects are already included in any measurement or calculation of
the current planetary albedo. But when studying climates with stronger winds (leading to a
greater sea salt aerosol loading), it is important to factor in the greater cooling due to sea salt,
as an omission of this effect would lead to an underestimate of the planetary albedo.

1. Introduction

In the wider field of climate studies, aerosols
have received much attention for a number of
reasons: they may scatter light directly or they
may act as cloud condensation nuclei and affect
cloud albedo; they are of a variety of chemical
compositions and may be strong absorbers or
strong scatterers of light; their sizes span easily
five orders of magnitude; they occur everywhere
over the globe; they have a wide range of concen-
trations, and many are anthropogenically pro-
duced. In terms of sheer mass of aerosol emitted
annually to the atmosphere, the human contribu-
tions still pale in comparison with natural sources,
and constitute well under half of the total annual
atmospheric aerosol. The strongest natural aerosol
production rate is that of sea salt, at an estimated
1000 to 10000 Tg per year (or 30 to 75% of all
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natural aerosols) (Blanchard and Woodcock,
1980). Since the oceans cover 2/3 of the Earth’s
surface, production of sea salt can be called global.
Our purpose in this study is to calculate the
contribution sea salt aerosol makes to the current
clear sky planetary albedo, and to show that this
contribution is significant.

Sea salt is ejected into the atmosphere when
bubbles in wind-induced whitecaps burst at the
ocean surface. The ejected droplets reach a height
of only a metre or so above the sea surface, but
are then distributed throughout the boundary
layer by the wind (Blanchard and Woodcock,
1980; Kristament et al, 1993; Toba, 1965).
Depending upon the ambient relative humidity,
sea salt aerosol can exist as dry or as wetted
particles, or as solution droplets. Sea salt is not
pure NaCl (even when completely dry), though
this is the principal constituent. O’Dowd and
Smith (1993), and D’Almeida et al. (1991) give
detailed chemical compositions.
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2. Calculation of sea salt radiative forcing

2.1. Atmospheric transmittance

The difference in clear-sky shortwave flux at the
top of the atmosphere between an earth-
atmosphere system with albedo R, and an earth-
atmosphere-aerosol system with albedo R, is
denoted AF, and may be obtained in the manner
of Charlson et al. (1992):

S
AF=—-I°(1—NC)T§ AR, (1)

where S, is the solar constant, N, the fractional
cloud cover over the oceans, T, the atmospheric
transmittance above the aerosol layer, and AR=
R, —R is the perturbation in the planetary albedo
due to the presence of the aerosol layer. When the
layer is one of sea salt aerosol, then the fraction
of the Earth’s surface covered by the oceans,
A ocean, must be factored in:

AF = —% (1—N¢) Aogean T2 AR. (2)

AR, calculated as outlined in Chylek and Wong
(1995), is:

AR =2(1—RYBt,, — 4R 14, (3)

where B is the integrated backscattering fraction
of the layer, and 7, and 1, are its scattering and
absorption optical depths, respectively. Inserting
this into eq. (1) gives the full expression for AF:

AF= 22 (1-N)) gy T2 )
X [2( 1- R)zﬁrsca - 4RTabs] .

As written, this equation calculates a monochro-
matic top-of-the-atmosphere (hereafter written
TOA) flux difference. The broad-band AF we are
interested in is simply the summation AF =ZAF,
over spectral bands of solar radiation (from 0.3 to
4.0 pm). That range was further subdivided into
14 bands, each of these having a width of roughly
0.2 pm. This width was chosen to capture the
variations in the imaginary part of the refractive
index of wetted sea salt.

The task now is to replace all the variables in
eq. (4) with appropriate values. Of these, S,, N,
and A, come straight from the literature: The
spectral TOA irradiances used in this study are
taken from Thekaekara (1973), but they have been
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adjusted to give the currently accepted value of
the solar constant So=1368 W/m?. The value of
the cloud cover used will be 0.6 in order to be
consistent with authors doing similar radiative
transfer calculations (Charlson et al.,, 1992). The
fraction of the Earth’s surface covered by oceans,
Agcean> 18 calculated using the world ocean and
global surface areas given in Gill (1982). An
average value for sea ice area (again from Gill,
1982) was subtracted from the ocean area, and
Agcean=0.665.

In eq. (4), T>=T!- T1, where T} and T are the
downward and upward transmittances through
the atmosphere, respectively. These are calculated
from a model developed by Brine and Igbal (1983).
The model calculates clear-sky atmospheric trans-
mittance, given user-specified amounts of ozone,
water vapour depth and aerosol. For ozone and
water vapour depth, we relied on global, annual
average values as given in the current literature.
We included no aerosols at this stage because we
sought the transmittance of the air lying above
the sea salt aerosol layer. The model was run for
a solar zenith angle of 60°. Broadband results,
obtained by weighting spectral transmittances by
the percent of incident irradiance contained in
each spectral band, are 0.72 and 0.86 for the
downward and upward transmittances. The geo-
metric mean of these is T,=0.79. This is slightly
higher than in Charlson et al. (1992) T, of 0.76,
but agrees with Penner et al. (1992), who use T =
0.72 and T1=0.87, with T,=0.79.

In order to obtain the spectral albedo of the
ocean surface, R, we began by calculating the
spectral Fresnel reflectances of a level surface of
pure water. Refractive indices of pure water came
from Kou et al. (1993), Hale and Querry (1984),
and Palmer and Williams (1974). On the real
ocean surface, whitecaps and surface roughness
act to make the albedo higher than the Fresnel
value. In his study of the variation of ocean albedo
with windspeed, Plass et al. (1975) gives 1.47 as
the ratio of the broadband oceanic to the broad-
band Fresnel reflectance for a zenith angle of 60°.
To obtain realistic spectral ocean albedos, the
spectral Fresnel reflectances were multiplied by
this factor and the results tabulated in the last
column of Table 1.

The solar zenith angle-dependent quantities T,
and R were calculated for a solar zenith angle of
60°, this being a good representative of the average
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Table 1. Transmittance model parameters, for a solar zenith angle of 60°

Band Range (um) (%) TOA T, T, T, Rrres R
1. 03<1<05 21.39 295.37 0.691 0.691 0.691 0.0611 0.0898
2. 0.5<1<0.7 24.28 332.17 0.887 0.888 0.887 0.0594 0.0873
3. 0.7<1<0.9 16.49 225.52 0.907 0.956 0.931 0.0593 0.0872
4. 09<ig11 11.07 151.44 0.695 0.991 0.830 0.0587 0.0863
5. 1.1<i<1.35 7.22 98.73 0.790 0.993 0.886 0.0582 0.0856
6. 1.35<A<145 3.88 53.06 0.051 0.981 0.224 0.0576 0.0847
7. 145<i<1.75 5.44 74.37 0.843 0.987 0912 0.0568 0.0835
8. 1.75<i<1.95 212 29.02 0.044 0.922 0.201 0.0554 0.0814
9. 195<ig2.1 1.11 15.24 0.667 0.770 0.717 0.0539 0.0792
10. 21<1<23 1.17 16.03 0.907 0.998 0.951 0.0518 0.0761
11. 23<Ai<25 0.92 12.54 0.243 0.999 0.493 0.0483 0.0710
12. 25<1<29 1.29 17.69 0.001 0.499 0.022 0.0340 0.0500
13. 29<1<33 0.79 10.79 0.077 0.875 0.260 0.0756 0.1111
14. 33<A<40 0.68 9.38 0.744 0.933 0.833 0.0696 0.1023

Column 1 identifies the spectral band; column 2 gives its wavelength range. Columns 3 and 4 list the percentage of
radiation contained in each band, and the TAO irradiance in W/m? respectively. Downward, upward and average
transmittances are in columns 5, 6 and 7. Fresnel reflectance for a surface of water are in column 8, and ocean
surface reflectances in column 9. Explanations are in the text.

over all solar zenith angles. Table 1 lists the spec-
tral TOA irradiances, transmittances and
reflectances, as well as the percent radiation con-
tained in each spectral band, and the ranges of
the spectral bands themselves.

2.2. Sea salt optical properties, size distributions

The parameter that describes a substance in
terms of its optical properties is its complex refract-
ive index. The refractive indices used for this study
stem from a variety of sources. Values for sea salt
can be found in Shettle and Fenn (1979), and for
NadCl, in Eldridge and Palik (1985). For water, a
very complete compilation of data is available:
Hale and Querry’s (1984) for the region
0.3<4<0.6, for 0.67<A<2.5, the imaginary part
is from Kou et al. (1993) and the real part from
Palmer and Williams (1974), and Downing and
Williams® (1975) for 1>2.0. Refractive indices of
dry sea salt, dry NaCl and water are shown
graphically in Fig. 1; a complete listing of all
refractive indices used for this work may be found
in Table 1 of the Appendix in Winter (1994). For
relative humidities higher than 0%, an effective
refractive index of the wetted particle was calcu-
lated from the Bruggeman mixing rule (Chylek
et al., 1988).

Once Mie scattering by individual particles over
a range of radii is calculated, the results are

N N
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Fig. 1. Real (top; “n”) and imaginary ( bottom; “k”) parts
of the refractive index of NaCl (+), sea salt (0), and water
(x). The sea salt and NaCl are dry.

integrated over a size distribution of sea salt
particles. Sea salt particle sizes can be described
by a log-normal distribution, characterized by the
geometric mean radius ry, the log of the standard
deviation In o, and the total (or partial) number
density N (cm™3).

All manner of aerosols are commonly categor-
ized by size or by production mechanism into
three modes (or types), called either Aitken, Large
and Giant, or Nucleation, Accumulation and
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Coarse (WCP-55, 1983). In the literature, sea salt
itself has been classified into two, sometimes all
three, of these modes (WCP-55, 1983; Jaenicke,
1993; Shettle and Fenn, 1979; Blanchard and
Woodcock, 1980; D’Almeida et al., 1991; Hoppel
and Frick, 1990; Junge, 1972; O’'Dowd and Smith,
1993). Using parameters from the literature, we
calculated the mass density of sea salt in each
mode, and found the values for the nucleation and
coarse modes to be small compared to that of the
accumulation mode. Hereafter, we will only con-
sider sea salt aerosol ranging in size from 0.1 pm
to 1.0 pm in radius, described by the accumulation
mode parameters r,=0.4 um, In 6=0.3, and N=
20 cm 3.

The scattering and absorption by individual
particles, when integrated over the size distribu-
tion, lead to the scattering and absorption coeffi-
cients k,, and k,,,. These have dimensions of
inverse length and indicate the amount of radi-
ation removed from the incident beam as it goes
a certain distance through the layer. Multiplied
by the aerosol layer depth, the scattering and
absorption coefficients give the scattering and
absorption optical depths ., and 7., used back
in our AF, eq. (4). We have taken the aerosol layer
depth to be 1000 m, equivalent to the depth of the
turbulent mixed layer. In the solar part of the
spectrum, absorption optical depths are close to
zero for dry sea salt aerosol, but scattering optical
depths are around 0.04. Turbulent mixing distrib-
utes the sea salt throughout the layer. The back-
scattering fraction of the layer, §, is approximately
related to the Mie scattering asymmetry factor g
(denoted G when averaged over the size distribu-
tion) by the following equation (Wiscombe and
Grams, 1976):

1 7
=3 (l—gG) (5)

(A definition of g may be found in Bohren and
Huffman (1983), p.72). All variables in eq.(4)
have now been determined.

Two other quantities, not directly related to
light scattering but useful as checks of consistency
with measured data, are the mass density M of
the aerosol, and its production rate Q. For M,
calculated using the third moment of the log-
normal size distribution, we found 18 pg/m3. This
falls well into the range given by Erickson et al.
(1986) in his study of sea salt aerosol mass densities
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over the world oceans. Our calculated production
rate, using the just-stated mass density of sea salt
aerosol and a layer depth of 1000 m., is 1088 Tg/yr,
again within the range of production rates given
in the literature (Blanchard and Woodcock, 1980;
Blanchard, 1985; D’Almeida et al., 1991; Jaenicke,
1993; Pruppacher and Klett, 1978; Spillane et al.,
1986; Winkler et al., 1991).

3. Results and discussion

The size distribution parameters listed in the
preceding section are for dry sea salt particles,
(i.e., at a relative humidity, hereafter RH, of 0%)
and as such constitute only a starting point for
determining more universally valid size distribu-
tions. Sea salt arrives in the air in the form of
brine droplets, which evaporate until they are in
equilibrium with the surrounding air. The crystal-
lization relative humidity for NaCl droplets is
close to 50% (Andrews and Larson, 1993), so that
sea salt aerosol is wetted between 50% and the
deliquescence RH of 75%, and dissolved when the
relative humidity exceeds 75%.

Peixoto and Oort (1992) give an annual mean
relative humidity of 75% for the lowest tens of
metres above the ocean surface. Such a round
number disguises the fact that the relative humid-
ity can vary greatly in a space of hours; between
morning and noon, for example, as the temper-
ature increases, or following the passage of a front,
or through the mixing down of drier or moister
air by turbulent eddies.

The growth of aerosol particles with increasing
relative humidity and the resulting change in the
size distribution parameters was calculated using
the Kohler equation (Pruppacher and Klett, 1978)
for an equilibrium water vapour pressure over the
surface of a solution droplet formed from the
original dry aerosol particle. For each radius within
the limits of the size distribution of the dry aerosol,
we calculate the corresponding wet radius for a
given relative humidity. The constraint of number
conservation is imposed; there is no loss of particles
due to coalescence, and no competition for the
available water vapour. A size distribution (log-
normal) is fitted to the number density and new
range of radii, giving new values for ry and In o.

The changes in the optical properties of the sea
salt aerosol as the relative humidity is increased
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Fig. 2. Increase, for a layer of sea salt aerosol, in (a) the scattering coefficient k,,, (b) the average asymmetry
parameter G, (c) the average backscattering fraction f, and (d) the magnitude of AF, as relative humidity is increased.
The solid line (without symbols) is for dry sea salt; symbols give % relative humidity.

can be seen in Fig. 2. Notice that as the particles
grow, scattering in the forward direction is pre-
ferred; however, because the particles are larger,
the overall effect is to increase the magnitude of
AF. The scattering optical depth, 7, of sea salt
aerosol at 75% RH is around 0.1 at solar wave-
lengths. Toon and Pollack report optical depths
of 0.05 to 0.14 at 0.5 um wavelengths, for measure-
ments of marine aerosol made at all latitudes
(Toon and Pollack, 1976). The highest values

occur in the tropics, and optical depths in the
Northern Hemisphere tend to be higher than at
corresponding  latitudes in the Southern
Hemisphere. As mentioned above, our optical
depths for a dry size distribution were 0.04. The
model optical depths, then, are in agreement with
measured data.

Increased RH causes the modal radius of the
size distribution to grow, but has little effect on
its width (as characterized by In ¢). A modification
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of the prevailing windspeed, however, can influ- allowed our value of In ¢ to increase from 0.3 to
ence both of these: a stronger wind, for example, 0.5 and to 0.7, while maintaining the modal radius
would suspend not only more particles overall, atr,=0.4 pm. The mass density of the dry aerosol
but more particles in the larger end of the size thereby rises from 18 pg/m® to 36 pg/m® and
spectrum, thereby widening the size distribution. 107 pg/m3. Results are graphed in Fig. 3. As the
In order to mimic the effect of the wind, we size distribution is widened, it includes more par-
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Fig. 3. The effect of changing the width of the size distribution, from Ing=0.3 to Ind=0.5 and Ino=0.7, on (a) the
scattering coefficient k., (b) the average backscattering fraction §, and (c) the magnitude of AF;. Relative humidity
is 75%, modal radius r, is maintained at 0.69 pm.
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ticles of larger sizes. The effect is again to reduce
the fraction of radiation scattered into the back-
ward hemisphere, but the overall amount of scat-
tering, as characterized by k., increases to such
an extent that AF, is nonetheless greater for wide
size distributions than for narrow omnes. Thus
stronger prevailing winds increase the cooling
potential of sea salt aerosol.

The broadband values of AF (W/m?) as a
function of relative humidity are graphed for three
size distributions in Fig.4. The lowest values
correspond to the present-day sea salt aerosol
amounts, and range from AF=—0.6 Wm? to
AF = —2.0 Wm?. For the 2 wider size distribu-
tions, such as may be caused by stronger prevailing
winds, AF extends from —1.5W/m? to nearly
—4.0 W/m?. For the widest size distribution (M =
107 pg/m?), the optical depth at solar wavelengths
is 0.2 when the relative humidity is 75%.

A standard of comparison is necessary before
these results can be interpreted. The positive for-
cing caused by projected doubling of atmospheric
CO, is about 4 W/m?. That caused by the increase
of CO, since the advent of the industrial era is
about 1.25 W/m? (Charlson et al., 1992). In magni-
tude, then, the “cooling” due to sea salt aerosol is
significant with respect to this yardstick, even at
low relative humidities. At 75%, it is close to
radiative forcing attributed to the increase in
atmospheric CO, since the beginning of the indus-
trial age. Clearly the reduction in incident solar
flux caused by sea salt aerosol is important and
must be recognized. In the current climate, it is of
course already included in the planetary albedo,
being an essentially invariant (on average) atmo-
spheric constituent. However, the ice core record
shows increases in sea salt aerosol deposited at
high latitudes during the Younger Dryas
(Mayewski et al, 1993). This suggests stronger
mean prevailing winds than in the present (to
cause the higher loadings of sea salt in the atmo-
sphere). When modelling such a climate, it is
important to include the appropriate contribution
to the planetary albedo made by sea salt aerosol.

4. Conclusion

The purpose of this study has been to determine
how much of the planetary albedo is due to the
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Fig. 4. Radiative forcing as a function of relative humid-
ity for three size distributions of sea salt aerosol: (4)
M =18 pg/m?, Ing=0.3, (0) M = 36 pg/m?, Ing=0.5, and
(x) M =107 pg/m®, In6=0.7. The modal radius varies
with relative humidity but is held the same for all three
size distributions. Values are listed in the figure. RH in
%, o in pm.

layer of sea salt aerosol that exists over the oceans.
We found the global and annual average radiative
forcing for sea salt aerosol in an environment of
70 to 85% RH to be up to —2.0 W/m?. That
number doubles as wider size distributions of sea
salt aerosol are considered. Further, if we consider
a localized case with overhead incidence of solar
radiation and no clouds (instead of an annual,
global average), the magnitude of AF falls into the
range —6 to — 10 W/m?. The contribution of sea
salt aerosol to the planetary albedo is non-
negligible in the current climate, and becomes very
important in climates with stronger winds.
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