JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D4, PAGES 4241-4248, FEBRUARY 27, 1999

Comment on “Contribution of different aerosol species
to the global aerosol extinction optical thickness:
Estimates from model results” by Tegen et al.

Patricia K. Quinn and Derek J. Coffman

Pacific Marine Environmental Laboratory, NOAA, Seattle, Washington
Joint Institute for the Study of the Atmosphere and Ocean, University of Washington, Seattle

1. Introduction

In their work, Tegen et al. [1997] approximate a global
distribution of aerosol chemical composition by com-
bining the output from several transport models [ Tegen
and Fung, 1995; Chin et al., 1996; Liousse et al., 1996].
The resulting distributions of soil dust, sea salt, sulfate,
and carbonaceous aerosols then are used to estimate a
global distribution of the aerosol optical thickness due
to each component. The model results indicate that the
extinction due to sea salt is small on both global and
regional scales. In high-latitude regions of the southern
hemisphere (80°S to 40°S), the maximum contribution
of sea salt to total aerosol extinction is estimated to be
21 to 27%. In the tropics and middle to high-latitude
regions of the northern hemisphere (20°S to 60°N), its
contribution is estimated to be considerably lower at
10 to 15%. The model calculations assume a minimum
diameter for sea-salt aerosol of 4 um which, as the au-
thors acknowledge, may lead to an underestimation of
its optical depth.

In their introduction, Tegen et al. [1997] state that
“Global transport models that are validated by ground-
based measurements can provide a first estimate of
global aerosol distributions in space and time.” It is in
this spirit that we offer here a review of recently pub-
lished shipboard observations of sea-salt mass concen-
trations for a large portion of the Pacific and Southern
Oceans. Size distributions of sea salt in the remote ma-
rine boundary layer, the contribution of sea salt to scat-
tering by the aerosol, and mass-scattering efficiencies
for submicron and supermicron sea salt are presented.
These data show that sea salt can comprise a signifi-
cant mass fraction of both submicron and supermicron
aerosol, and scattering due to sea salt often dominates
that of other major chemical components. Finally, op-
tical depths of sea salt for a well-mixed boundary layer
are estimated and compared to the results of Tegen et
al. [1997].

2. Measurements

Chemical mass size distributions of sodium and sul-
fate were measured on several cruises in the Pacific and
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Southern Oceans using seven-stage Berner-type cascade
impactors with subsequent chemical analysis by ion
chromatography. Sea-salt concentrations were calcu-
lated from measured Nat concentrations and an aver-
age ionic composition of seawater [Holland, 1978]. Non-
sea-salt sulfate (nss SOF) concentrations were calcu-
lated from measured Na™ concentrations and the SOF
to Na't ratio in seawater [Holland, 1978]. The re-
sults of these measurements have been reported previ-
ously [Quinn et al., 1995, 1996, 1998; Quinn and Coff-
man, 1998]. The PSI (Pacific Sulfur/Stratus Investi-
gation) 91 cruise took place in April and May 1991
off the coast of Washington State. MAGE (Marine
Aerosol and Gas Exchange cruise) 92 was conducted in
February and March 1992 along 140°W from 33°N to
12°S. The RITS (radiatively important trace species)
93 cruise took place from March to May 1993 along
140°W from 70°S to 55°N, while RITS 94 was a re-
verse of this track in November and December 1993.
Finally, ACE 1 (Aerosol Characterization Experiment)
took place in November and December of 1995 in the
Southern Ocean southwest of Tasmania. The data are
collated and summarized here to provide validation of
sea-salt distributions produced from global transport
models and, in particular, the model of Tegen et al.
[1997].

All chemical mass size distributions were measured
at a low-reference relative humidity (RH) of 30 to 40%
to ensure uniform size cuts under conditions of vari-
able ambient humidity. We have adjusted the parti-
cle diameters to an RH of 70% by assuming uniform
growth factors for all particle sizes of 1.3 and 1.5 for
nss SO (assuming a composition of NH4HSO4) and
sea-salt aerosol, respectively. These values are based
on calculations of Tang [1996], measurements of aerosol
hygroscopic growth during ACE 1 [Berg et al., 1998],
and the assumptions that the sampled particles are ex-
ternally mixed and do not completely dry out as they
pass through the sampling inlet.

3. Sea-Salt Size Distributions

On the basis of mass closure experiments performed
in the Pacific and Southern Oceans [McInnes et al.,
1996; Quinn and Coffman, 1998], the dominant chem-
ical components in the remote marine boundary layer
(MBL) are sea salt and nss SO7. The scattering due
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to each component depends on its size-dependent mass
concentration. On a mass basis at a wavelength of
0.55 pm, the scattering efficiency of spherical parti-
cles is lognormally distributed with the most efficient
size range for scattering occurring between particle di-
ameters of about 0.2 and 1.0 pm [Quinn et al., 1996].
Non-sea-salt SOF aerosol resides primarily within accu-
mulation mode particles which have diameters between
0.06 and 1.0 um. Therefore it can be an important
component of the scattering by the aerosol. The major-
ity of the sea-salt mass occurs in the coarse mode with
diameters larger than 1.0 pum such that it lies outside
of this optically active size range. Yet it is an impor-
tant contributor to scattering by the aerosol for three
reasons. First, the mass concentration of the supermi-
cron or coarse mode sea salt is sufficient to compen-
sate for the low-scattering efficiency of this size range.
Second, given a large enough concentration, a consid-
erable amount of coarse mode sea-salt mass can “tail”
into the optically active size range. In addition, there is
evidence of a mode of sea-salt aerosol within the submi-
cron size range which is produced independently from
coarse mode sea salt [0’Dowd et al., 1997]. As a result,
neglecting submicron sea salt will lead to an underes-
timation of the scattering due to this aerosol chemical
component, especially in light of the relatively longer
lifetime of aerosol within this size range.

Average sea-salt mass size distributions measured
during each of the five cruises are shown in Figure 1.
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Also shown for comparison are the average nss SO7
concentrations measured in each impactor size bin. The
long latitudinal transects of RITS 93 and 94 have been
segregated into the latitudinal bins considered by Tegen
et al. [1997]. In all cases the average sea-salt size distri-
bution indicates the presence of sea salt in submicron
particles. In addition, the mass concentration of this
submicron sea salt often is equal to or greater than that
of nss SO} .

The average and standard deviation of sea salt and
nss SO7 measured in two different size ranges (D <
1.4 pm and 1.4 < D < 10 pm, where D is the geometric
mass diameter at 70% RH) are shown in Table 1. The
upper size limit of ~10 pym is determined by the large-
particle collection efficiency of the aerosol inlet. As a
result, concentrations in the larger size range represent
a lower bound of ambient supermicron sea-salt concen-
trations. This makes a direct comparison to the values
of Tegen et al. [1997], which are only in the supermi-
cron size range and have a minimum diameter of 4 um,
difficult. Given the different size ranges considered by
the measurements and model, our goal cannot be to
compare measured and modeled total sea-salt concen-
trations but rather to point out the extent to which sea
salt occurs in the submicron size range and the effect
this has on scattering by sea salt.

In open ocean regions, sea-salt concentrations in par-
ticles with D < 1.4 um are relatively constant (0.79
+ 0.14 pg m™3) and higher than those measured in
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Figure 1. Average sea-salt and nss SO mass size distributions measured on five cruises through-
out the Pacific and Southern Oceans. Data are shown as a function of geometric mass diameter
at 70% RH. The RITS 93 and 94 data are segregated into the latitudinal bins considered by
Tegen et al. [1997].
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Table 1. Sea Salt and Nss Sulfate at a Variety of Marine Locations for Two Different Size
Ranges: Particles With Geometric Mass Diameters Less Than or Equal to 1.4 ym at 70% RH
and Particles With Geometric Mass Diameters Greater Than 1.4 ym and Less Than the Upper

Size Cut of the Aerosol Sampling Inlet (~10 pm)

Sea Salt Nss Sulfate
pg m~® pg m~°
Location D<14pm® D>14pmb D<14pm® D>14umP
RITS 93¢ 70°S-40°S, 80°W-140°W 0.84 + 0.64 4.8 + 2.3 0.17 £ 0.11 0.13 4 0.13
20°S-20°N, 140°W 0.56 + 0.50 7.4 + 3.8 0.71 £ 049 0.07 &+ 0.04
30°N-54°N, 140°W 0.84 + 0.96 7.3+ 4.6 0.99 + 0.89 0.12 + 0.08
RITS 94°¢ 70°S-40°S, 140°W 0.70 = 0.31 5.0 £ 2.0 0.23 + 0.13 0.03 + 0.03
20°S—20°N, 140°W 0.82 4+ 0.90 8.8 £+ 2.6 0.85 + 047 0.13 + 0.24
30°N-54°N, 140°W 0.71 £+ 0.15 53+ 2.5 0.24 + 0.11 0.06 £ 0.03
MAGE 92¢ 12°S-20°N, 140°W 0.75 + 0.55 12 + 6.0 1.0 £ 0.67 0.16 + 0.21
PSI 91¢ 48°N, 110°W 0.33 + 0.29 3.3+ 23 0.63 + 0.35 0.21 + 0.16
ACE 1° 46°S, 145°E 1.0 + 0.56 93+ 54 0.17 £ 0.06  0.07 + 0.09

2The 1.4 um is an operational division based on the 50% cutoff diameter of the impactor jet plate.
bSize range extends to the upper size cut of the aerosol sampling inlet (~10 pm).

¢Quinn et al. [1996].
4 Quinn et al. [1995)].
¢ Quinn et al. [1998].

coastal regions (0.33 £ 0.29 pg m~2 during PSI 91).
In contrast, nss SO concentrations in this size range
are much more variable (0.56 & 0.36 ug m~2) as they
depend on highly variable local sources, transport of
air from continental regions, and the amount of time
the aerosol spends in the boundary layer prior to re-
moval by rain [Quinn et al., 1996; Covert et al., 1996].
A lengthy boundary layer residence time allows for the
accumulation of sulfate mass via the cycling of aerosol
through nonprecipitating clouds and the heterogeneous
deposition of gas phase species [Hoppel et al., 1994].
The ratio of sea salt to nss SOF in this size fraction
ranges from 0.52 to 6.2. In general, the highest ratios
are found in the high southern latitudes remote from
continental sources of sulfate aerosol. An exception to
this is RITS 94 in the 30°N to 54°N region where low
sulfate concentrations were measured corresponding to
marine air advecting from the northwest [Quinn et al.,
1996]. Clearly, over widespread regions of the Pacific
atmosphere, sea salt is the dominant component of sub-
micron aerosol.

As expected, based on the different production mech-
anisms of sea salt and nss SO (wind-driven mechan-
ical production versus heterogeneous reactions, respec-
tively), sea-salt concentrations in the size range 1.4 <
D < 10 pm dominate those of nss SO7.

To calculate the global distribution of sea salt, Tegen
et al. [1997] start with an exponential relationship be-
tween surface wind speed and sea-salt mass concentra-
tion following the method of Erickson et al. [1986]

Msea salt = 60.16u+1.45 (u <15 ms—l) (1)

Misea salt = 60.13u+1.89 (’LL > 15 m s—l) (2)

where Mge, saly i the mass concentration in pug m~3,

and u is surface wind speed. The relationship for u <

15 m s~ ! is based on empirical data of Lovett [1978]. For
comparison, we apply the same log linear relationship
to the local wind speeds and concentrations measured
during the RITS, MAGE, PSI, and ACE cruises. The
resulting values of the slope, y intercept, and coefficient
of determination of the regression are shown in Table 2.
The range of values of the slope encompasses the values
used by Tegen et al. [1997] (0.13 to 0.22 for D < 1.4 ym
and 0.1 to 0.4 for D > 1.4 um versus 0.16) and agrees,
in general, with values reported for a variety of oceanic
regions [e.g., Gong et al., 1997; Gras and Ayers, 1983].
These data cannot be used to compare with the rela-
tionship employed by Tegen et al. [1997] for v > 15 m
s~! as wind speeds this high were not encountered over
the course of an entire impactor sampling period.

The rather low r? values imply that only a portion
of the variance in the sea-salt mass concentration can
be explained by the local wind speed. The lifetime of
up to a couple days associated with the measured size
range (D < 10 pm) results in the influence of other
factors on the mass concentration, including advection
and vertical mixing. Hence an accurate description of
the size-dependent concentration of sea salt through-
out the boundary layer requires a more sophisticated
transport model than a simple regression between lo-
cally measured surface wind speed and sea-salt mass
concentration [Bates et al., 1998; Quinn et al., 1998]. A
more fitting role for shipboard observations of sea salt
is the validation of the lower-altitude size distributions
calculated by the transport model.

4. Scattering Due to Sea Salt

Assuming an externally mixed aerosol composed of
nss SO (which includes nss SO7 plus associated NHJ )
and sea salt, Mie scattering theory was used to parti-
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Table 2. Results of a Log-Linear Fit of the Form mge, sa1x = eoutd (Equation (1)) of the sea-salt
Mass Concentration (mMsea sait) and Local Wind Speed (u) Measured at a Height of 10-18 m ASL

Average

Wind Speed, D <14 pm 14 <D <10 um

Location wms! a b r? a b r?
RITS 93/94* 70°S-40°S, 80°W-140°W 11 + 2.0 0.20 -2.6 0.34 0.13 -0.02 0.34
RITS 93/94 20°S-20°N, 140°W 8.5 + 2.7 0.12 -1.5 0.20 0.11 1.1 0.35

and MAGE*?

RITS 93/94* 30°N-54°N, 140°W 10 £ 3.7 0.21 -2.7 0.78 0.10 0.79 0.41
PSI 91° 48°N, 110°W 6.0+ 1.6 0.22 -2.7 0.20 040 -1.6 0.66
ACE 1° 46°S, 145°E 9.0 + 24 0.13 -0.92 0.42 0.14 1.1 0.41

ASL, above sea level. The fit was performed on two size ranges: D < 1.4 pm and 1.4 < D < 10 pm,
where D is the geometric mass diameter at 70% RH. For comparison, the relationship used by Tegen et al.
[1997] for u < 15 m s~ ' employed a value of a = 0.16. Also shown is the coefficient of determination of the

regression rZ.
aQuinn et al. [1996].
b Quinn et al. [1995].
©Quinn et al. [1998].

tion measured scattering coefficients among nss SO7
aerosol, submicron sea salt (D < 1.0 um at 30 to 40%
RH), and supermicron sea salt (1.0 < D < 10 um at
30 to 40% RH) [Quinn et al., 1995, 1996, 1998]. The
scattering calculations were performed at the low refer-
ence RH of 30 to 40% to allow for a direct comparison
to the scattering coefficients measured at the same ref-
erence RH. Measured size distributions of the aerosol
number concentration and nss SO7 and sea-salt aerosol
mass concentrations were used as input data. The as-
sumption of an aerosol composed only of sea salt and
nss SOF is supported by mass closure measurements
which indicate that only a small fraction of the submi-
cron mass is composed of other chemical species (14 +
15% for ACE 1 and RITS 93/94, 20 + 15% for MAGE
92, and 40 + 15% for PSI 91). The assumption will
lead to an overestimation of submicron scattering due
to sulfate and/or sea salt, however, scaled to the frac-
tion of “residual” mass present. For all regions sur-
veyed, essentially all of the supermicron mass (>95%)
was composed of sea salt with a minor contribution by
nss SO7. ‘

Average scattering coefficients calculated for each
chemical component j, o, j, are shown in Figure 2 as a
function of latitudinal region. The percent of the mea-
sured scattering due to each component at 30 to 40%
RH is listed in Table 3. The fraction due to submicron
plus supermicron sea-salt ranges from 63 to 97%. Of
this, 23 to 42% is due to submicron sea salt.

The large fraction of scattering due to submicron
sea salt is the result of a high mass-scattering effi-
ciency which is comparable to that of nss SOF (see Ta-
ble 3). Reported values of mass scattering efficiencies
for sulfate and sea-salt aerosol vary due to variability in
aerosol properties and differences in the measurement
techniques and how the mass-scattering efficiency of an

aerosol chemical component is defined (see Quinn et al.
[1996] for a more thorough discussion). Here we define
the mass-scattering efficiency of nss SOF as

Qsp,SO4_ion — Usp,SO4_aer/mSO4_ion (3)

where 05 50,_aer 15 the scattering due to sulfate aerosol
which includes SO7 and associated NH; and H,O mass,
and mgo,_ion is the mass of the sulfate ion. Likewise,

the mass-scattering efficiency of submicron sea salt is
defined as

Qsp,sub_sea salt — T sp,sub_sea salt/msub_sea salt (4)

where O sp,sub_sea salt includes submicron sea salt and as-
sociated water mass, while mgyub_sea sait T€presents the
submicron sea salt mass with no associated water. Even
though the fraction of sea salt found in the submicron
size range is up to an order of magnitude less than that
found in the supermicron size fraction, it can contribute
similarly to the scattering by the aerosol due to a rela-
tively high mass-scattering efficiency.

Values of o, ; at ambient RH will be different from
those at 30 to 40% RH since water uptake by hygro-
scopic components results in larger mean diameters and
lower refractive indices. To test for the sensitivity of
Osp,; to an increase in RH, the Mie-scattering calcu-
lations were repeated at ambient RH (70 = 5%) for
the RITS 94 samples collected between 20°S and 20°N.
The contribution to scattering by submicron sea salt de-
creased by an average of 10% as some mass shifted into
the supermicron size fraction while that due to supermi-
cron sea salt increased. Still, the 17% of total scattering
due to submicron sea salt is comparable to that of nss
SO7 and cannot be discounted given the relatively long
lifetime of aerosol in this size range.

To compare to the sea-salt optical depth values calcu-
lated by Tegen et al. [1997, Figure 3], we have estimated
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Figure 2. Calculated scattering coefficients o, ; for nss SO7 (includes nss SO and associated
NH and H,0 mass for both the submicron and the supermicron size fractions), submicron sea
salt, and supermicron sea salt at 30 to 40% RH. Sea salt scattering also includes associated water
mass. Values are based on Mie calculations and assume an externally mixed aerosol composed
only of nss SOT and sea salt [Quinn et al., 1995, 1996, 1998]. Measured size distributions of the
aerosol number concentration and nss SO and sea-salt aerosol mass concentrations were used
as input data. Error bars indicate the standard deviation of the average sample value for each

geographical region.

nss SO7 and sea-salt optical depths at ambient RH for
the RITS 94 tropical samples using

Tj = asp,;Bj (5)

where 7; is the optical depth, ap, ; is the mass-scattering
efficiency at ambient RH, and Bj; is the column burden
of chemical component j. Bj; is estimated from the mass
concentration of j measured at the surface and the MBL
height determined from vertical soundings of tempera-
ture and dew point. The calculation was done only for
the tropics as the MBL is well-defined in this region.
Samples collected in the intertropical convergence zone
were omitted from the analysis.

Tegen et al. [1997] estimate that sea salt contributes
15 to 22% to the total aerosol optical depth in the lati-

tude band 20°S to 20°N at 140°W. Estimates from the
RITS 94 data using equation (5) average 90 &+ 10% with
28 + 15% due to submicron sea salt. Some disagreement
is expected due to the neglect of submicron sea salt in
the Tegen et al. [1997] calculations and the truncation
of the measured sea-salt concentrations at 10 ym. Val-
ues used for the mass-scattering efficiency of sea salt
are another source of discrepancy. Tegen et al. [1997]
use agp,; values of 0.2 to 0.4 m? g=!. The shipboard
measurements indicate that values of 8.7 + 4.4 m? g—!
for submicron sea salt and 1.9 + 0.28 m? g—! for super-
micron sea salt at 70% RH are more appropriate.
Additional disagreement may result from consider-
ing only the MBL in the RITS 94 calculations, which
neglects any aerosol layers occurring in the upper tro-



Table 3. Percent of Measured Scattering Due to Nss SOF (Includes Submicron and Supermicron Nss SO7 and Associated NH; and H,0 Mass), Submicron
Sea Salt (Includes Sea Salt and Associated H,O Mass), and Supermicron Sea Salt (Includes Sea Salt and Associated H,O Mass) for Different Latitudinal
Regions

Percent of Aerosol Mass-Scattering Efficiency
Percent of Measured Scattering Optical Depth Qsp,j, m? g7t
nss SO7 Sea Salt Sea Salt Sea Salt® Sea Saltf Sea Saltf nss SO 8 Sea Salt® Sea Salt®
D<10pm D<10pm 10<D<10pm D>4pym D<10pm 1.0< D <10pum D<10pm D<10pm 1.0<D<10pm
70°S-40°S* 7.4 + 13 42 + 11 50 &+ 9.4 27) 5.1 + 0.43 5.5 + 0.22 0.68 + 0.08
20°S—-20°N* 26 + 12 22+7 52+ 6 30 + 8.6 56 £ 6.7 3.0£ 15 4.1 + 2.1 0.79 + 0.13
(20°S-20°N*P) (19 + 10) (17 + 11) (64 + 6) (15) (28 + 15) (63 + 6.8) (4.0 £ 1.2) (8.7 +4.4) (1.9 £ 0.28)
30°N-54°N* 11 + 8.7 42+ 7.1 47 + 6.8 (15) 74+ 2.1 3.5 + 0.62 1.1 £ 0.14
48°N, 127°W* 37 £+ 20 23 £ 11 40 + 8.3 4.2 + 0.48 3.7 £ 0.38 0.9 £ 0.07
46°S, 145°E¢ 2.5 + 2.2 29 + 3.4 68 + 3.9 1.3 + 0.55 4.5+ 1.1 1.2 + 0.18

Also shown are estimates from the model of Tegen et al. [1997] and the RITS 94 measurements of the percent of aerosol optical depth due to sea salt. Mass-scattering
efficiencies based on data presented here for nss sulfate ion, submicron sea salt, and supermicron sea salt are listed as well. Values in parentheses are at ambient RH,
while other values in the table are at 30-40% RH.

2 Quinn et al. [1996].

bEstimates from RITS 94 data are at the average ambient RH of 70 + 5% .

¢ Quinn et al. [1995].

4 Quinn et al. [1998].

¢ Tegen et al. [1997], minimum contribution of absorbing aerosol.

fFrom RITS 94, calculated from equation (5), average MBL height of 1600 m.

&Derived from equation (3).

hDerived from equation (4).
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posphere. Such layers are expected to contain higher
concentrations of sulfate than sea salt due to produc-
tion of sulfate in the outflow regions of convective clouds
[Hegg et al., 1990; Clarke, 1993; Perry and Hobbs, 1994]
and the higher sedimentation velocity of supermicron
sea salt. Hence if sulfate aerosol layers exist above the
marine boundary layer (MBL), equation (5) would over-
estimate the contribution of sea salt to the total aerosol
optical depth.

The total aerosol optical depth estimated for the 20°S
to 20°N latitude band from the RITS 94 data averages
0.05 £ 0.02. Values of 7 derived from AVHRR obser-
vations during the same time period as the RITS 94
measurements average 0.09 £ 0.03 (P. Durkee, personal
communication, 1998). In addition, Tegen et al. [1997]
estimate a value of 0.06 for the March—April time period
in the tropical Pacific. The good agreement between the
surface- and the satellite-derived values suggests that
aerosol layers above the MBL had a minimal contribu-
tion to the total aerosol optical depth in the tropics
during these cruises. Instead, discrepancy in the sea-
salt aerosol optical depth derived from the cruise data
and the model appear to be a difference in the parti-
tioning of the total aerosol optical depth between the
various chemical components.

5. Conclusions

The data reviewed here show that for the entire
central Pacific from 55°N to 70°S, sea salt dominates

the aerosol mass concentration in the marine boundary

layer with a significant fraction occurring in the submi-
cron size range. As a result, sea salt is a major con-
tributor to scattering by the aerosol in marine regions.
Even though supermicron sea salt peaks outside of the
size range most efficient for scattering, its mass concen-
tration is sufficient to compensate for the low scattering
efficiency. In addition, submicron sea salt is optically
significant due to its high scattering efficiency and life-
time that is comparable to nss SO7. Clearly, global
transport models of sea-salt distributions will be im-
proved by the inclusion of submicron sea salt. In ad-
dition, the inclusion of submicron sea salt into coupled
chemical transport/radiative transfer models will pro-
vide a more accurate estimate of the optical properties
of the background marine aerosol. 4
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