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Abstract

Retrieved aerosol optical thickness (AOT) based on data obtained by the Sea viewing
Wide Field Sensor (SeaWiFS) is combined with surface wind speed, obtained at the
European Centre for Medium-Range Weather Forecasts (ECMWFs), over the North
Pacific for September 2001. In this study a cloud screening approach is introduced
in an attempt to exclude pixels partly or fully covered by clouds. The relatively broad
swath width for which the nadir looking SeaWiFS instrument scanned over the North
Pacific means that the AOT can be estimated according to relatively large range of wind
speeds for each of the scenes analyzed. The sensitivity in AOT due to sea salt and
hygroscopic growth of the marine aerosols has also been investigated. The validation
of the results is based on previous parameterization in combination with the environ-
mental quantities wind speed, RH and boundary layer height (BLH), estimated at the
ECMWEF. In this study a factor of 2 higher mean AOT is obtained for a wind speed up
to about 13ms™" for September 2001 over remote ocean areas. Furthermore, a factor
of 2 higher AOT is more or less supported by the validation of the results. Approxi-
mately, 50% of the enhancement seems to be due to hygroscopic growth of the marine
aerosols and the remaining part due to increase in the sea salt particle mass concen-
trations, caused by a wind driven water vapor and sea salt flux, respectively. Reason-
able agreement occurs also between satellites retrieved aerosol optical thickness and
AQT observed at several AERONET (Aerosol Robotic NETwork) ground-based remote
sensing stations. Finally, possible reasons why relatively large standard deviations
occur around the mean values of AOT estimated for a single scene are discussed.

1 Introduction

In addition to an increase of greenhouse gases (e.g., carbon dioxide, ozone, methane
and nitrous oxide, among others) it has also been shown that human activities (for
instance fossil fuel and biomass burning) have perturbed the atmospheric content of
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aerosol particles (IPCC, 1995, 2001). Aerosol particles can influence the Earth’s radi-
ation balance directly by scattering or absorbing incoming solar radiation, or indirectly
by influencing the properties of the clouds that are formed on the particles (Charlson,
et al., 1992; Twomey, 1977; Twomey et al., 1984). A global mean anthropogenic total
forcing is estimated to be of the same order in magnitude (but opposite in sign) as that
of greenhouse gases (Charlson et al., 1992; Kiehl and Briegleb, 1993).

The sea salt aerosol has a large influence on the atmospheric sulfur cycle
(Chamiedes and Stelson, 1992), and it influences the climate effects of the natural
and anthropogenic sulfate aerosol (O’'Dowd et al., 1999). It has also been suggested
that climate changes may change the primary marine aerosol production significantly
either through changes in surface water temperature (Martensson et al., 2003), or wind
speed (Latham and Smith, 1990). In addition, sea salt is an important tracer in the cli-
mate record of Arctic and Antarctic snow and ice cores. In addition, a seldom quantified
fraction of the primary marine aerosol consists of organic carbon, rather than sea salt.
In biologically productive areas this fraction may be up to 80—90% (e.g. Cavalli et al.,
2004) and mainly of natural biogenic origin, but it may also consists of pollutants or
have been influenced by eutrophication in polluted waters, or be more or less absent in
remote oceans with low biological productivity. Thereby, though its source is basically
a natural source, the sea salt production can be altered by anthropogenic emissions
or climate changes and it must be understood and quantified in order to predict the ra-
diative forcing by anthropogenic aerosols. Naturally, this uncertainty is important when
considering the climate effects of these aerosol particles, especially for the indirect
effects, where also the degree of internal or external mixing between sea salt and or-
ganics plays a role. However, large part of the oceans has low biological productivity,
and there sea salt is probably the dominant component.

Approximately 70% of the Earth is covered by ocean. With the possible exception of
soil dust, sea salt aerosol from the global oceans is the largest single source of aerosol
mass injected into the atmosphere. Sea salt particles are generated by various physical
processes, especially the bursting of entrained air bubbles during whitecap formation
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(Blanchard, 1963, 1983; Monahan et al., 1986; Martensson et al., 2003), thus, they
are highly dependent on wind speed (e.g. Nilsson et al., 2001). By using the eddy
covariance method Nilsson et al. (2001) found that the measured aerosol number flux
increased exponentially with the wind speed. Several model studies show also that
the sea-salt particle number and mass concentrations in the marine boundary layers
are highly wind dependent (Glantz et al., 2004; Pierce and Adams, 2006). Sea salt
aerosol plays an important role in radiative transfer both directly and indirectly, and
hence is important for climate change and long-range prediction models (Charlson et
al., 1992). This aerosol may be the dominant contributor to light scattering in the cloud-
free atmosphere in those regions of the marine atmosphere where wind speeds are
high and/or other aerosol sources are weak (O’Dowd et al., 1997; Murphy et al., 1998;
Quinn et al., 1998). Predicted sea salt emissions were 3340 Tg in 2000 and increased
to 5880 Tg in 2100 (IPCC, 2001). This aerosol source could also potentially be the
dominant source of cloud condensation nucleus, especially in remote areas with high
wind speed and low water temperature, as was recently predicted by Pierce and Adams
(2006) in global simulations using the emission parameterizations by Martensson et
al. (2003). Thus, an important negative climate feedback is expected.

Normally, marine boundary layer (MBL) aerosols are hygroscopic and grow to larger
sizes at high ambient RHs, which increase their scattering coefficients (Charlson et
al., 1984; Hegg et al., 1993; and Covert et al., 1994). The determination of the direct
effects of sea salt aerosol (as well as other aerosols) on the earth radiation balance
requires, therefore, quantitative information on the optical properties of atmospheric
aerosols, with the more geographic resolution the better. If full global surveillance is
to be achieved, the effects of sea salt aerosols and humidity (Quenzel and Kaestner,
1980; Durke et al., 1986; Boucher and Anderson, 1995) upon remote sensing of the
ocean surface and the lower atmosphere need to be considered.

An example of humidity effect on aerosol properties was shown by Hegg et al. (1997)
who found that the contribution of water absorbed by aerosols off the East Coast of
the United States can make up to 50% of the total aerosol optical thickness (AOT).
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The question if this contribution can be detected by satellite measurements is raised.
Durkee et al. (1986) showed that variations in upwelling radiance observed by satellite
detectors could be related to variations in particle size, which in turn were caused by
changes in ambient relative humidity. They reached this conclusion after a study of
collocated and simultaneous aerosol measurements from satellites and aircraft off the
coast of Monterey, CA, USA. No attempt to derive aerosol hygroscopicity was made
because of the limited spectral and angular information available from the detectors
used.

In perspective to the above studies the ultimate objective is to investigate the rela-
tionship between aerosol optical properties and wind speed and better understand the
individual influences from sea salt particles and humidity.

The main objectives with this study are the following:

1. Estimate the relationship between aerosol optical thickness and wind speed over
remote ocean areas and develop a parameterization of the aerosol optical thick-
ness as a function of wind speed.

2. Determine the individual role of sea salt aerosol and relative humidity on the en-
hanced aerosol optical thickness.

3. Comparing satellite retrieved aerosol optical thickness with measurements ob-
tained at AERONET (Aerosol Robotic NETwork) ground-based remote sensing

stations.
2 Data
2.1 SeaWiFS

The Sea viewing Wide Field Sensor (SeaWiFS) nadir looking instrument is mounted on
the SeaStar spacecraft, which was launched on the 1 August 1997. SeaWiFS consists
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of an optical scanner and an electronics module and produce data in 8 channels in the
visible and near infrared wavelengths (402—-885 nm). The SeaStar orbit is synchronous
at 705 km and the equator crossing occurs around noon +20 min corresponding to an
orbital period of 99 min. In this study data with a spatial resolution of 1.1 km (local
average covering (LAC)) has been analyzed. The swath width of the LAC scenes is
2801 km (58.3 degrees). SeaWiFS has been constructed with a scanner tilt mecha-
nism, which enables the instrument to be oriented in the long-track direction to +20 or
—20 degrees to avoid sun glint effects from the sea surface. Tilting the entire scanner,
rather than only a section of the optical train, assures that the SeaWiFS calibration,
polarization, and angular scanning characteristics will be identical for all tilt positions
and, thereby, simplifies the ground processing of in-flight data.

2.2 Meteorology parameters

Operational meteorological data, with a spatial resolution of 0.25 degrees (~17 km),
produced daily at the European Centre for Medium-Range Weather Forecasts
(ECMWFs) Meteorological Archival and Retrieval System (MARS) has been analyzed
in this study. Particularly, assimilated fields of 10 m wind speed and relative humidity
(RH) as well as the diagnosed boundary layer height (BLH) are used here. In the ex-
pression to estimate the BLH the critical Richardson number is included. To identify air
mass origin 3-dimensional back trajectories from the NOAA HYSPLIT model has also
been investigated.

3 Meteorology

The weather conditions over the North Pacific in summer are highly influenced by a
persistent sub tropical high pressure system. Figure 1 shows mean surface wind field
over the North Pacific obtained at the ECMWF for September 2001. The figure sug-
gests that higher wind speeds seem to have occurred at higher latitudes as well as
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at latitudes lower than about 25° N during September 2001. The scenes analysed in
this study is shifted somewhat in the west-east direction, while in any case more or
less within the operation area denoted by the black rectangle shown in Fig. 2. Further-
more, 2-dimensional 10 days back trajectories, with a starting height of 400 m, obtained
based on the NOAA HYSPLIT model for each of the days in September 2001, are also
shown in the figure. The back trajectories suggest that the air masses at the lower
latitudes in the operation area were highly influenced by the sub tropical high pressure
system during September 2001. The aerosols near Hawaii can be summarized as
“clean marine” most of the year with the exception of spring-time Asian dust-pollution
episodes and occasional Hawaii volcano events (Porter et al., 2000). The presence
of a pure marine aerosol near Hawaii is, with the exception for one day, supported
by retrieved AOT at the AERONET ground-based remote sensing stations, discussed
in Sect. 5.3. Furthermore, the back trajectories shown in Fig. 1 suggest that the air
in the marine boundary layer near Hawaii in September 2001 within the last 10 days
originated from the North Pacific, without any continental influences. Finally, the full
operation area shown in Fig. 1 is located relatively far away from continental sources.

4 Method
4.1 Retrieval approach for SeaWiFS data

Aerosol remote sensing requires techniques enabling the determination of AOT. The
AQOT has been retrieved over ocean surfaces from top-of-atmosphere (TOA) radiance
using the nadir looking instrument SeaWiFS. This instrument measures the upwelling
or top-of-atmosphere (TOA) radiance p(1) and the solar extraterrestrial irradiance
Eo(1). The retrieval approach is based on lookup tables (LUT) describing relation-
ship between the measured p(1) and AOT. This requires an adequate set of LUT tak-
ing into account all factors which influence the radiative transfer in the atmosphere:
i.e. solar elevation, illumination and observation geometry, Rayleigh scattering, surface
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reflectance (different vegetation cover over land), the surface elevation with its surface
pressure conditions (land), and finally the aerosol parameters: aerosol phase function,
aerosol optical thickness etc.

The algorithm used in the retrieval of AOT has been developed at the institute of Envi-
ronmental Physics (IUP), University of Bremen. The aerosol retrieval method has been
tested and validated with SeaWiFS data and with aerosol properties of the closure ex-
periment LACE-98 (Lindenberg Aerosol Characterization Experiment). For short wave
channels (0.412-0.510 um) an agreement between the retrieved and ground-based
data within 20% is achieved (von Hoyningen-Huene et al., 2003). For more details
about the retrieval method see von Hoyningen-Huene et al. (2003).

4.2 Combining retrieved AOT with ECMWF surface wind speed

The comparisons between retrieved AOT, estimated based on SeaWiFS data, and sur-
face wind speeds, obtained at the ECMWF, have been performed according to the latter
horizontal resolution (~17 km). Furthermore, to exclude pixels partly or fully covered
with clouds a cloud screening approach has been introduced in this study.

Figure 2 shows an example of retrieved AOT, based on SeaWiFS LAC data, over the
North Pacific for 11 September 2001. The white colour shown in the figure denotes
areas covered with clouds. A pixel is determined as a cloud pixel if proa>0.2. Further-
more, in order to exclude pixels partly covered with clouds grid boxes with a resolution
of 4x4 LAC pixels have been analyzed. If the standard deviation of the AOT divided
by the mean AOT is lower than 0.5 for each of these grid boxes and the number of
aerosol pixels with AOT<0.15 is larger than 8 the grid box is classified as cloud-free
and assumed to contain pure marine aerosols.

Figure 3a shows surface wind field estimated over the North Pacific at 24:00 UTC
for the 11 September by the ECMWF model. Furthermore, calculated mean AQT,
according to the ECMWF spatial resolution (~17 km), over the same area and for the
same day (~23:00 UTC) is shown in Fig. 3b. The figures show a striking resemblance,
which suggests that the retrieved AOT was sensitive to the surface wind speed over
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large areas of the North Pacific, although weak or no correlations occur between the
two quantities over some areas.

4.3 Estimating AOT according to environmental quantities

In an attempt to validate the present results the sensitivity in AOT due to increased
sea salt particle mass concentrations and hygroscopic growth of the marine aerosols
has been investigated. These two latter quantities are both highly influenced by the
surface wind speed. In this study their individual role on AOT has been investigated.
To estimate the absolute changes in AOT due to increased sea salt particle mass
concentrations, without hygroscopic growth, the following expressions are used:

AOTampSS(U,') = Mampss(ui) * ke * BLH1 , | = 1, 2...13 (1)
Mampss(U;) = 0.1 +3.46°2"*Y « [GF(RH,)/GF(RH = 80%)]°
AOT ;noss(Up) = Mympss(Up) + kg * 0.5+ BLH,,/ = 1,2.. .13 )

Mempss(U;) = 0.9+ 3.4e%2Y « [GF(RH;)/GF(RH = 80%)]®
where U; is the 10m wind speed obtained at the ECMWEF in the range 0 to 13ms™"

(with an increment of 1ms™"), Mampss @nd Mg are the accumulation-mode and

coarse-mode sea salt particle mass concentrations (ug m‘3), respectively, related to
observed local wind speed near Hawaii for a RH of 80% (Gong et al., 1997), RH, and
BLH, are the mean relative humidity and boundary layer height, respectively, estimated
by the ECMWF model for the lowest wind speed range 0 to 1 ms~', GF is the growth
factor (Seinfeld and Pandis, 1998), and k, is the specific extinction (m®g™"). For the
latter quantity values of 8.7 and 1.9 m? g‘1 are used for the submicron and supermicron
sea salt particle sizes, respectively, corresponding to a RH of 70% (Quinn and Coffman,
1999). Several studies suggest that the major fraction of sea salt mass is distributed in
the coarse-mode particle size range and that relatively strong vertical gradients appear
11629
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in the boundary layer for these particle sizes (Glantz et al., 2004; Gong et al., 1997).
Thus, here we assume that 90% of the total sea salt particle mass concentrations were
associated with coarse-mode particles over the North Pacific, while the remaining 10%
was associated with accumulation-mode particles. Furthermore, we assume also that
latter particles were well mixed in the marine boundary layers while the former particles
had scale heights corresponding to 50% of the BLH; estimated by the ECMWF model.

The total change in AOT, caused by increased sea salt particle mass concentra-
tions and hygroscopic growth of the sea salt and ammonium sulfate aerosols, can be
calculated by the following expression:

AOT1oy(U;, RH,) = {AOT,?ltﬁ4SO4(U1) «[GF(RH,)/GF(RH,)I+

AOTampss(Uy) * [GF(RH;)/GF(RH,)I°+
AOT ;mpss(U;) » [GF(RH,)/GF(RH1)]3} «[BLH,;/BLH],i =1,2.13  (3)

where AOT‘,i,t,’j’ so,(Uq) is aerosol optical thickness associated with ammonium sul-
4 4

fate corresponding to the wind speed range 0 to 1 ms~', and where the last term

BLH,;/BLH, is the relative change in the boundary layer height. For the ammonium
sulfate particles it is only a relative change in AOT that is estimated and the first term
in (3) is based on a work by Charlson et al. (1978).

Thus, this study assumes that the MBL over the North Pacific contained mainly am-
monium sulfate particles during the low wind speed conditions and the hygroscopic
growth occurred for an external mixture of ammonium sulfate and sea salt aerosols.
The latter means that the sea salt and ammonium sulfate aerosols are considered
consequently with separated optical identities.
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5 Results

In this section results of AOT as a function of wind speed over the North Pacific are
presented both for a case study (11 September 2001) and also as averaged values ac-
cording to 26 days of September 2001. Unfortunately for three days 3/9, 12/9 and 15/9
no data has been obtained over the North Pacific by SeaWiFS and for the remaining
day 17/9 there is problem to run the corresponding LAC field. In this section validation
of the results will also be presented as well as comparisons with AERONET data.

5.1 Retrieved AOT as a function of surface wind speed

Figure 4a shows a scatter plot of AOT as a function of surface wind speed based on the
fields corresponding to the 11 September 2001 shown in Figs. 3a and 3b. Furthermore,
Furthermore, Fig. 4b shows calculated mean AOT and corresponding one standard
deviation as a function of the surface wind speed based on the results shown in Fig. 4a.
These results show a relatively strong relationship between mean AOT and surface
wind speed, while the variability around the mean values is large. Note that the mean
AOT is less sensitive to wind speed in the lowest wind speed range up to about 4 m s,
which is the wind speed when ocean surface waves typically begin to break and white
cap formation start.

Figure 5 shows mean AOT and corresponding one standard deviation for the wave-
length 0.555 um (SeaWiFS, channel 5) as a function of 10 m wind speed (ECMWF),
based on retrieved scenes over the North Pacific for September 2001. The numbers of
days/scenes that are included in the analyses are also shown in the figure. The solid
line is a power fit AOT=0.06+0.00025*U?" with a correlation coefficient R? of 0.92. The
figure shows clearly that the retrieved mean AOT were sensitive to changes in the wind
speed over the North Pacific. A difference in AOT with nearly a factor of 2 between
high and low wind speed conditions over the North Pacific for the days in September
2001 is obtained.
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5.2 Validation of the results: AOT estimated according to environmental quantities

Figure 6 shows estimated AOT obtained based on Eq. (1) to Eq. (3) (Sect. 4.3) and the
ECMWF parameters; relative humidity, boundary layer height and surface wind speed.
The total change in AOT, according to increased sea salt particle mass concentrations
and hygroscopic growth of the marine aerosol is denoted by the stars in the figure.
The squares describe the changes that are associated only by hygroscozpic growth of
the sea salt and ammonium sulfate particles. A correlation coefficient R“=0.59 is ob-
tained according to the values denoted by the stars and the power fit shown in Fig. 6,
where the latter curve is the same as the one shown in Fig. 5. This curve, representing
the satellite retrieved AOT, falls within the one standard deviation of the data used to
validate our results, although the validation overshoot slightly below 10 m/s and more
over this wind speed. Note that the vertical distributions of the coarse-mode particles
assumed in this study are in some sense arbitrary (see Sect. 4.3), and could be ques-
tioned. In any case assuming a scale height of 30% instead of 50% reduces the total
change in AOT (stars in Fig. 6) only with about 6% for the highest wind speed values
and even less for the remaining values. Thus, the difference in retrieved AOT with a
factor of 2 increase obtained between the lowest and highest wind speed values shown
in Fig. 5 is more or less supported by the results shown in Fig. 6. Furthermore, the re-
sults suggest that approximately up to 50% of the enhanced AOT seems to be caused
by the hygroscopic growth of the marine aerosols and the remaining part due to in-
crease in sea salt particle mass concentrations. Finally, lower aerosol optical thickness
retrieved in this study compared with the estimated values, shown in Fig. 6 for wind
speeds above 10ms™’, may at least partly be due the criteria of only including pixels
with AOT<0.15 in the analyses (see Sect. 4.2).

5.3 Satellite retrieved AOT compared with AERONET data

The retrieved aerosol optical thickness obtained in the present study is in this sec-
tion compared with AOT obtained at several AERONET (AEronet RObotic NET-
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work) ground-based remote sensing stations; Mauna Loa (altitude 3397 m, 19.5°N,
155.6°W), Lanai (altitude 20m, 20.7°N, 156.9° W), Coconut Island (altitude Om,
21.4°N, 157.8° W) and Midway Island (altitude O m, 28.2° N, 177.4° W). The three first
stations are located at Hawaii and Midway Island somewhat west of the present opera-
tion area. Figure 7 shows daily averaged AOT obtained at these stations for September
2001. At the AERONET ground-based stations a cloud screening approach has been
included in the estimations of AOT. We see that the AOT estimated over the Mauna
Loa station indicate that aerosol scattering of direct radiation was relatively low in the
free troposphere during September 2001. Furthermore, the figure shows that similar
variability in AOT occurred occasionally at the Lanai and Coconut stations and that the
ratio between the highest and lowest values is about a factor of 2.

Figure 8 shows satellite retrieved aerosol optical thickness compared with AOT ob-
tained at the Lanai and Coconut Island AERONET ground-based remote sensing sta-
tions for days in September 2001. For the latter two stations the AOT shown in the
figure have been averaged around the time when the SeaWiFS satellite passed over
Hawaii and the error bars correspond to one standard deviation. The satellite retrieved
AOT with corresponding one standard deviation shown in Fig. 8 have been estimated
over ocean areas in connection to these islands and not particularly for the pixels cor-
responding to the two station areas. This is because the AOT retrieved over the land
areas were significant higher than over the ocean for the scenes analyzed here. This
could be due to uncertainties in the surface characteristics of the islands, described
in the model, which causes errors in the retrieved AOT. Furthermore, for some of the
days no values have been estimated. This is because during these days extensive
cloud decks were presented over the islands as well as the surrounding ocean or no
results are reported from the AERONET stations. Figure 8 shows that the agreement
between satellite and ground retrieved AOT is approximately within 50% for both Lanai
and Coconut Island for the days in September 2001, and actually much better on most
of the days. The overall variability is also catched by the comparison.
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5.4 Discussion

By analysing a relatively large area over the North Pacific and calculate average values
according to all scenes analyzed this study seems to capture a strong relationship
between mean AOT and surface wind speed for the month of September 2001. From
empirically derived parameterizations, we know that the emissions of both sea salt and
water vapor over the oceans are dependent on the surface wind speed, see Fig. 9. In
most cases, the water vapor fluxes (or in many applications the latent heat flux) have
been shown to be linearly dependent on the wind (through the drag coefficient), see
for example Subrahamanyan and Ramachandran (2003) and Zang and Perrie (2006).
Considering previous parameterized source fluxes of sea salt (for example Monahan
et al., 1986; Martensson et al., 2003; Clarke et al., 2006) most of them follows the
relationship with wind speed U4 or similarly, from any of the many formulations
of the white cap fraction (e.g. Monahan and O’Muircheartaigh, 1980). It should be
noted that the bubble mediated aerosol production in breaking waves as well as the
spume drops thorn from wave crests are not only a sea salt source, but also a source
of humidity as part of them evaporates, as indicated by the arrow that connects the
“breaking waves” -box with the “water vapor emissions”-box in Fig. 9. Finally, vertical
transport fluxes as well as the boundary layer height will be increased by increasing
wind speed, which will dilute the produced aerosol and water vapor concentrations, see
Fig. 9. Even the entrainment of free tropospheric aerosols into the marine boundary
layer will partly depend on the wind speed, as may the available condensable vapor
concentration (through for example the sources of Dimethylsulfide) that may contribute
to the ageing of the aerosol and modify its cloud condensation nuclei (CCN) properties,
see Fig. 9. It is however reasonable to assume given our results that the salt and vapor
emissions are the dominant wind driven factors behind the AOT-wind relationship. The
wind relationship obtained in this study between AOT and wind speed (~2.1), see
Fig. 5, are in between those most commonly found in literature for water vapor (~1)
and sea salt (~3.4). This is reasonable as the AOT-wind relationship must be a mixture
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of these processes.

The humidity is expected to be vertically well mixed in the MBL (Svensson et al.,
2000; Glantz et al., 2004), while sea salt is influenced by several processes that seem
to create vertical gradients in the concentrations (Gong et al., 1997; Glantz et al., 2004).
Gravitational settling and dry deposition have strong influence on the supermicron par-
ticles and will counteract the vertical turbulent transport, see Fig. 9. In any case, there
is no doubt that sea salt particles seems to be the dominant aerosol fraction in the MBL
when higher wind speeds occur and/or other aerosol sources are weak (O’'Dowd et al.,
1997; Murphy et al., 1998; Quinn et al., 1998; Hoell et al., 2000; Glantz et al., 2004).
The sea salt as well as ammonium sulfate aerosols rapidly grow to particle sizes that
are dependent on the relative humidity in the MBL, see Fig. 9. As noted above, the
available water vapor depends also on that higher wind speeds increase the emissions
of water vapor into the MBL, but could on the other hand increase the boundary layer
height as a result of more efficient vertical mixing and then entrain dry free tropospheric
air, which would tend to decrease the humidity. In any case, the assumption that the
marine aerosols grow to larger particle sizes due to water uptake and consequently
influence the direct radiation back to space significantly is supported by the validation
of the present result. Evidently, the column relative humidity is increasing due to higher
wind speeds, despite that we use both wind speed and boundary layer height from the
ECMWF model. If the height of the boundary layer increases the sea salt aerosol is di-
luted in a larger volume, resulting in lower concentration, but not less AOT as the same
aerosol mass will remain in the boundary layer although distributed over a deeper col-
umn. Hence, it is reasonable to assume that the wind influence on the boundary layer
height is @) minor and b) have been incorporated in our parameterization. Considering
entrainment, the free troposphere aerosols that may be entrained in such conditions
could also grow rapidly according to the higher RH in the marine boundary layer and,
therefore, contribute to the increased scattering of short-wave radiation back to space.
It is therefore not obvious that the wind-entrainment influence is positive or negative.
We have not specifically included entrainment in the validation of our parameterization,
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so it remains an open question if that effect has somehow modified our results.

Even as a relatively strong relationship is obtained between mean aerosol optical
thickness and surface wind speed based on the scenes/days analysed in this study
(Fig. 5) the variability around the mean AOT obtained for each of these days is large
(not shown), similar to the results shown in Fig. 4a and Fig. 4b. There could be several
explanations for this. First of all the relationship between sea salt and surface wind
speed may not be strong locally due to the relatively long turn over time for the submi-
cron particles (Gong et al., 1997). Even so, the supermicron particles as well as the
hygroscopic growth and boundary layer height are all expected to be highly sensitive
to the local surface wind speed. Secondly, the fields of wind speed, relative humidity
and boundary layer height, respectively, calculated at the ECMWF may be associated
with relatively large uncertainties, and may not be able to catch all local and temporal
variability. For the third the present approach to estimate AOT probably also induces
uncertainties that could be significant. One affect that is not included in the present re-
trieval approach is bright foam from whitecaps, which could cause spurious backscatter
that could be interpreted as aerosol. In any case, several studies do not show substan-
tially increased AQT for conditions when whitecaps coverage are expected to be higher
(Erickson et al., 1986; Ignatov et al., 1995). Based on an analyses of Koepke (1984)
and Monahan and O’Muircheartaigh (1980), the latter study concluded that foam has a
small effect on the retrieval of aerosol optical thickness; according to channel 1 of the
advanced very high resolution radiometer (AVHRR) product and wind speeds of 5 to
8ms~ " increased the AOT by less than 0.005.

6 Summary and conclusions

In this study we have combined retrieved AOT, based on data obtained by the SeaWiFS
satellite instrument, and surface wind speed, obtained at the ECMWEF, over the North
Pacific for September 2001. During this season the continental aerosols are expected
to have minor influences on the air masses over the investigated area, middle part
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of the North Pacific. Furthermore, in summer the North Pacific is to a less extent
covered with clouds compared to other seasons and also compared to other ocean
areas. In this study we have introduced a cloud screening approach used in an attempt
to exclude pixels partly or fully covered by clouds. The relatively broad swath width for
which the nadir looking SeaWiFS instrument scanned over the North Pacific means
that the AOT can be estimated according to a relatively large range of wind speeds
(ECMWF), 0 to 10ms™", for most of the days in September 2001. Additionally, for 5
of the days analyzed here AOT has been estimated according to a wind speed up to
13ms™ . It should be mentioned that even higher wind speeds seems to have been
occurred over the North Pacific in September 2001, estimated by the ECMWF model.
Even so, during these higher wind speeds clouds are presented, determined by the
present cloud screening approach.

In this study the sensitivity in AOT due to sea salt and hygroscopic growth has also
been investigated. The validation of the results is based on previous parameterization
in combination with the environmental quantities wind speed, RH and BLH, estimated
at the ECMWF. Furthermore, the satellite retrieved aerosol optical thickness, presented
in this study, has been compared with AOT obtained at several AERONET ground-
based remote sensing stations.

The following conclusions can be established based on the present study:

1) Nearly a factor of 2 higher AOT is obtained for a wind speed up to about 13ms”~
over remote ocean areas.

2) A factor of 2 higher AOT is more or less supported by the validation of the results.

3) Approximately, up to 50% of the enhanced AOT seems to be due to hygroscopic
growth of the marine aerosols and the remaining part due to increase in sea salt particle
mass concentrations (without hygroscopic growth).

3) Reasonable agreement occurs between satellite retrieved aerosol optical thick-
ness and AOT observed from ground

The results presented in this study suggest a significant direct radiative effect over
the North Pacific. However, the radiative effect could be lower over oceans where

1
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organic species, with lower hygroscopicity, are internal mixed with sea salt. One exam-
ple could be over North Atlantic during summer when relatively strong phytoplankton
bloom occurs (O’Dowd et al., 2004). In any case, since approximately 70% of the Earth
is covered by ocean this study suggests a significant global direct radiative effect. Fur-
thermore, the results of a correlation between AOT and wind speed is very promising
in the meaning that the latter quantity is associated with relatively small uncertainties
in climate model calculations. Additionally, it has been suggested that wind speed may
change significantly due to climate changes. Thus, estimating a relationship between
AOT and wind speed in the remote marine atmosphere accurately allow a very simple
but powerful and direct way to incorporate climate forcing in climate predictions. For
this purpose the fit in Fig. 5,

AOT = 0.06 + 0.00025 * U?* (4)

may serve as a first one-line parameterization of the whole complex chain of steps from
breaking waves to aerosol backscatter.

Having worked for some time with different parts of the complex processes involved,
see Fig. 9, when primary marine aerosol particles are emitted, transformed and trans-
ported, influenced by boundary layer dynamics and preexisting aerosol particles, to
finally perhaps have a direct or indirect effect on the radiation balance, we were initially
astonished and surprised by the good agreement between the local wind speed and
the local AOT. The AQOT is of course more scattered in regard to the wind speed, see
Fig. 4a, than the aerosol number emissions (see Nilsson et al., 2001; and Geever et al.,
2005) or number concentration usually are. Considering how distant the wind speed
and the AOT are in the very opposite ends of a long chain of interactions, the agree-
ment is still surprisingly good. Whenever we operate aerosol sampling over oceans we
find a nice relationship between the aerosol number or mass and the local wind speed
over a wide range of sizes. The actual aerosol number emissions are also always re-
lated to the local wind with an exponential behavior over all seas studied so far: The
Greenland sea, Barents sea and Arctic Ocean (Nilsson et al., 2001), the North Atlantic
(Geever et al., 2005), the Pacific Ocean and the Baltic Sea (yet unpublished material).
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It remains to see how generalized the relationship between the local wind speed and
the AOT can be, but in view of the world-wide well behaved number or mass behavior,
we should perhaps dare to be optimistic also on this point.

Having now accepted that the local wind speed can be directly related to an important
climate parameter such as AOT, it appears that it may be possible to skip many complex
steps when evaluating the climate effects of the primary marine sea salt aerosol and
go directly from the local wind speed to the aerosol-radiation impact, even though it
is to early to say if the Eq. (4) must somehow be modified to apply to other oceans,
seasons or similar.
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Wind speed (m s-)

Fig. 1. Mean surface wind field for September 2001 obtained at the ECMWF. The solid red
lines denote 10 days back trajectories with a starting height of 400 m at 24:00 UTC obtained by
the NOAA HYSPLIT model. The black rectangle denotes the present operation area.
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Fig. 2. Retrieved AOT, based on SeaWiFS LAC data (channel 5), over the North Pacific on the

11 September 2001.
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Fig. 3. (a) surface wind speed and (b) retrieved AOT obtained by the ECMWF model and based
on SeaWiFS data, respectively, for the 11 September 2001.
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Fig. 4. (a) scatter plot of AOT, and (b) mean AOT and corresponding one standard deviations
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as a function of wind speed, respectively, obtained for the 11 September 2001.
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Fig. 5. Retrieved mean AOT and corresponding one standard deviations, for the wavelength

0.555 um (SeaWiFS channel 5), as a function of 10 m wind speed (ECMWF), estimated over
the North Pacific in September 2001.
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Fig. 6. AOT estimated according to Eq. (1) to Eq. (3) in the text and the ECMWF parame-
ters; relative humidity, wind speed and boundary layer height. Stars are mean AOT and cor-
responding one standard deviation estimated according to increase in sea salt particle mass
concentrations and hygroscopic growth of sea salt and ammonium sulfate particles. Squares
are mean AOT estimated according to hygroscopic growth of sea salt and ammonium sulfate

particles only.
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Fig. 7. Daily averaged AOT (1=500 nm) obtained at several AERONET ground-based remote
sensing stations during September 2001.
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Fig. 8. SeaWiFS satellite retrieved aerosol optical thickness (1=510 nm) compared with AOT
A=500 nm) obtained at AERONET ground-based remote sensing stations located on Hawaii for
September 2001. The numbers above and below the symbols correspond to differences in %
between satellite and AERONET retrieved AOT for Lanai and Coconut Island, respectively.
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Fig. 9. Schematic overview of processes involved in the climate forcing by primary marine
aerosol particles. Boxes with full line borders are steps studied in the present work, and boxes
with dashed borders are outside the scope of the current study, but have connections that feed
back to the main path that goes from wind speed to AOT.
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