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Abstract. We report on measurements of atmospheric transmission (AT7) and aerosol
optical depth (AOD7) made at three wavelengths (368, 500, and 778 nm) with a
spectroradiometer placed on Tenerife (28.5°N, 16.3°W), Canary Islands. Using the National
Oceanic and Atmospheric Administration (NOAA) advanced very high resolution
radiometer (AVHRR) channel 1, we also measured the aerosol optical depth (AODy) and
albedo over a region of the North Atlantic Ocean extending from 15°-35°N to 12°-25°W. We
observe large changes in ATrand AOD; when dust outbreaks pass over this region. Using
all these data, we derive the asymmetry factor (g), the single-scattering albedo (), and the
local mean AODr and we compute the direct radiative forcing AF attributable to mineral
dust. The local radiative forcing obtained is over the ocean AF = —9.7 W/m’ and for the land
AF =-4.5 W/m’ with an error of i25% Extending these results to global-scale averages, we
obtain values of AF of ~1.22 W/m? over the ocean and —0.57 W/m® over land. The forcings

attributable to dust are comparable in magnitude to those reported in the literature for

anthropogenic sulphate and for biomass burning aerosols.

1. Introduction

Recent works have shown the importance of aerosols as a
climate-forcing agent. Aerosols can affect climate both directly,
by radiation scattering and absorption, and indirectly, by
effecting changes in the cloud droplet concentration and size
distribution. Early studies have focused on the importance of the
aerosols from anthropogenic sources, e.g., non-sea-salt sulphate
(nssSO7) and aerosols from biomass burning. Model-derived
estimates of direct radiative forcing (AF) yield global-scale
values as great as AF= -1 to -2 W/m? [Charlson et al., 1992;
Kiehl and Briegleb, 1993; Taylor and Penner, 1994; Chylek and
Wong, 1995], values comparable in magnitude to the positive
forcing attributed to greenhouse gases [Charison et al., 1992].
Until recently, there has been little interest in the role of mineral
dust in climate forcing. However, recent field and theoretical
measurements [Li et al., 1996; Diaz et al., 2000] suggest that the
mineral dust could have a large effect on the radiative properties
of the atmosphere in many ocean regions where mineral dust is
the dominant aerosol constituent. Modeling studies indicate that
the direct radiative forcing by mineral dust could be significant
on a global scale and dominant on regional scales [Tegen et al.,
1996; Sokolik and Toon, 1996; Andreae, 1996].

The principal sources of mineral dust aerosol are soils in arid
regions [Pinker et al., 1994; Swap et al., 1996; Husar et al.,
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1997; Moulin et al., 1997a, 1997b]. Dust derived from arid
regions is clearly visible in various satellite systems such as
Meteosat and NOAA AVHRR [Andreae, 1996; Swap et al.,
1996; Husar et al., 1997; Nakajima and Hirigushi, 1997,
Moulin et al., 1997a, 1997b]. The seasonal distribution of AOD
over the oceans as measured by NOAA AVHRR shows
well-defined patterns that have a plume-like character [Husar et
al., 1997]; the largest and most persistent “plumes” and the
highest AOD values are associated with transport from
continental arid regions. The TOMS absorbing aerosol product
[Herman et al., 1997], which is largely responsive to mineral
dust and biomass burning sources, shows similar plume-like
patterns. These various lines of evidence clearly show that on a
global scale, the dust plumes from sources in North Africa are
the most prominent, the most persistent, and cover the largest
ocean areas.

To assess the impact of aerosols on climate, it is necessary to
have a complete knowledge of the aerosol optical properties on
a global scale. This requires the use of satellite methods. To this
end it is necessary to relate the satellite-sensed products to
ground-based measurements made with conventional radiation
instrumentation [Expdsito et al., 1995]. The work, which we
present here, was carried out on Tenerife, Canary Islands
(26°-28°N, 15°-17°W). This region is ideally suited for the study
of the radiative effects of dust because it experiences frequent
Saharan dust events, especially during the summer and early fall
[Arimoto et al., 1995; Prospero, 1996a, 1996b; Maring et al.,
2000]. The occurrence of a Saharan dust event in the islands is
readily apparent, at the simplest level, by the occurrence of a
dense haze that can reduce visibility to a few kilometers.
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Although dust transport to the Canaries can take place in the
marine boundary layer (MBL) from sources along the northwest
coast of Africa [Bergametti et al., 1989], the main transport
occurs above the MBL in a layer (the Saharan air layer (SAL))
which typically reaches to 5-6 km in this region [Karyampudi et
al., 1999; Wesiphal et al., 1988]; the dust concentrations in the
SAL are usually many times greater than in the underlying
MBL. The chemical and physical properties of the aerosols over
the ocean lying off the west coast of Africa have been firmly
established in a series of long-term aerosol measurements
[Arimoto et al., 1995; Chiapello et al., 1995; Chiapello, 1996;
Bergametti et al., 1989, Sancho et al., 1992; Prospero, 1996a,
1996b; Husar et al., 1997; Maring et al., 2000]. These studies
clearly show that tropospheric aerosol content is strongly
dominated by soil dust transported out of North Africa
[Prospero, 1996a)] and that the temporal and spatial trend in
aerosol concentrations are consistent with satellite
measurements of AOD [Husar et al., 1997].

In our study we use data obtained with ground-based
radiation sensors on Tenerife and with the NOAA AVHRR
satellite sensor during the period from June 1 to August 31,
1994 (natural days 152-243). During this time, AVHRR
recorded several strong dust outbreaks that emerged from the
west coast of North Africa and passed over the Canary Islands;
coincident with these events, increased dust concentrations were
measured at ground stations located on Tenerife. In this work
we focus on AVHRR data obtained over the region between
15°-35°N and 12°-25°W.

2. Experimental Methods

2.1. Ground-Based Data
The AOD is computed using the Lambert-Beer-Bouguer law:

L(Ay=Lo(Dexp(-[ 7ot zanst 741 ), (H
where Ly(A) and L(A) are the monochromatic intensities of the
incident and transmitted radiation, 7z is Rayleigh scattering
coefficient, 7, is the absorption coefficient, z, is the AODy, and
S is the air mass (the path length through the atmosphere
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expressed as a multiple of the atmospheric thickness in the
vertical). The coefficients 7z and d are calculated [/gbal, 1983]:

2
3)

I
5 = kose, +0.15(93.885- 81263 |

T = 0.008381_(3'9]6+0'074ﬂ’+0'05m’) ,

with @, the Sun zenith angle (in degrees) and A is the
wavelength in micrometers. We have used the factor
P(mbar)/1013.25 [Igbal, 1983] to correct for the altitude, where
P is the pressure at the measurement station. To correct for
ozone absorption in equation (1) we use column ozone
concentrations obtained by a Brewer instrument located on
Tenerife, at Izafia Global Atmospheric Watch (GAW)
Observatory (IZO) (28°18°N, 16°29°W).

The ground-based instrument used to measure L(4) in
equation (1) is a PMOD/WRC Sun photometer mounted on a
Sun tracker with a photocell autocorrection system, which
guarantees perfect alignment with the Sun all day. An observer
checks its operation daily. The instrument uses interference
filters at 368, 500, and 778 nm (full width at half maximum
(FWHM) of 5 nm) and has a 2.6° field of view (FOV). The rear
baffles, filters, and silicon detectors are housed in a
temperature-controlled aluminium block maintained at 30°C.
The detector is a silicon photovoltaic type UV-215B. The
radiance is recorded each minute. The Sun photometer is
located at Izafia GAW Observatory, managed by the Instituto
Nacional de Meteorologia (INM), Spain; it is located on top of a
mountain platform on a dorsal ridge at an altitude of 2367 m
above sea level.

The extraterrestrial signal Lo(1) is obtained by the Langley
method: the intersection of the linear fit of the natural logarithm
of the L(4) measurements made during the course of the day
plotted versus the air mass [Diaz et al., 1994]. The value of the
resulting Ly(A) is acceptable when the fitted straight line has a
residual standard deviation less than 0.002. Figures la and 1b
shows the Langley calibration at the wavelengths of 368, 500,
and 778 nm for two days, one where the atmospheric stability is
high (Figure 1a) and another one where the stability is poor
(Figure 1b). We typically obtain correlation factors greater than
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Figure 1. Examples of Langley plots: (a) Langley plot on a day with low and unvarying cencentrations of
aerosols (natural day 169). (b) Langley plots when dust was present and when concentrations varied during the
day (natural day 186).
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0.999 and standard deviations less than 0.005 on days when
aerosol concentrations are low and constant. The ordinate axis
shows the intensity recorded by the PMOD multiplied by a S,
factor, in order to correct for changes in the Sun-Earth mean
distance.

We compared the results of our Langley calibrations with
those obtained by the statistical procedure of Herman et al.
[1981] in order to assess the precision of the computed Ly(4).
The latter assumes that the deviation of the data points is due to
real random variations of AOD during the course of the
measurements. The results obtained with these two methods
typically differ by less than 1%.

The atmospheric transmission, defined as the ratio of the
radiance detected by the Sun photometer to the extraterrestrial
radiance (AT =L(A)/Ly(A)) was measured at 368, 500, and 778
nm.

The principal sources of uncertainty in AOD; measured at
the ground are variability in the air mass; the accurate
characterization of the filters’ spectral characteristics; the
forward scattered radiation which reaches the detector within its
FOV; and the extraterrestrial signal of the Sun photometer
[Russell et al., 1993; Dutton et al., 1994; Thomason et al., 1983;
Reagan et al., 1986; Box and Deepak, 1979]. The air mass
factor & depends on the true solar zenith angle, on the vertical
distribution of the attenuating substances (i.e., gases and
aerosols), on the photometer altitude, and on the temperature
profile, which determines the atmospheric refraction. Following
Russell et al. [1993] and Dutton et al. [1994] the errors
evaluating & with the expression (2) can be negligible up to
solar zenith angles of 70°.

The instrument was calibrated in 1991 and again in 1995 at
the World Radiation Center, Davos, Switzerland. In both
calibrations no significant changes were noted in the spectral
response of the band-pass filters 2 (500 nm) and 3 (778 nm).
Channel 1 (368 nm) showed a 15% decrease in sensitivity
between calibrations. This degradation can be fitted by an
exponential curve with a correlation coefficient of 87%, and it
was taken into account in computing the AOD.

Because photometers have a nonzero FOV, the measured
solar radiance includes both direct and diffuse contributions.
This forward scattered light results in an underestimation of the
AODy; this effect increases with the optical depth, the FOV, the
air mass and the concentrations of large particles (i.e., those that
the radius, assumed to be spherical, is > A). Dutton et al. [1994]
have quantified this source of error for a PMOD radiometer
(FOV 2.3°) and find that the underestimation of AODy is less
than 7% at 380 nm and 4% at 778 nm.

We compare our AOD; data obtained by radiation
measurements with nss SO7 and mineral aerosol
concentrations measurements made during the same general
time period on Tenerife. One sampling site is at lzafia
Observatory (IZO), which during dust outbreaks is located
within the SAL; consequently, samples collected at the site
should be generally representative of aerosol characteristics in
the layer. The samplers only operate during the night (between
roughly 20:00 and 08:00) when a downslope wind circulation is
in effect; thus during the night, samples are representative of the
composition of the free troposphere with little likelihood of
contamination from local sources. A second sampling site is
located in the MBL at Punta del Hidalgo (PDH) (28°35°N,
16°20°’W) on the north coast of the island at the top of a light
house 55 m above the sea surface; a strong northeast trade-wind
flow is in effect most of the time at this site. Samples at Hidalgo
were collected on a diel cycle.
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Bulk aerosol particles are collected with high volume
samplers (45 m’/h) on Whatman-41 filters; in the marine
environment the collection efficiency of Whatman-41 filters is
essentially 100% for nss SO3 [Pszenny et al., 1993] and dust
[Savoie, 1984]. The filters are extracted with water, and the
mineral dust concentration is determined by ashing the extracted
filter at 500°C for se sral hours and weighing the residue.

2.2. Satellite Sensor Algorithm

To obtain the AODs and albedo, we used the NOAA satellite
sensor data; to capture and process the data, we used a
high-resolution picture transmission (HRPT) system. AVHRR
channel 1 (0.63 um), channel 2 (0.82 pm), and channel 4 (10.76
um) have 1.1 km nadir resolution [Kidwell, 1995]. The AODjy is
calculated using the upwelling radiance in channels 1 and 2
according to Durkee et al. [1986] and the albedo according to
Rao and Chen [1994]. These methods can only be used over the
ocean; the image pixel must be cloud-free, and the following
conditions must obtain (1) satellite zenith angle < 50°, (2) solar
zenith angle < 50° (3) Sun reflection angle > 50°, (4) brightness
temperature channel 4 > 0°C, (5) channel 2 albedo < 3%, (6)
channel 1/channel 2 ratio > 1.5, and (7) maximum channel 2
albedo variation of the central pixel of a 3 x 3 pixel box with its
eight neighbors < 0.25.

Conditions 1 and 2 ensure good illumination and a good
observation geometry for the satellite [Frulla et al., 1995]. With
condition 3 we avoid Sun glint; condition 4 eliminates pixels
that contain high clouds, and condition 5 eliminates low clouds.
Finally, conditions 6 and 7 detect and reject pixels with broken
cloud [Young, 1992].

The method for obtaining AOD with the AVHRR satellite
(AODj) was tested by comparing the satellite values with those
obtained with a spectroradiometer installed at the Nautical
School inside the Santa Cruz harbor (28.48°N, 16.24°W) on the
northeast end of the island. We measured radiances at 630.0 nm
(i.e., the center of the NOAA channel 1) using a 2 nm FWHM
filter. To correct for ozone absorption at this wavelength, we
use column ozone concentrations obtained by the Izafla GAW
Observatory Brewer instrument. The satellite sensor data were
taken from pixels in a cloudless area located over the sea, very
close to the coastline where the radiometer was located; satellite
data were averaged over a 3 x 3 pixel box. The ground-based
measurements were collected at the same time as the satellite
over passes. Data were obtained during July 1994 when AOD
varied over a wide range, thus enabling us to compare the
response of the instruments for a complete set of different
conditions. The fit of the AODs versus AOD from ground
(AQDy) gave the straight line:

AODy =(0.1240.07)+(0.9510.16)*AOD. @
Expdsito et al. [1997] obtained a correlation coefficient of 91%
and an estimation standard error of 0.11. They showed that the
linearized single-scattering approximation used to resolve the
radiative transfer equation yields good results even for
situations with high AOD values. The AOD satellite images
shown in this work are not corrected by the bias error in
equation (4). Because of the different sources of aerosols in the
whole area shown in the satellite image we consider that this
equation could be valid in a region around the ground base.

Albedo values were obtained using the Rao and Chen [1994]
procedure. They have computed the degradation in the
performance of the AVHRR channels 1 and 2, due mainly to the
outgassing and launch-associated contamination and the
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continued exposure to the harsh space environment. These
authors determined the degradation rates of the sensor using
statistical procedures on the International Satellite Cloud
Climatology (ISCCP) B3 data for the southeastern part of the
Libyan desert (21°-23°N latitude, 28°-29°E longitude). They
estimated that the relative degradation rate for the NOAA
11/AVHRR channels 1 and 2 was 1.2% and 2.0% per year,
respectively, assuming that the desert site was a radiometrically
stable target; they concluded that the decay of the sensors was
exponential in time. The formula obtained for albedo in percent
was

albedo [%]= (C—40)*0.1060*exp(0.33*107*d), 5)
where “C is the AVHRR measured signal on the 10 bit scale
and “a@” is the elapsed time from the day of launch expressed in
days (NOAA 11 was launched on September 24, 1988).

Both AODy and albedo have been obtained in the region
located between the parallels 15°-35°N and the longitudes
12°-25°W, which is the area covered by Saharan dust events
[Swap et al., 1996; Stowe et al., 1997; Husar et al., 1997,
Herman et al., 1997]. In this Atlantic Ocean region, on a mass
basis, the dust is the principal aerosol component [Prospero,
1996a, 1996b].

3. Atmospheric Optical Properties in Saharan
Dust Outbreaks

From a synoptic point of view the dominant meteorological
situation over the subtropical Northeast Atlantic is
characterized, on the surface, by a high over Azores Islands
(Azores High) and relative lows over the Iberian Peninsula and
Morocco. Under this situation there is a general flow from the
NE (i.e., a trade wind flow) and it is unlikely that Saharan dust
outbreaks can reach our ground stations on Tenerife, although at
times it is possible to see on satellite images dust events with
plumes very close to the African coastline. In contrast,
large-scale Saharan dust outbreaks usually occur under a
synoptic situation where there is an anticyclone at high level
(600-500 mbar) over NW Africa and where the Azores High is
displaced from its normal position. Under these conditions the
predominant wind directions range from easterly through
southerly to westerly depending of the specific orientation of the
pressure systems. During the study period both synoptic
situations occurred.

The AODy, ATy, and aerosol concentrations varied over a
wide range during the course of the measurements. Figure 2
shows the time series of AOD; (dots) and ATy (solid line) for
the period between natural days 150-250 with a time step of 1
min. Note that AODy values were relatively low and constant
until about natural day 180 when they increased sharply;
thereafter, AOD; values remained quite high until about natural
day 220, although there were a few periods when the AOD;
dropped to low values. After natural day 220, AOD; values
remained relatively low and steady but with occasional periods
of modestly increased values. The ATy values in Figure 2 were
quite variable throughout the measurement period. Some of this
variability is due to the presence of cloud. Cloud effects are
particularly notable before natural day 180 and after natural day
220 when decreased ATy values are associated with gaps in the
AOD; record. To calculate AODy, the clouds have been
screened using the records of a broadband pyranometer.
Nevertheless the presence of thin clouds mixed with dust is
possible. A second procedure cuts the data when they are bigger
than a limit value. The presence of dust in the ground station is
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confirmed by visual observation of an experimented observer
(the Izafia station has GAW classification). The AOD above 0.8
at 365 nm (or 0.7 at 500 nm, etc.) must be interpreted as clouds
with dust. Comparison of the curves in Figure 2 shows that
between natural days 180 and 220, periods of high AOD; are
associated with periods of decreased ATr.

Figure 3a and 3b presents aerosol data obtained at Izafia and
Punta del Hidalgo for the same time periods as shown in Figure
2; data are shown for both mineral dust and nss SO; Also
shown (Figure 3.c) is plot of AOD; at 500 nm to facilitate
comparison with the time series of nss SO7 and mineral dust
concentration.

A number of dust episodes are evident in Figure 3 at Izafa
and Punta del Hidalgo. At Izafia observatory the concentration
of nss SO; , NO;, and NHy [Prospero, 1996a, 1996b] shows
a temporal variability that tracked that of mineral dust; however,
the mineral dust concentrations are, on average, an order of
magnitude greater than that of all the other major aerosol
species combined [Prospero, 1996a]. At Hidalgo the dust
concentration was much lower than at Izafia and the temporal
variability of dust and other species is very different as well. At
both sites, nss SO;, NO;, and related species are believed to
be largely derived from pollution sources in Europe. At Izafia
the pollutants are transported across North Africa where they
are intermixed with dust-laden air masses and subsequently
carried to the North Atlantic [Prospero, 1996a, 1996b]. At
Hidalgo the aerosol composition and concentration is largely
attributable to direct transport over the North Atlantic from
sources in Europe [Raes et al, 1997]. The difference in
composition and temporal variability at these two sites
illustrates the sharp separation between the transport regimes in
the boundary layer and those in the free troposphere.

In Figures 2 and 3 it can be seen that in general, the time
record of AOD measurements made on Tenerife (AOD;) tracks
that of mineral dust concentrations at Izafia. However, it should
be noted that the aerosol measurements are made at Izafia only
at night, during downslope wind conditions [Prospero, 1996a,
1996b]; thus the aerosol data are not truly concurrent with the
radiation measurements. Also, because. of other sampling
protocol criteria, samples cannot be collected every night, thus
leading to gaps in the aerosol data. Nonetheless, these data are
consistent with our hypothesis that the radiative properties of
the atmosphere during dust outbreaks are largely determined by
the concentration of mineral dust in the atmosphere. This is
emphasized in Figure 4, which shows AOD; and ATy at 500 nm
for a typical clear day (natural day 173) and for a dusty day
(natural day 186). On dust-free days, AODy at 500 nm has a
quasi-constant value of about 0.05, whereas on dusty days,
AODy; is very variable with values in the range 0.25-0.60. The
day-to-day changes in AOD; can be associated to changing
meteorological conditions. During the summer and early fall,
days with low aerosol concentrations are usually associated with
trajectories emanating from the central North Atlantic, typically
from the middle or upper troposphere; days with high
concentrations of aerosols, including dust, are attributed to
trajectories emerging from North Africa [Prospero, 1996a,
1996b]. At noon on a dust-free day, ATy can reach values of
0.85; values do not show much variation with time on such
days. In contrast, on dusty days, AT; has a maximum value
around 0.70 and values can be quite variable apparently due to
the variability in aerosol concentrations.

Figure 5 presents the computed AOD;s from NOAA AVHRR
channel 1 (630 nm) for natural days 178, 181, 189, and 190; the
figure shows how AODg changes during the evolution of a dust
event. The first picture is a typical dust-free day at the ground
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Figure 2. From top to bottom AOD; (dots) and AT (solid line) versus natural day at (a) 368, (b) 500, and (c)

778 nm.

stations prior to a dust outbreak over the Atlantic Ocean; the
subsequent three images show the movement of the dust
“plume” for the following days as it moves over the Canary
Islands. On clear days (without dust) the AODy is generally high
close to the African coastline, with maximutn values of 0.4; in
contrast, over the central ocean, values are typically less than
0.1. The histogram of the natural day 178 image plotted in
Figure 6a shows clearly the pattern described before. We can
see that there are two peaks, one centered around low AOD
values, 0.06 and another at about 0.22.

In the latitude of the Canary Islands, dust outbreaks can
extend over the ocean to distances of several hundred kilometers
and more. When a dust outbreak emerges from the northwest

coast of Africa, AODg values of 0.6 are measured near the
coast; farther out over the ocean, values of 0.4 are common.
Figure 6b is the histogram of a dusty day image (Figure 5c) and
shows a different pattern with respect to the image histogram of
the natural day 178 (clear day). The absolute maximum centered
at 0.22 has increased 30%, and there appears a new secondary
maximum with AOD values between 0.35 and 0.4.

Durkee et al. [1986] has determined that the aerosol particle-
dependent terms in the radiative transfer equation are larger at
red wavelengths than at near-infrared wavelengths for small
aerosol particles. The spectral variation can be quantified by a
simple ratio between red and near-infrared wavelengths. Thus a
rough indication of the character of the aerosol size distribution
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Figure 3. (a) Izafia: nss SO, (triangle and solid line) and mineral dust (circle and dashed line) in micrograms per
cubic meter versus natural day. (b) Punta del Hidalgo: nss SO, (triangle and solid line) and mineral dust (circle
and dashed line) in micrograms per cubic meter versus natural day. (c) AOD; time series (500 nm) as measured

at Izafia Observatory.

can be obtained by the ratio of the NOAA AVHRR channel 1
(630 nm) to channel 2 (820 nm) (henceforth R,,). Relatively
large values of Ry, are generally associated with particle size
distributions that are characterized by relatively higher
concentrations of small particles [Frost, 1988; Laine, 1992;
Porter, 1993]. We observe low R, values (< 2.0) near the coast
of Africa where large particles (mineral dust acrosols) are
relatively more abundant; in contrast, we typically observe
values of 4.0 over the central North Atlantic Ocean where dust
concentrations are low and where maritime (and perhaps
pollutant) acrosols are dominant (Figure 7).

In the hypothesis of the aerosol optical depth 7, follows a
Junge function (7(4) = & 4""), the v parameter can be obtained
by the ground-based Sun photometer data. To investigate the
power of R, to give information about the aerosol size
distribution present in the studied zone, this parameter, which
can be easily calculated, has been related with the v parameter.
This relation is not still clear and Ignatov et al. [1998] indicate
that it can be accurately obtained only for high AOD. In Figure
8 we can see the Junge size parameter (V) versus the ratio
NOAA channel 1/channel 2 (R,,). The points shown correspond
to those for which there were values for the satellite and the Sun
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Figure 4. Day-long record of (a) ATrand (b) AODy (at 500 nm) for a typical clear day (natural day 173, scale at
bottom of figure); (c) ATrand (d) AOD; for a dusty day (natural day 186, scale at top of figure).

photometer simultaneously, obtained during the period of
natural days 150 to 191. High values of the v parameter suggest
the predominance of small particles over the largest ones,
whereas low v values indicate the opposite [Tomasi et al.,
1983]. In the light of this figure we can fit the data by a linear
regression with equation 1=1.14*R,,-0.15-with a correlation
factor of R=0.93. Thus, the R,, parameter can be used to extract
rough information about the particle size distribution in the
whole satellite image.

Figure 9 shows the computed albedo from AVHRR channel
1 for two example images, one for clear day (natural day 178)
and another one for a dusty day (natural day 189). On clear days
the albedo has values around 3% along the African coastline,
with the highest values (3.9%) in the region where the dust
usually emerges from West Africa in the summer [Husar et al.,
1997]. In contrast, to the north and farther out over the open
ocean, the albedo is lower, with values around 2.4% in the
Canary Islands region and around 1.7% in the central North
Atlantic. On days when there is a dust outbreak, albedo values
as high as 10% are observed in the dust plume over the ocean.
The very high albedo values seen in a narrow band along the
left edge of the image in Figure 9b are not due to dust effects
but rather to Sun glint caused by the relative position of the Sun
and the satellite. The data included in the histograms of the
images are not affected by Sun glint. Figures 6¢ and 6d present
the albedo frequency histograms for these two days. Note the
differences in the albedo pattern for the low values (less than
3%).

To assess the increase in upwelling radiance during dust
events, we studied the variation of albedo with respect to AODj.
Using the albedo and AODjs values from cloudless pixels in
images, we obtain the relationship shown in Figure 10. Each dot
shown in this figure is actually the representative of its class.

This classification has been done comparing, in an image, each
pair with the rest, considering that two data pairs (AODy,
albedo) are different if at least one of the pair component differs
more than 5% with respect to the same variable of another pair.
Thus each dot in Figure 10 represents a large number of image
pixels and therefore is associated with a frequency of
occurrence. We have plotted the representative of the classes
whose frequency of occurrence is higher than a given value
(0.05%). Using this selection, we make sure that they represent
more than 75% of the total number of the image pixels.

Figure 10 shows a scatterplot of albedo versus AODg for two
different situations: (Figure 10a) for a day when the satellite
image shows the absence of Saharan dust over the Atlantic
Ocean (natural day 178); (Figure 10b) for a day when a dust
outbreak is in the region (natural day 189). The data for the
Figure 10a plot can be fitted by the straight line:
156 x + 1.8 with a correlation coefficient *=91%. The
intercept, 1.8, agrees with the typical ocean albedo value for
AVHRR NOAA channel 1 for an aerosol-free atmosphere, as
measured by Ignatov et al. [1995]. Using the data for a Saharan
dust outbreak (Figure 10b), we obtain a fit with a second-order
polynomial: —11.2 x% +22.3 x +0.9 with a correlation coefficient
of 89%. The portion of this line for values of AODy less than
about 0.5 fits closely to the linear fit in Figure 10a.

4, Estimation of Radiative Forcing

To properly assess the direct radiative forcing of mineral
dust, we have employed the approach described by Charison et
al. [1992}, Penner et al. [1992], and Sokolik and Toon [1996],
where the radiative forcing AF is given by

AF=—Sy/4) °(1-N)[(1-g2)(1-a)*4da(1-o)] 7, 6)
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Figure 5. AODj; for the natural days (a) 178, (b) 181, (c) 189, and (d) 190, showing an evolution of a dust

episode. White dots are clouds or bad data.

where S, is the solar constant (1,370 W/m?), T is the
atmospheric transmission above the aerosol layer (0.79), N is
the cloud fraction (0.6) [Penner et al., 1992; Chylek and Wong,
1995], a is the globally averaged surface albedo (0.06 over
ocean and 0.22 over land) [Chylek and Wong, 1995], 7 is the

mean dust optical depth, @ is the aerosol single-scattering
albedo, and g is the asymmetry factor.

We have computed the local mean dust optical depth, the
asymmetry factor, and the single-scattering albedo for mineral
dust using the following expressions:
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Figure 7. Ratio of the NOAA AVHRR channel 1 (630 nm) to channel 2 (830 nm), R,,, for a clean day: (a)
natural day 178, and dusty day (b) natural day 189. White dots are clouds or bad data.
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Equation: Y=1.14*X-015

Number of data points used = 20

Residual sum of squares = 2.98

Coef of determination, R-squared = 0.86
Residual mean square, sigma-hat-sq'd = 0.16
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where r is the aerosol particle radius, 2 is the wavelength, m is
the refraction index, Qs (Ar,m) and Q.(Ar.m) are the
scattering and extinction coefficients, and n(r) is the aerosol size
distribution. The parameter g’ is the asymmetry factor for a
particle of radius r and complex index of refraction m.

Both Q,.(4,rm) and Q..(Ar,m) have been evaluated using
the Mie scattering theory. We have used the algorithm given by
Wiscombe [1979], which has an accuracy of at least six
significant digits. Also, the asymmetry factor (g") for a particle
of radius  and complex index of refraction m was evaluated by
the same algorithm. For the dust complex index of refraction we
use the value 1.560 — 0.006i [Patterson et al., 1977).

Different authors have studied the possible invalidity of Mie
theory due to the nonsphericity of the particles [Mishchenko et
al., 1997; West et al., 1997, Kahn et al., 1997]. They have
established that the differences between spherical and
nonspherical particles are especially small in the
single-scattering albedo for a size parameter greater than 1. For
size parameters greater than 2 these errors do not exceed 2%.
On the other hand, the differences to the asymmetry factor are

less than 7% for the size parameter range from 0 to 30 and less
than 3.5% for size parameters larger than 7. Anyway, the results
found by Mishchenko et al. [1997), Lacis and Mishchenko
[1995], and Mishchenko et al. [1995] suggest that the influence
of the particle shape in the aerosol radiative forcing can be
considered negligibly small. Thus they can be accurately
computed using the Mie theory if the AOD is already known.

The particle size distribution n(r) has been obtained using the
constrained linear inversion method of King et al. [1978). This
parameter can be related with the measured AOD, z,, using the
Mie-scattering approximation by equation (7).

As noted by King et al. [1978], this problem is ill-posed and
the size distributions inverted from extinction spectra are
nonunique. Several authors have tested the inversion
calculations by varying the refraction index, the size
distribution, the number of iterations, etc., and they have
estimated the error in the aerosol radiative properties computed
from these size distributions [King ef al., 1978; Heintzenberg et
al., 1981; Gonzdlez-Jorge and Ogren, 1996]. The studies show
that if the refraction index (72) is known, the estimated error for
the asymmetry factor g is less than 4%; on the other hand, if m
is not known exactly, the error can increase up to 7%. Following
the King’s inversion method the particle radii range, for which
the aerosol size distribution will be obtained, must be chosen
properly in order to avoid problems with the convergence of the
method. This radii interval is determined by Heintzenberg et al.
[1981] criteria, which establishes that a radii interval is valid if
the ratios between the extinction efficiency factor at different
used wavelengths depend on the particle radii. When this occurs
the aerosol optical depth data measured at the used wavelengths
have independence information in this finite radii range.

We have estimated the g and w errors due to our
implementation of the method to calculate the radiative
properties of the mineral dust. For it we have supposed a
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Figure 9. Albedo for a typical day without dust outbreak over the Atlantic Ocean: (a) natural day 178, and for a
Saharan dust outbreak (b) natural day 189. White dots are clouds or bad data.

maritime atmosphere, i.e., from 0 up to 2 km height, a maritime
aerosol type; 2-12 km a continental aerosol type; 12-30 km a
background stratospheric aerosol model and above 30 km an
upper atmospheric aerosol model [WCRP, 1986]. We have
added mineral dust between sea level and 6 km height. The
mineral dust size distribution within each layer has been
modeled by a lognormal size distribution. We note as “real” size

composition. The AOD of this total column aerosol size
distribution has been computed via Mie-scattering theory. These
AOD values have been used as input to the King’s inversion
method to obtain a “modeled” aerosol size distribution, The
errors in the radiative properties have been obtained comparing
the g and @ computed for the “real” size distribution versus the
calculated for the “modeled” one. In Table 1 we show the error
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Figure 10. Albedo versus AODy for a typical day: (a) without dust outbreak over the Atlantic Ocean, natural day

178; (b) for a Saharan dust outbreak, natural day 189.
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Table 1. Estimated Error in g and o for a
Maritime Size Distribution
A=500 nm Error g (%) Error @ (%)
m=1.56-0.006;
=02 6.46 225
=0.5 466 14.80
m=1.55-0.005:
=0.2 592 2.25
=0.5 494 19.13
m=1.53-0.023}
=0.2 290 16.58
=0.5 4.05 11.19

to a case without dust, whereas in the second one (7= 0.5), the
dust has been distributed as mentioned above. These
calculations have been done using three refractive indexes in
King’s algorithm.

Taking into account the different error sources indicated the
overall uncertainties (root-square-sum) in g and @ are 10% and
13%, respectively.

We computed the aerosol size distributions for all dusty days.
Days were selected on the basis of Figures 2, 3, and 5 and visual
observations, which indicated that the ground station was
affected by dust. They were 162, 163, 180, 181, 182, 183, 184,
185, 186, 190, 191, 192, 195, 196, 202, 203, 204, 205, 221, and
222. Applying equations (8) and (9), we obtain g(4) and w(1)
values for all dusty days at wavelengths from 0.2 to 4.0 pum.
Figure 11 shows the average values of these parameters versus
wavelength for all dusty days. The @ and g values at 500 nm are
o = 0.87 and g = 0.83. These values are consistent (in
magnitude and in their wavelength dependence) with those
computed for mineral dust by several authors. Sokolik and Toon
[1996] obtained for w (500 nm) a value of 0.85 and for g 0.75.
Sokolik and Golitsyn [1993] found that for the wavelength range
from 0.3 to 3 pm, @ varied between 0.72 and 0.94 and g
between 0.84 and 0.68. Sokolik and Toon [1996] obtained (for
the wavelength range from 0.3 to 2 pm) a value of w in the
range 0.62 and 0.96, and for g 0.84 and 0.64. For aerosol
particles produced by biomass burning, Penner et al. [1992]
report values for o in the range 0.80 and 0.95, depending on the
environmental conditions. The solar local mean AOD computed
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by the aerosol size distribution obtained during dusty days and
using equation (7) is 7= 0.27.

5. Discussion and Conclusions

Some authors have pointed out the importance of studying
mineral dust due to its significant role in the scattering of light.
Theoretical and experimental studies have shown that the effect
of this atmospheric component in the radiation budget is
comparable to the greenhouse effect gases but opposite in sign.
Moreover, the spatial and temporal variations shown in their
physical properties make necessary a major effort not only on a
planetary scale but also on a regional scale.

In this paper we report on a series of surface-based
measurements of AT, and AOD, at three wavelengths, 368,
500, and 778 nm, made on Tenerife and NOAA AVHRR
channel 1 measurements of albedo and AODs. We show that
large changes occur in these variables when Saharan dust
outbreaks enter the region. AOD; values at 500 nm can increase
from 0.05, a value that is typical for dust-free conditions, to 0.3
in a matter of a few hours after the dust front arrives at Tenerife.
Large changes were also measured in the AOD;s and albedo
NOAA channel 1. Close to the coast of West Africa, albedo
values, which are typically about 3%, can increase to 10%;
similarly, AOD; ranges from 0.06 in clear zones to values as
high as 0.6 when a Saharan dust outbreak occurs. The albedo
data can be fitted by linear regression to AODy data up to values
of about 0.5.

Aerosol measurements made in the free troposphere at Izafia
Observatory (2360 m) and in the marine boundary layer at
Punta del Hidalgo show that Saharan dust concentrations at
Izaia are much greater than those measured at PDH.
Furthermore, during dust outbreaks the concentration of dust is
tens of times greater than other aerosol species. The importance
of the dust in radiative processes is emphasized by that fact that
the AOD; measurements closely track the concentrations of
mineral dust. Also, we clearly observe from satellite images that
when we detect Saharan mineral dust outbreaks, radiative
magnitudes, such as albedo, AODs, or R,,, are mainly
determined by the concentrations of this aerosol specie.

The single-scattering albedo (@) and the asymmetry factor
(g) were evaluated at the solar wavelengths from aerosol size
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Figure 11. (a) Asymmetry factor (g) averaged for all dusty days versus A; (b) the single scattering albedo (w)

averaged for all dusty days versus A.
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distributions obtained by the King’s inversion method. These
measurements are the first to be made directly on mineral dust
in Tenerife, using the technique reported here. Also, the
consistency of our results over the period of the experiment
shows that these values are relatively constant from event to
event. The standard deviation (o) of the g and  values to the
whole period are o(g) = £0.08 (10%) and o(w) = £0.03 (4%).
Our results also narrow the range of the previous estimates of
these parameters.

With the @, g, and local mean AOD values obtained in this
work, we obtain a mean value for the local mineral dust
radiative forcing over the ocean AF = —9.7 W/m’ and for the
land AF = —4.5 W/m®. Using Tegen et al. [1996] estimates of
global mean AOD, the values for global mean forcing for the
mineral dust are AF = —1.22 W/m’ over the ocean and
AF = —0.57 W/m? for the land. The error in AF, calculated by
the error propagation technique, due to the uncertainties in 7, g,
and @ has been estimated to be £ 25% over ocean and + 25%
over land. The values obtained by us for forcing by dust are
comparable to results obtained by others using dlfferent
approaches. Tegen et al. [1996] propose a value of —1 W/m?;
Sokolik and Toon [1996] estimate dust forcing to be —0.25 W/m?
over land and —0.6 W/m® over ocean. These various estimates of
forcing by mineral dust are comparable to estimates of forcing
by other types of aerosols. For anthropogenic sulfate, Kiehl and
Briegleb {1993] and Taylor and Penner [1994] suggest a
globally averaged direct radiative forcing in the range ~0.3 and
-0.9 W/m®. For biomass burning aerosols, Penner et al. [1992]
estimate this effect on about —1 W/m?. Thus it is clear from our
analysis that the forcing attributable to mineral dust is
comparable to that attributed to acrosols from other types of
sources.

Because of the different spatial-temporal characteristics and
physical-chemical properties of the different aerosol species
(natural and anthropogenic) it is very complicated to obtain an
average image of the radiative role of the aerosols in a global
scale. Because of the geographical dimensions of the problem
the use of satellites is necessary. These space measurements
must be completed with a ground-based network to do the
intercomparison with the satellite measurements in order to get
the necessary accuracy and precision. To obtain this, the space
platform must be equipped with a spectral instrument to
measure radiative properties such as g and w, both over land and
oceans. We hope that this task can be obtained with actual and
future satellites as ADEOS-POLDER, Seastar-SeaWiFS,
Envisat-Meris, Envisat-AATSR, Envisat-SCIAMACHY, EOS-
MODIS, EOS-MISR, etc. On the other hand, unfortunately,
there is a lack of instrumentation designed specifically to profile
acrosols in the near future. For this task new techniques are
necessary, such as space-borne lidars, whose implementation
has not yet been planned.
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