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Abstract. Airborne backscatter lidar measurements made over the Azores, in clear air 
conditions, are analyzed using a marine aerosol model to derive the extinction coefficient in 
the atmospheric boundary layer and the ocean surface reflectance in connection with surface 
wind speed. The dependence of surface layer extinction coefficients on surface wind speed 
is compared to previously published results. The sensitivity of the lidar inversion procedure 
to the aerosol model (sea-salt concentration in the accumulation mode, presence or absence 
of an accumulation mode for sulfate, vertical distribution of stationary marine components 
above the marine atmospheric boundary layer) is investigated. At the wavelength of 
the lidar (0.53 /•m), the extinction coefficient is very sensitive to the sea-salt number 
concentration in the accumulation mode. In the surface layer, the extinction coefficient 
retrieved from the lidar measurements compares well to the extinction calculated with 
the model (via Mie theory) for an average number concentration of 10 particles cm -a in 
the sea-salt mode at wind speeds less than 3 ms -1. The relationship between the sea 
surface reflectance and the atmospheric backscatter coefficient is then used to determine 
the optical sea surface properties as a function of wind speed. Results on reflectance are 
found in excellent agreement with calculated values using the model of Cox and Munk 
[1954] and measured wind speed. The sensitivity of the results to the aerosol model and 
potential application of the inversion procedure to surface wind speed retrievals from lidar 
measurements are also discussed. 

1. Introduction 

Aerosols have been shown to have a significant di- 
rect and indirect impact on the Earth's radiation bud- 
get [Charlson et al., 1992; Fouquart and Isaka, 1992; 
Intergovernmental Panel on Climate Change (IPCC), 
1996]. A better understanding of this impact requires 
a precise determination of their size distribution, com- 
position, and spatial variability over the globe. This 
is particularly true on the vertical and over the ocean, 
where measurements are sparse. 

Depending on the size and composition of aerosol, 
modifications of the microphysical properties of ma- 
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rine stratiform clouds have been observed [Fouquart 
and Isaka, 1992]. Inversely, the size and composition 
of aerosol in the boundary layer have been observed 
to be modified by in-cloud chemical reactions [Hoppel 
et al., 1990; Hegg et al., 1993]. Over the open ocean, 
such processes have been identified as a source of sul- 
fate production [Hegg et al., 1993], which may depend 
on sea-salt concentration for particle sizes in the micron 
range [Hegg et al., 1992]. Such aerosol particles, with 
modal radii comparable to the wavelength of light in the 
visible spectrum, significantly affect the amount of light 
transferred into the ocean as well as the light scattered 
in the lower atmospheric layers, therefore modifying the 
Earth albedo. Therefore establishing the Earth's energy 
budget at the regional scale requires the knowledge of 
the vertical distribution of small-sized sea-salt particles. 

Near the surface, sea-salt particles are produced by 
bubble bursting, which increases as a function of sur- 
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face wind speed (SWS) [Blanchard and Woodcock, 1980; 
Gong et al., 1997]. Relationships have been estab- 
lished between microphysical properties of the sea-salt 
aerosol and SWS from in situ observations in the ma- 

rine atmospheric boundary layer (MABL) [Blanchard 
and Woodcock, 1980; Hoppal at al., 1990; Smith at al., 
1989, 1993; Gong et al., 1997]. Average SWS deter- 
mines the concentration of maritime aerosol in the ac- 

cumulation mode range [Gathman at al., 1989; Hoppel 
at al., 1990; Gong at al., 1997]. SWS also affects the 
sea surface state, modifying the wave slope distribution 
and, in turn, the energy transfer at the ocean surface. 
An accurate determination of SWS is therefore of prime 
importance for the analysis of energy and matter fluxes 
at the ocean-atmosphere interface and the Earth's en- 
ergy budget. As the ocean optical surface reflectance 
is linked to SWS [Cox and Munk, 1954], optical re- 
mote sensing is also a very sensitive way to analyze 
the microphysical properties of aerosol in the micron 
range [Kaufman at al., 1997]. Spaceborne optical mea- 
surements can provide information on both aerosol and 
SWS characteristics on a large scale. Backscatter li- 
dar measurements have potentially interesting applica- 
tions in this respect, as they can simultaneously provide 
MABL parameters, such as average depth [Melfi et al., 
1985; Flareant and Pelon, 1996], extinction coefficients 
[Klatt, 1985; Flareant and Pelon, 1996], and sea surface 
reflectance [Buffon at al., 1983; Manzias at al., 1994], 
taking into account its ranging capability. Near-surface 
parameters could then be retrieved from future space- 
borne lidar system observations to provide additional 
information on the atmospheric boundary layer (ABL) 
and aerosol properties at the ocean-atmosphere inter- 
face at the global scale as previously proposed by Wein- 
man [1988] and demonstrated by Winkar at al. [1996]. 
It is the purpose of this paper to investigate, in more 
detail, the contribution of airborne lidar measurements 
to this respect, using field campaign data. 

During the last 2 decades, backscatter lidar has been 
used to provide a detailed analysis of the atmospheric 
scattering layers, namely, for studying scattering prop- 
erties of aerosols and clouds [Spinhirna at al., 1980; 
Spinhirna and Hart, 1990; Dupont at al., 1994; Chazette 
at al., 1995], which are of interest in energy budget stud- 
ies. Other applications, such as the study of the ocean 
surface reflectance, have also been developed [Petri, 
1977; Buffon et al., 1983; Menzies, 1995]. Lidar systems 
have been used to study the dynamics of the ABL dur- 
ing cold air outbreaks over the ocean [Melfi et al., 1985; 
Boars et al., 1990; Flareant and Pelon, 1996] and have 
recently proven their ability to perform measurements 
of the aerosol and cloud structure at high vertical reso- 
lution from space [Strawbridge and Hoff, 1996; Winker 
et al., 1996]. 

Aerosol property analysis by lidar requires the in- 
version of the lidar signal which, in turn, requires the 
knowledge of (1) a boundary condition (BC), taken 
in the form of a reference extinction coefficient (or 

backscatter coefficient) value; and (2) the profile of the 
normalized backscatter phase function (the ratio of the 
backscatter to the extinction coefficient) of the scatter- 
ers. The sensitivity of the retrieved extinction coeffi- 
cient profile thus needs to be assessed with respect to 
these input parameters. 

For optically thick layers, the reference value has to 
be taken far from the emission source in order to ensure 

the stability (reliability) of the solution, as shown by 
Klett (1981, 1985). However, this requirement is hard to 
fulfill in the case of airborne (or spaceborne) backscatter 
lidars operating in a downward looking mode, as the 
aerosol content near the surface is high and unknown. 
The lidar surface return can be used to determine a 

reference near the surface [Weinman, 1988; Raagan and 
Zialinskia, 1991; Manzias at al., 1994], provided that the 
SWS is known (or measured separately). 

Forward inversion procedures, using an upper level 
reference, have thus generally been prefered. However, 
they may lead to unstable solutions if the ratio of the 
backscatter to the extinction coefficient is not accu- 

rately known [Klett, 1981]. 
In order to increase the contribution of airborne and 

spaceborne lidar systems to the analysis of atmospheric 
scattering layers and ocean surface properties, the pur- 
pose of this paper is to test an aerosol model suited to 
forward lidar inversion in the lower atmosphere over the 
ocean. It is also to analyze (1) the dependence of the 
retrieved extinction coefficient with respect to SWS and 
(2) the relationship between the measured ocean surface 
reflectance and backscatter coefficient in the first tens 

of meters above the surface. Finally, the purpose of this 
paper is to determine the sensitivity of the lidar-derived 
extinction coefficients and sea surface reflectances to the 

input parameters of the aerosol model. 
The analysis of aerosol and surface properties is done 

using data acquired over the Azores during the Sur- 
face Ocdanique et Flux k l'Interface Atmosphdrique 
(SOFIA) [Waill at al., 1995] and Structure des Echanges 
Mer-Atmosph[re, Propridtds des Hdtdrogdnditd Ocda- 
nique: Recherche Expdrimentale (SEMAPHORE) [Ey- 
mard et al., 1996] experiments. SOFIA took place 
during the Atlantic Stratocumulus Transition Exper- 
iment (ASTEX) [Albracht et al., 1995] in June 1992. 
SEMAPHORE was held in October and November 1993. 

During these campaigns, the French airborne backscat- 
ter lidar LEANDRE 1 was flown on board the French 

Avion de Recherche Atmospherique et de Tdldddtection 
(ARAT). 

MABL models have been developed to determine 
aerosol optical properties as a function of meteorolog- 
ical conditions [Fairall ½t al., 1984; De Lecuw, 1989; 
Gathman ½t al., 1989]. In this paper, different param- 
eterizations have been used. The vertical distribution 

of sea-salt concentration is modeled as a function of 

SWS, according to the work of Blanchard and Wood- 
cock [1980], Exton at al. [1985], and Smith et al. [1989, 
1993]. Sulfate concentrations, prescribed as a function 
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of the origin of the air mass and its time of travel over 
the ocean, are based on the work of Gathman [1983] 
and on measurements made over the Atlantic [Hoppel 
et al., 1990; Hegg et al., 1993]. Finally, hygroscopic 
properties of sulfate and sea-salt aerosols are modeled 
according to the work of HSnel [1976] and Fitzgerald et 
al. [1982]. The aerosol model is presented in section 
2. In section 3, normalized backscatter phase function 
profiles are derived from the aerosol model for both ex- 
periments. Errors related to the relative humidity and 
SWS variability and biases inherent in the aerosol model 
are discussed. In section 4, we discuss the surface layer 
extinction coefficients obtained with the lidar inversion 

procedure as well as the related errors. In section 5, 
the relationship between the measured ocean surface 
reflectance and backscatter coefficient in the first tens 

of meters above the surface is used to compare the cal- 
culated reflectances with those obtained from the model 

of Cox and Munk [1954]. The estimate of SWS is then 
discussed. Results are summarized and discussed in the 
last section. 

2. Aerosol Model 

Over the open ocean, the aerosol population consists 
essentially of ammonium sulfate and sea-salt particles. 
Volcano and desert aerosols are not accounted for in 

this model because, in this study, we only consider cases 
where these aerosols were not advected over the exper- 
imental area. Although an exhaustive sensitivity anal- 
ysis of the extinction and sea surface reflectance to the 
model is beyond the scope of this paper, we have focused 
on the critical parameters of this aerosol model (num- 
ber concentration, vertical distribution, relative humid- 
ity effects, aerosol composition) with respect to lidar 
measurement analysis. In the following sections, de- 
tailed discussions on the errors and biases associated 
with the aerosol models for extinction and reflectance 

retrievals from lidar measurements are provided. By 
"bias" we mean the difference between two values of 

given parameter retrieved using the aerosol model for 
different sets of input parameters. By "error" we mean 
the error on a given parameter, derived for a given set of 
model inputs, resulting from the uncertainties on mea- 
surements acquired in the framework of the SOFIA and 
SEMAPHORE experiments. 

The concentration of sea-salt particles is strongly 
dependent on the surface wind speed [Blanchard and 
Woodcock, 1980; Exton et al., 1985; Smith et al., 1989, 
1993]. The particle size distributions previously mea- 
sured by in situ means show the existence of two sulfate 
modes [Hoppel et al., 1990; Hegg et al., 1993; Jaenicke, 
1993; Kim et al., 1995; O'Dowd et al., 1997] and up to 
three sea-salt modes [Smith et al., 1989, 1993]. 

The smaller sulfate mode corresponding to the nucle- 
ation process is found around 0.028 pm. In the clean 
MABL, it relates to sulfate originating from dimethyl- 
sulfide (DMS) gas-to-particle conversion [Russel et al., 

1994]. The second sulfate mode is found around 0.133 pm 
and is related to sulfate processing by clouds [Hoppel et 
al., 1990; Hegg et al., 1993; Kim et al., 1995; O'Dowd et 
al., 1997]. In air masses of continental origin, Hoppel et 
al. [1990] have observed large number concentrations of 
small sulfates (around 0.028 pm)just off the east coast. 

An accumulation mode of aged (stationary) marine 
particles is observed around 0.3 pm [Shettle and Fenn, 
1979; Jaenicke, 1993], which consist essentially of sea- 
salt aerosols. A mode centered around 2 pm is associ- 
ated with freshly produced sea-salt aerosols generated 
by both surface tearing and bubble-mediated produc- 
tion [Gathman, 1983; Smith et al., 1989]. At wind 
speeds larger than 13 m s-l, large-sized sea-salt aerosols 
result from the contributions of sea spray aerosol (spume 
drops). They are observed to present enhanced concen- 
trations for radii around 9 pm and above [Smith et al., 
1989, 1993]. However, in this study, we did not attempt 
to account for such large particles (as further discussed 
in section 2.2). For the remainder of this paper, units 
for concentrations are particles per cubic meter, unless 
noted otherwise. 

2.1. Ammonium Sulfate Aerosol Modeling 
Over the ocean, the sulfate particle content depends 

on the type of air mass and its history. Therefore con- 
tinental influence, cloud cover, and time of residence of 
the air mass over the ocean are the parameters relevant 
to our study. 

The back trajectories of the 11 air masses sampled by 
lidar over the course of the SOFIA and SEMAPHORE 

experiments were calculated using a zoom version of the 
global atmospheric tracer model TM2 [Heinmann, 1995] 
initially developed at the Max Plank Institut fiir Meteo- 
rologie, Hamburg, Germany. This zoom version, TM2Z 
[Ramonet and Monfray, 1996], has a 2.50 by 2.50 hor- 
izontal resolution and uses the three-dimensional wind 

field analysis of the European Center for Medium-Range 
Weather Forecast (ECMWF) data assimilation system. 

Data from SOFIA/ASTEX were acquired through- 
out the month of June. During the 5 days considered in 
this study, a high-pressure system was located over the 
Azores, leading to back trajectories from the east. On 
June 1, 1992, June 8, 1992 and June 9, 1992, 6-day back 
trajectories are from the northern continental United 
States. On June 4, 1992 and June 26, 1992, 6-day back 
trajectories are from the open northern Atlantic (Fig- 
ure 1). Data from SEMAPHORE were acquired in a 
short period of time (6 days) in air masses of similar 
origin. Prevailing winds were from the northeast, as a 
low-pressure center passed over the experimental zone 
[Eymard et al., 1996]. This led to low-level north east- 
erly back trajectories from Europe from October 13, 
1993 (Figure 1) to October, 17 1993. 

Since back trajectories for SOFIA indicate that the 
air masses originated from the U.S. continent, we have 
used in situ measurements made by Hoppel et al. [1990] 
to estimate the total sulfate concentration. These mea- 
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Figure 1. Global atmospheric tracer model, zoom version (TM2Z) 6-day back trajectories 
of the air masses sampled over the Azores during (top) Surface Ocda.nique et Flux • l'Interface 
Atmosphdrique (SOFIA) on June 4, 1992 and (bottom) Structure des Echanges Mer-Atmosph•re, 
ProprialtOs des H•tdrog•ndit• Ocdanique: Recherche Experimentale (SEMAPHORE) on October 
13, 1993. Dots are separated by 12 hours. SWS is surface wind speed. 

surements reveal aerosol contents as high as 1920 parti- 
cles cm -3 for air masses having spent less than 18 hours 
above the ocean. This concentration has been observed 

to decrease to 1325 particlescm -3 for air masses 60 
hours above the ocean and 200 particles cm -3 for the 
background Atlantic Ocean conditions (away from any 
continental influence). The size distribution spectrum 
gradually changes from single peaked (short residence 
time over the ocean) to double peaked (background con- 
ditions), stressing the importance of sulfate processing 
by clouds in the generally cloud topped MABL. 

In our study, we have assumed sulfate concentration 
to decrease from a continental value to an open ocean 
value, as a function of the time traveled by the air 
masses above the ocean [Gathman, 1983]. Air masses 
on all 11 days traveled at least 5 days over the ocean be- 

fore reaching the region of the experiment. In the worst 
case scenario, the air mass would originate from the US 
or European continent and reach the Azores in 5 days. 
According to Gathman [1983], the sulfate concentration 
would have, in the mean time, decayed to about 300 par- 
ticles cm -3. Therefore sulfate concentration is expected 
to range between the background Atlantic sulfate con- 
centration and 300 particles cm -3 during SOFIA, which 
means that we can neglect the influence of continental 
sulfates in this study, only to consider the processes rel- 
evant to sulfate production in open ocean conditions, 
namely, DMS and cloud processing. 

-However, there might exist an additional uncertainty 
on the suEate content estimated during SEMAPHORE 
because our calculations are based on measurements 

made off the U.S. east coast rather than the north- 
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ern Ariantic Ocean wes[ of [he British Isles. We also 

have accoun[ed for [he uncer[ain[y associa[ed wi[h [he 
exac[ location of an air mass while [racking ils ori- 
gin. For TM2Z, i[ is on [he order of 300 km beyond 
4 days. Overall, for bo[h SOFIA and SEMAPHORE, 
[he sulfa[e con[en[ is expec[ed •o range be[ween [he 
background Ariantic sulfa•e concen[rafion and 350 par- 
ficlescm -a. In the following sections, [he uncer[ain•y 
on this value is used [o es[ima[e [he error associa[ed 
wi[h [he aerosol model. 

Lidar signal depends on [he aerosol extinction and 
backscalier cross section as well as particle number 
concentration. The measuremen[s analyzed here were 
[aken a[ a waveleng[h of 0.532 rim. In [he visible, 
[he backscalier efficiency of particles of radius smaller 
[han 0.05 rim is no[ significanfiy differen[ from [he 
backscalier efficiency of molecules. However, [he nu- 
cleation mode, having [he larges[ magni[ude and being 
[he broadest, ex[ends beyond 0.1 rim, and we did no[ 
discard ils con[ribufion [o [he [o[al extinction. 

2.2. Sea-Salt Aerosol Modeling 

Using the particle distribution observed near the sur- 
face by Smith et al. [1989], at SWS of 10 ms -1, we 
have calculated the relative contribution of the three 
sea-salt modes to the total sea-salt related extinction at 

0.532 rim. The 2 and 9 rim modes were found to con- 
tribute 1% and 0.5%, respectively. With these values 
being much smaller than the uncertainty on the lidar 
derived extinction coefficients (see section 4.1), we thus 
neglected contributions of the 2 and 9 rim modes to 
the surface layer extinction derived from lidar. More- 
over, large particles have higher deposition velocities 
than particles in the 0.1-0.5 rim range [Smith et al., 
1989]. The deposition velocity also increases with wind 
speed so that even for high wind speeds (strong turbu- 
lence regime), particles with radii larger than i rim are 
hardly ever observed above the surface layer [Park et al., 
1990]. The fraction of sea salt whose size exceeds i rim 
has been measured to decrease rapidly in the first 100 rn 
above the oceanic surface [Park et al., 1990]. Measure- 
ments by Park et al. [1990] show that the number of 
particles of size ranging from 1.5 to 10 rim is roughly 1 
out of 40,000 in the surface layer and less above it. 

The vertical distribution of aerosol extinction in the 

ABL results from production, sedimentation, accumula- 
tion, and mixing processes [Fairall et al., 1984, Jaenicke, 
1993] which are characterized by different timescales. 
Aerosol properties observed by lidar should exhibit a 
strong correlation with the average wind (rather than 
the instantaneous wind), as the accumulation mode 
consists of particles that, given their size (close to the 
laser wavelength), interact with and scatter the laser 
light more efficiently than those present in the other 
modes. As a result, since we neglect the contribution 
of freshly produced sea-salt aerosol and only keep the 
aged aerosol contribution, the notion of time-averaged 

wind [Hoppel et al., 1990; Gong et al., 1997] is used 
throughout this paper when referring to the SWS used 
in the aerosol model. The abbreviation ASWS is used 

in the text, and the expression U is used in equations. 
U designates the mean wind speed at (or close to) 10 m, 
unless noted otherwise. 

Figure 2 is a schematic representation of the modeled 
sea-salt distribution, both as a function of height and 
surface wind speed. On the basis of in situ measure- 
ments of Blanchard and Woodcock [1980], Exton et al. 
[1985] and Smith et al. [1989], sea-salt concentration in 
the surface layer Nse is modeled as 

{ N**- N**o, • _< 3 ms-•; Nse-Ns•0 [1+ 0.5(•- 3)], •_< 10ms-1; 
Ns• - 4.5 Ns•0 (•/10) a, • _< 15 ms -1. 

(1) 
Since no bubbles are produced by the sea at wind 

speeds less than 3 ms -1 [Blanchard and Woodcock, 
1980], the sea-salt concentration N•0 is taken to be 
independent of wind speed. Nseo accounts only for the 
aged aerosols (accumulation mode) resulting from at 
least 12 hours of wind speeds in the 0-3 ms -1 range. 
Values of Nse0 between 4 and 14 particles cm -3 have 
been deduced from in situ measurements by Blanchard 
and Woodcock [1980], Jaenicke [1993], and O'Dowd et 
al. [1997], among others. Sea-salt concentration is mod- 
eled as increasing linearly with wind speed between 3 
and 10 ms -1. At wind speeds greater than 10 ms -i, 
sea-salt concentration is supposed to increase with the 
third power of wind speed [Blanchard and Woodcock, 
1980]. 

As we kept only the aged (small) sea salts in our 
model, their concentration in the mixed layer is as- 
sumed to be independent of height [Mo•aha• et al., 

4.0 
i; SWS=O ms" 

3.5 i',, i ,, ............... SWS=5 ms" 

3.0 }i '", SWS=15ms" 

2.5 ', 

• "' Free troposphere .c2.0 i\ '" 
I 1.5 

;. ".,,• MABL top • ........... 1.0 • 'x I ...... 
o.5-1 / 

/ / ; i Mixedlayer 0.0 
0 10 20 30 40 50 60 70 

Sea-salt concentration (particles cm'S) 
Figure 2. Schematic representation of sea-salt aerosol 
concentration distribution as a function of surface wind 
speed and height. Results are based on the model pro- 
vided by equations (1) and (2). 
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1986]. Uniform mixing of aged aerosols in the mixed 
layer is to be expected since lighter particles are good 
tracers of the MABL dynamics. This has been observed 
by Blanchard and Woodcock [1980] for low and interme- 
diate wind regimes (defined as ASWS ranging from 3 
to 13 ms -1). Blanchard and Woodcock's concentration 
measurements (given in micrograms per cubic meter) 
decrease linearly with height in the mixed layer. How- 
ever, in terms of particles per cubic meter, sea-salt con- 
centrations remain nearly constant in the mixed layer. 

Because of the increasing stability and sedimentation 
effects, the sea-salt concentration decreases to nearly 
zero above the mixed layer. According to Jaenicke 
[1993], we used an exponential decay to represent the 
average concentration' 

Nse - Nseo exp [-(z - •)/H] (2) 

where h is the depth of the MABL and H is a height 
scale. Using in situ measurements shown by Blanchard 
and Woodcock [1980] and Blanchard et al. [1984], we 
have estimated H to range between 0.5 and 2 km. This 
point is further discussed in section 2.3. 

2.3. Sea-Salt/Sulfate Aerosol Mixture in Open 
Ocean Conditions 

We have considered a trimodal size distribution (sul- 
fate particles for the two smaller radius modes and aged 
sea-salt aerosols for the larger one) as representative of 
the scatterer population interacting with the laser beam 
in the boundary layer over the open ocean. Nucleation 
and accumulation modes size spectra are described by 
lognormal distributions in our model. The correspond- 
ing mode radii (reported in Table 1) are 0.0285, 0.133, 
and 0.3/•m, with dispersions of 2.24, 1.6, and 2.51/•m, 
respectively [Shettle and Fenn, 1979; Jaenicke, 1993]. 
The extreme modes are similar to those used in the 

Navy Aerosol Model (NAM) [Gathman, 1983] and lo- 
cated at 0.03 and 0.24/•m. The standard deviation of 
the lognormal sea-salt distribution is assumed indepen- 
dent of wind speed (as in NAM). Justification for this 

assumption can be found in the measurements of Hoppel 
et al. [1990] over a 35-hour period for wind speed rang- 
ing from I to 7 ms -•. Their size distributions (about 
50 overall, away from any continental influence) indi- 
cate that the change in dispersion for the two sulfate 
modes is of the order of the measurement uncertainty. 

As mentionned before, the extinction retrieved from 
lidar measurements is sensitive to the number of parti- 
cles in the cloud-processed sulfate and sea-salt modes. 
Since there exists a large uncertainty in the cloud cover 
experienced by the air masses sampled by lidar over the 
Azores, we have considered two types of aerosol distri- 
bution which are summarized in Table 1. We first as- 

sumed the MABL aerosols to have experienced cloud 
processing for at least 5 days (model I) and took 135, 
65, and 10 particles cm -3 for the sulfate nucleation, 
sulfate processing by clouds, and sea-salt accumulation 
modes [Hoppel et al., 1990; Hegg et al., 1993; Jaenicke, 
1993]. In a second model, we assumed the interaction 
with cloud cover to be very small and the sulfate con- 
centration in the intermediate mode to be insignificant 
[Gathman, 1983]. We set the concentration of the three 
modes to 200, 0, and 10 particlescm -3 (model II). 

The aerosol mixture size distributions modeled using 
the parameters described in Table I are reported in Fig- 
ure 3 for a relative humidity (RH) of 60%. The effect 
of RH on the aerosol mixture size distributions needs to 

be accounted for, as it leads to important variations in 
the radius of the particles. 

2.4. Humidity Effects 

As sulfate and sea-salt aerosols are hygroscopic, their 
radius rs will increase and their refractive index ns will 
decrease with increasing relative humidity. Above crit- 
ical values of 75% and 81% (corresponding to the deli- 
quescence point of sea salt and ammonium sulfate, re- 
spectively), particle growth is enhanced as water vapor 
condenses on their surface. Following HSnel [1976], the 
particle radii and refractive index for both species were 
modeled as a function of the relative humidity according 
to 

Table 1. Sulfate and Sea-Salt Aerosol Characteristics in the Surface Layer Used in the 
Two-Mode Size Distributions 

Type of Mode 
Aerosol 

Aerosol Characteristics 

Radius Dispersion Concentration Dry refractive index 
r, •um a, •um No, particles cm -a nso 

sulfate nucleation 0.0285 2.24 

sulfate accumulation 0.133 1.60 
sea-salt accumulation 0.3 2.51 

Model 1 

135 1.53-j 5 x 10 -4 
65 1.53-j 5 x 10 -4 
10 1.38-j 1.1 x 10 -6 

sulfate nucleation 0.0285 2.24 
sea-salt accumulation 0.3 2.51 

Model H 

200 1.53-j 5 X 10 -4 
10 1.38-j 1.1 x 10 -6 

Here j denote the imaginary part of the refractive index. 
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Figure 3. Aerosol size distribution modeled in condi- 
tions of open ocean in the marine atmospheric boundary 
layer (MABL). The solid and dashed lines correspond 
to aerosol models I and II, respectively of Table 1. Mod- 
eled distributions are calculated for a relative humidity 
of 60%. 

of molecules and particles in this layer and the atmo- 
spheric transmittance between the laser source and the 
considered layer (see Appendix A). Solving the lidar 
equation requires the knowledge of (1) a boundary con- 
dition, taken in the form of a reference backscatter co- 
efficient value; and (2) the profile of the ratio of the 
backscatter coefficient to the extinction coefficient (see 
(A5)). Whenever the BC is taken closest to the source 
(the lidar), the solution is referred to as unstable (or 
forward, the resulting backscatter profile is very sensi- 
tive to the initial guess on the BC), whereas if the BC 
is taken at the far end of the domain, the solution is re- 
ferred to as stable (or backward, the resulting backscat- 
ter profile is fairly insensitive to the initial guess in the 
BC). For an optically thin lower troposphere (optical 
depth less than 0.2), the backscatter profile retrieved 
with the unstable solution is not too sensitive to small 

uncertainties on the BC value and on the normalized 

backscatter phase function profile, so that the stable 
and unstable solution yield the same backscatter pro- 
file. For optical depths larger than 0.2, the forward pro- 
cedure is not reliable unless the normalized backscatter 

0.09 

n• - nn•o + (n•o + nn•o) (r•/r•o) -a (4) 
where subscript s refers to either sulfate or sea salt; rs0 •ø'øs 1 • /I 
and ns0 are the radius and refractive index of aerosol .• 0.071 • / tl.as particles in dry air, respectively; nn•o is the water re- 

fractive index (equal to 1.33); and e is an exhibitor {0'06 which depends on the type of aerosol considered. Here 
e is taken equal to 0.25 for marine aerosols [Shettle and Fenn, 1979]. Equation (3) is valid for values of r• rang- 0.04 

ing from 0 to 99%. 0.03• • Figures 4a and 4b represent the evolution of modal 1.35 
radius and refractive index of sulfate and sea-salt par- 0.02 , , , • T 
ticles as a function of relative humidity as given by the o 20 ao 60 80 100 
model. The radius increases by a factor of 2 with RH Relative humidity (%) 
ranging from 80% to 99%. The inverse behavior is oly b) 1.0 1.38 
served for the refractive index, as it tends towards the value of the water refractive index at high humidity. 0.9 
The relative variation for sulfate is larger than for sea 1 mx'• /[1.37 g 
salt, as the sulfate dry index is much higher than the 

water index. Relative humidity soundings from aircraft are used to model the vertical structure of the particle radii and 
refractive index as a function of height. Mie theory then 

enb,e c,cu,e function as a function of altitude. 
1.34 

3. Dermination of the Parameters 0.4,,, Essential to a Lidar Equation Inversion 0.3 , 1.33 
Procedure 0 20 40 60 80 100 

Relative humidity (%) 

For a monostatic and monochromatic lidar, the power Figure 4. Evolution of the modal radius and the re- 
collected by the telescope from a given layer of the fractive index of particles with relative humidity for (a) 
amosphere can be related to the backscatter coefficients sulfate particles and (b) sea-salt particles. 
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phase function profile is precisely known. In the case of 
airborne nadir lidar measurements, the unstable solu- 
tion has generally been used because measurements of 
the BC at the far end of the domain (the surface of the 
ocean) are difficult to make simultaneously with lidar 
measurements, whereas the onboard nephelometer, for 
example, can provide measurements of the BC near the 
aircraft. 

In this section, we first determine the normalized 
backscatter phase function using the aerosol model (de- 
scribed in section 2) and analyze the impact of relative 
humidity. Then, we introduce the BC for the lidar equa- 
tion inversion procedure. 

3.1. Normalized Backscatter Phase Function 

The atmospheric extinction coefficient a and backscat- 
ter coefficient/3 are the sum of the contributions of both 
Rayleigh scattering and absorption by molecules (am, 
/3,•) and Mie scattering and absorption by the particles 
(%,/3p) present in the atmosphere. We write 

z) = + 

a(X, z) = ap(X, z) + a,•(X, z), (5b) 

where A is wavelength and z altitude. Since we consider 
here measurements taken in the visible, the absorption 
can be considered as negligible. Indeed, the imaginary 
part of the refractive index of sulfate and sea-salt is 
equal to 5 10 -4 and 1.1 10 -6, respectively [Shettle and 
Fenn, 1979]. The particle normalized backscatter phase 
function qbp is then defined by the ratio of the total 
particle backscatter to extinction coefficients 

p(x, z)- 
The same formulation applies •o molecular sca•er- 

ing, but in this case •he normalized backscat•er phase 
function is constant and equal to 3/8•r. The mixing 
of sulfate and sea-sal• aerosols leads •o an equivalen• 
normalized backsca•er phase function given by 

P- (7) 
where fi represents the fraction of aerosol in mode i. 

3.1.1. Normalized backscatter phase function 
dependence on sea-salt fraction. The most impor- 
tant parameter for lidar inversion is the backscatter to 
extinction ratio as a function of height. Rather than 
the number concentrations of each aerosol species, the 
crucial parameter is the fraction of sea salt in the ac- 
cumulation mode with respect to sulfate. Mie compu- 
tation of the aerosol optical properties was carried out 
in the visible, at 0.532 /•m, which corresponds to the 
emission wavelength of the lidar. The dependence of 
qbp on the sea-salt fraction given by (7) is illustrated in 
Figure 5. The value of qbp is most sensitive to small 
values of the sea-salt fraction. However, it changes by 
less than 5% for fractions greater than 24% (model I) 

and 4% (model II). If the sea-salt and sulfate number 
concentrations are not constant with altitude, the sea- 
salt fraction is changed and the normalized backscatter 
phase function is modified as shown in Figure 5. 

The area between the two curves represents the do- 
main of variation of the normalized backscatter phase 
function for a cloud processing efficiency (CPE) rang- 
ing from 0% (model II) •o aa% (modal I) ½he smaller 
sulfate particles are processed and return as large ones). 
The bias introduced on the normalized backscatter phase 
function by the lack of knowledge of the CPE is larger 
for small of sea-salt fractions. It is about 1% per per- 
cent of CPE at a sea-salt fraction of 1%, and only 0.3% 
per percent of CPE at a sea-salt fraction of 10%. 

We note that for a given model the uncertainty on qbv 
will be maximum for small values of ASWS (small sea- 
salt number concentration) and large values of sulfate 
concentration because these conditions lead •o small 
values of the sea-salt fraction. We have estimated the 

error on qbv introduced by an uncertainty of I ms -• 
on the measurement of ASWS and the uncertainty on 
the total sulfate concentration. Assuming a total sul- 
fate concentration typical of background Atlantic Ocean 
conditions (200 particlescm -a in both models), the 
ASWS corresponding •o a given sea-salt fraction can 
be calculated from (1). Similarly, assuming a sea-salt 
concentration of 10 particles cm -a, the sulfate concen- 
tration can be deduced from the knowledge of the sea- 
salt fraction. 

We took ASWS values ranging from 3 •o 5 ms- • and 
sulfate concentrations between the background Atlantic 
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Figure 5. Evolution of normalized backscatter phase 
function as a function of sea-salt fraction for the two 

aerosol size distributions shown in Figure 3. Area be- 
tween the two curves represents the domain of varia- 
tion of the normalized backscatter phase function for 
a cloud-processing efficiency ranging from 0% (model 
II) to 33% (model I) (the smaller sulfate particles are 
processed and return as large ones). The dotted lines il- 
lustrate how the normalized backscatter phase function 
is affected by cloud processing for sea-salt fractions of 
1%, 5% and 10% (dotted lines labeled a, b and c, re- 
spectively). 
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concentration and 350 particles cm -3. The error related 
to the uncertainty on the sulfate concentration is about 
12% for model I and 2% for model II. The difference is 

mainly due to the sulfate contribution in the accumu- 
lation mode. A i ms -i uncertainty on ASWS in the 
low wind speed regime leads to an error smaller than 
6% for model I and smaller than 2% for model II. These 

errors, however, are smaller than the uncertainty asso- 
ciated with CPE (33% for a sea-salt fraction of 1%). 

In section 4, these errors and biases on the normal- 
ized backscatter phase function will be used to estimate 
the error on the extinction coefficient retrieved with the 

lidar inversion procedure. 
3.1.2. Normalized backscatter phase function 

dependence on relative humidity. As humidity in- 
creases, the normalized backscatter phase function be- 
comes smaller because of the decreasing refractive index 
(Figures 4a and 4b). On the other hand, the growth 
of the particle size with RH forces the phase function 
to increase. The later effect becomes dominant above 

90% RH, so that, at a given wind speed, the normal- 
ized backscatter phase function is observed to decrease 
between 0 and 90% and increase above 90%. This de- 

pendence of the normalized backscatter phase function 
on relative humidity and wind speed in the surface layer 
is shown on Figure 6. Since all results will be normal- 
ized to a RH of 60% in the rest of this study, we have 
calculated the error on qbp associated with a 10% uncer- 
tainty on the measurement of RH at 60%. It is equal 
to 2% for model I and 1% for model II. 

3.1.3. Vertical structure of the MABL as ob- 

served by lidar. The MABL structure during flight 
27 of SOFIA and flight 34 of SEMAPHORE is illus- 
trated using potential temperature soundings and lidar 
profiles. The mixed layer lies between the surface and 
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z 0.04- Model I 

...... Model 

0.035 • • • • 
0.0 0.2 0.4 0.6 0.8 

Relative humidity 

1.0 

Figure 6. Evolution of normalized backscatter phase 
function in the MABL as a function of relative humidity 
for the two aerosol size distributions shown in Figure 3. 
The surface wind speed is equal to I6 ms-l, which cor- 
responds to the average value measured during the 11 
days considered in this study. 
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Figure 7. The MABL structure during (a) flight 27 
of SOFIA and (b) flight 34 of SEMAPHORE as ob- 
served from lidar and potential temperature measure- 
ments (solid and dashed lines, respectively). The mixed 
layer lies between the surface and the first temper- 
ature inversion. Thesw weak temperature inversions 
were observed near 450 m for SOFIA and 1000 m for 
SEMAPHORE. The synoptic inversion associated with 
trade winds is observed at altitudes of 1300 and 2000 m 
for SOFIA and SEMAPHORE, respectively. 

the first temperature inversion. This temperature in- 
version observed on the soundings near 450 m for flight 
27 and 1000 m for flight 34 corroborates with the top of 
the mixed layer height observed on the lidar measure- 
ments (Figure 7). The synoptic inversion associated 
with trade winds is observed at altitudes of 1300 and 

2000 m for flights 27 and 34, respectively. 
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The inversion at the top of the mixed layer prohibits 
most exchanges of material between the mixed layer and 
above. However, when the temperature inversion at the 
top of the mixed layer is weak, as is the case on the 
profile shown in Figure 7 for SEMAPHORE, the mixed 
layer and the upper subcloud layer (extending from the 
top of the mixed layer to the synoptic inversion) are 
not entirely decoupled. Sea spray aerosol can be trans- 
ported across the inversion. These exchanges through 
the inversion are further reinforced by the formation of 
cumulus clouds at the top of the mixed layer. 

This leads us not to take an aerosol number concen- 

tration of zero above the mixed layer but, rather, an ex- 
ponential decay as proposed in the literature. Common 
sense suggests that the height scale H in (2) is inversely 
proportional to the inversion strength: a weaker tem- 
perature inversion enables convective updraft to pene- 
trate higher in the subcloud layer and to deposit aerosol 
over greater distances above the mixed layer top. We 
chose a value of H = 2 km (section 2.2) to account for 
the fairly weak inversion and the difference of altitude 
between the top of the mixed layer and the synoptic 
inversion. The sensitivity of the model to the value of 
H is tested in section 4.2. 

3.1.4. Normalized backscatter phase function 
profile. Figures 8a and 8b show the mean normalized 
backscatter phase function profile, ½r, and its disper- 
sion (1 standard deviation) during SOFIA (five cases) 
and SEMAPHORE (six cases), respectively. The mean 
normalized backscatter phase function profiles are cal- 
culated using ship measurements of the ASWS made 
by Le Suroœt, humidity profiles (also shown in Figure 8) 
measured by the aircraft, as well as the vertical distribu- 
tion of aerosol number concentration parameterized in 
models I or II. Values of these parameters at 10 m are 
reported in Table 2. The greater dispersion observed 
around the phase function profile retrieved with model 
I is caused by the greater sensitivity of the normalized 
backscatter phase function with respect to uncertainties 
in the sea-salt fraction (Figure 5). 

During SOFIA, ½r is almost constant in the mixed 
layer. Below the synoptic inversion (1.5 kin) and above 
the mixed layer, the dispersion on ½r is relatively small 
(less than 5%). In the free troposphere (above the syn- 
optic inversion), RH decreases smoothly to 30% (Fig- 
ure 8a) while ½p decreases to a value of about 0.025 st-t 
at 4 kin. For a RH of 30%, the ½r related to nucleation 
sulfate only is equal to 0.021 sr -t, meaning that ½-• is 
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Figure 8. Vertical profiles of both particle normalized backscatter phase function and relative 
humidity during (a) $OFIA-ASTEX and (b) SEMAPHORE. Data from five flights and six flights 
are averaged for SOFIA and SEMAPHORE, respectively. Error bars are related to the observed 
variabilities of the relative humidity profile and surface wind speed. Results are presented for 
model I (solid line) and model II (dashed line). 
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Table 2. Flight Average Values of the Mean Surface Wind Speed (ASWS), Relative 
Humidity (RH), Sea-Salt Fraction f88 and Normalized Backscatter Phase Function in 
the Surface Layer •bp 

Flight Number Date ASWS, ms -• RH, % f88, % •b-•, sr -• 

Model I Model II 

SOFIA 

05 June 1, 1992 6.0 80 12.5 0.042 0.047 
09 June 4, 1992 5.1 86 10.0 0.039 0.046 
11 June 8, 1992 6.0 65 12.5 0.043 0.048 
13 June 9, 1992 4.1 67 7.5 0.041 0.046 
27 June 26, 1992 7.0 70 15.0 0.043 0.047 

SEMAPHORE 

30 Oct. 13, 1993 6.1 55 12.5 0.044 0.048 
31 Oct. 14, 1993 4.1 59 7.5 0.041 0.047 
32 Oct. 15, 1993 10.0 66 22.5 0.040 0.047 
33 Oct. 16, 1993 5.0 61 10.0 0.042 0.048 
34 Oct. 17, 1993 7.1 60 15.0 0.044 0.048 
35 Oct. 17, 1993 8.1 62 17.5 0.044 0.048 

not affected by the sea-salt population present at that 
height. Below 3.5 km, the difference in •bp retrieved 
with models I and II results from the presence of cloud- 
processed sulfates. Indeed, the backscatter efficiency of 
accumulation sulfate particles is much smaller than its 
extinction efficiency, thus reducing the value of the to- 
tal mean normalized backscatter phase function. Above 
3.5 km, this effect becomes insignificant because both 
sea salts and cloud-processed sulfates are found in neg- 
ligible amounts. 

During SEMAPHORE, the dispersion on •bp stays be- 
low 5% in the mixed layer. A strong synoptic inversion 
is observed around 2 km on the RH profile. Below the 
synoptic inversion and above the mixed layer, the large 
dispersion on the RH profile is caused by the variabil- 
ity of the humidity field associated with the presence 
of stratocumulus clouds. The large dispersion observed 
on •bp around 2 km relates to the fact that the height 
of the synoptic inversion was different for the six profile 
average (it ranged from 1.5 to 2 km). Above the synop- 
tic inversion, the troposphere is very dry (Figure 8b). 
However, because sea-salt and cloud-processed sulfate 
concentrations diminish with height, •bp decreases to an 
average value of 0.0275 sr -• at 4 km. At this height, 
RH is equal to 15%. The •bp related to nucleation sul- 
fate only would be equal to 0.0225 sr -•. The difference 
between these values means that •bp is still affected by 
the presence of sea-salt particles at that height, as a 
result of the modeled vertical aerosol distribution. 

Neglecting the impact of the cloud processing leads 
to relative errors of 20% and 15% for SOFIA and 

SEMAPHORE, respectively, on •bp, below 2 km. The 
corresponding biases are 0.007 and 0.009 sr -•. These 
errors will have a dramatic impact on the extinction 
profiles retrieved from lidar measurements, especially 
above the mixed layer as is shown in section 4.1. 

3.2. Near Aircraft Boundary Condition in the 
Forward Inversion Procedure 

The reference backscatter coefficient is obtained from 

in situ extinction measurements around 0.5 •um made 
by a nephelometer also installed on the French At- 
mospheric Reasearch and Teledetection Aircraft. The 
isokinetic vein configuration is then used to feed aerosols 
into the nephelometer as in the case of SOFIA. During 
SEMAPHORE, some of the flights were performed in a 
configuration without nose boom to enable longer du- 
ration flights. The air inlet of the aerosol sampler was 
fixed on the aircraft itself but was not attached to the 

isokinetic vein connecting to the nephelometer. Large 
aerosols were lost, and only the smallest aerosols were 
detected. As a result, the extinction coefficients could 
not be measured accurately with the nephelometer in 
the MABL. However, the extinction measurements in 
the free troposphere are thought to be reliable since 
only light particles are generally found away from the 
continent and in the event that no desert aerosols are 
advected. 

4. Lidar-Derived Extinction Coefficient 
Profiles 

A forward integration scheme [Klett, 1985], which re- 
lies on the knowledge of the normalized backscatter 
phase function •bp and a value of the aerosol extinc- 
tion coefficient near the aircraft is applied to the mea- 
surements acquired with the airborne backscatter lidar 
LEANDRE 1. It enables backscatter coefficient profile 
retrieval throughout the lower troposphere. 

Backscatter coefficient profiles result from an accu- 
mulation of 12 laser shots, averaged before the inversion 
procedure is applied. The molecular backscatter coef- 
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Figure 9. Profile of the extinction coefficient dur- 
ing (a) flight 27 of SOFIA and (b) flight 34 of 
SEMAPHORE. The solid (dashed) line represents the 
extinction coefficient profile recovered with a forward li- 
dar equation inversion procedure using model I (model 
II). The boundary condition is given by extinction 
measurements, at the aircraft level, provided by a 
nephelometer. Error bars result from the sum of all 
quadratic errors shown in Figure 11. 

ficient tim contribution to the lidar signal is calculated 
from average pressure and temperature soundings. The 
reference backscatter coefficient is obtained from in situ 

extinction measurements around 0.5/•m by the neph- 
elometer on board the aircraft. Extinction coefficient 

profiles are then obtained by dividing the backscatter 
coefficient profile by the normalized backscatter phase 
function profile calculated for each flight. 

Figure 9a shows an extinction profile, obtained during 
flight 27 of SOFIA. The normalized backscatter phase 
function is calculated using the RH profile acquired dur- 
ing flight 27 and the ship measurements of the ASWS. 

Average extinction values in the mixed layer (0-0.5 km) 
and in the subcloud layer (0.5-2.0 km) are equal to 
0.21:t:0.025 and 0.094-0.02 km -•, respectively. Neglect- 
ing the impact of cloudiness and related sulfate process- 
ing leads to biases of 0.05 and 0.04 km -• in the mixed 
layer and above, respectively. The bias on the extinc- 
tion profile, obtained during flight 34 of SEMAPHORE 
is smaller. In the mixed layer (0-1.1 km) it is of the 
order of 0.01 km -•, while above (1.1-2 km) it is equal 
to 0.02 km-•. The error bars account for uncertainties 
on the ASWS, RH, and reference extinction. They are 
discussed in further detail in section 4.1. 

Given the errors and biases associated with the in- 

version procedure, one may wonder whether the inver- 
sion is of interest. In order to answer that question we 
then have compared extinction coefficient profiles re- 
covered while neglecting atmospheric transmission. In 
this case, the extinction is strictly proportional to the 
lidar signal and can be obtained by normalizing this 
signal to the value of the extinction measured on board 
the aircraft. The "normalized" extinction profiles are 
compared with the extinction profiles recovered from 
the inversion using model II (Figure 10). We show a 
case (flight 27 of SOFIA) where the bias is close to zero 
between the top of the mixed layer and the synoptic in- 
version. Above the synoptic inversion, it is of the order 
of 0.01 km-•. The bias reaches its higher value near the 
surface where it is equal to 0.015 km-•. On the other 
hand, in the case of flight 34, the bias can be as large 
as 0.04 km -• near the surface while.being almost zero 
above the mixed layer. Neglecting the effects of trans- 
mission in the mixed layer leads, in this case, to biases 
larger than the one introduced by the aerosol model. 
The large bias observed near the surface for flight 34 
(Figure 10b) results from the large value of the optical 
depth in the mixed layer (0.085 and 0.153 for flights 27 
and 34, respectively), . 

At best, the normalization procedure does not intro- 
duce any additional bias. Furthermore, the uncertainty 
in the extinction reference (discussed in section 4.1) will 
also introduce an error (at least 10%) on the extinction 
profiles recovered with the normalization procedure. 

4.1. Errors on the Extinction Coefficient 
Profile 

The error in the extinction profile retrieved from lidar 
measurements is related to the uncertainty in the value 
of BC and in the aerosol normalized backscatter phase 
function profile. The latter depends on the errors in the 
measurements of parameters such as relative humidity 
and ASWS, as well as on the choice of the marine aerosol 
model (sulfate and sea-salt concentrations, in our case, 
as well as their vertical distribution). Errors related 
to signal detection are discarded because the signal-to- 
noise-ratio is greater than 20 in our case. 

The uncertainty in the phase function introduces an 
error in the extinction coefficient that will propagate 
away from the source as it affects the transmission cal- 
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measurements the denominator decreases as the optical 
thickness increases (see Appendix A). This error can 
be calculated analytically (see Appendix B). 

For an estimated accuracy of 10% in the extinction 
coefficient measured at the reference altitude, the rela- 
tive error in the extinction increases to about 20% near 

the surface (Figure 11). The relative errors related to 
the uncertainty in the ASWS and RH measurements 
are small. Since these errors are quadratic, the largest 
contribution in the free troposphere will originate from 
the error in the extinction measurements made by the 
nephelometer. 

Accounting for both error sources and accuracy in the 
measured parameters, the total error in the retrieved 
extinction coefficients near the surface is thus estimated 

to be close to 25% for model I and less for model II. 

4.2. Extinction Coefficient in the Surface Layer 

Initially, in order to assess the reliability of the for- 
ward inversion procedure, we intended to compare the 
extinction coefficient profiles retrieved from lidar mea- 
surements with those measured in situ with a neph- 
elometer in the MABL during aircraft soundings. This 
could have been done for SOFIA only (see section 3.2). 
However, the air sampled by the instrument is heated 
before extinction measurements are made, therefore sig- 
nificantly modifying the extinction properties of the 
aerosol. Above 60% RH, we believe that the nephelome- 
ter cannot be reliably used to measure extinction in the 
MABL. This is why we only used extinction measure- 
ments made by this instrument in the free troposphere, 
even in the case of SOFIA. 

3.0-- 

ing flight 27 of (a) SOFIA and (b) flight 34 of 2.5- 
SEMAPHORE. The solid line represents the extinc- 
tion coefficient profile recovered with a forward lidar 
equation inversion procedure using model I. The dashed •' 2.0- 
line represents the extinction coefficient profile obtained • 
when neglecting transmission and normalizing the lidar •: •n 1.5- 

signal to the value of the extinction measured on board '• 
the aircraft. -r 

culation [Klett, 1981, 1985; Kovalev, 1995]. This error 
can be discussed from the observed dependence of the 
phase function on RH and sea-salt fraction (Figure 5). 
This error can also be calculated analytically [Chazette 
et al., 1995]. 

The other source of error stems from the accuracy of 
the reference backscatter coefficient value used in the 

inversion procedure. In a forward inversion scheme, the 
sensitivity to errors in the reference value is increasing 
away from the reference altitude [Klett, 1981]. This is 
due to the fact that in the equation used to retrieve 
the backscatter or the extinction coefficient from lidar 
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Figure 11. Relative error in the extinction coefficient 
associated with the uncertainty on the reference extinc- 
tion value (solid line), the surface wind speed (dashed 
line), and the relative humidity (dash-dotted line) for 
model I. Results are shown for a 12-shot average lidar 
derived extinction coefficient acquired during flight 27 
of SOFIA. 
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Table 3. Correction Factor Used 
to Normalize Extinction Coefficient 
to a Reference Relative Humidity 
Value of 60% 

Relative humidity, % c• / c• (60%) 

65 1.06 

7O 1.15 

75 1.29 

80 1.40 

85 1.49 

90 1.98 

95 3.44 

We thus needed to compare our results to previously 
established extinction coefficient dependence on ASWS 
in order to validate our analysis procedure and deter- 
mine the sensitivity of the lidar-derived extinctions to 
the input parameters of the model. 

As seen in Table 2, lidar observations were made 
for RH values in the MABL ranging between 55% and 
86%. According to Mie theory, the extinction coeffi- 
cient would increase, on average, by a factor of about 
1.5 between these two RH values (see Table 3). Extinc- 
tion coefficient ratios shown in Table 3 depend weakly 
on ASWS. 

Lidar-derived extinction coefficients averaged over the 
first 45 m above the surface and normalized with re- 

spect to a reference RH value of 60% are plotted in Fig- 
ure 12 as a function of 12 hour-averaged SWS. Error 
bars (+25%) in Figure 12 account for the uncertainty 
in the reference extinction, ASWS, and RH measure- 
ments as discussed in section 4.1. A fair agreement is 
found between lidar-derived and Mie-computed extinc- 
tion coefficients with models I and II. A linear fit to 

the lidar derived extinction coefficient was then per- 
formed. On the basis of this fit, extinction between 
ASWS values of 4 and 10 ms -1 is calculated to in- 
crease by a factor of 2.0 and 2.3 for models I and II, 
respectively. However, this increase is not due to an 
increase of the model-derived normalized backscatter 

phase function with ASWS in the surface layer (local 
effect) as shown in Table 2. The values of d are rela- 
tively constant throughout both campaigns. It also is 
not caused by an increase in the reference extinction 
used in the inversion procedure. Rather, since the lidar 
signal in the surface layer is directly proportional to the 
number concentration in aerosol, the lidar-derived ex- 
tinction (or backscatter) coefficient should be a linear 
function of ASWS (see (1)). 

However, for an atmosphere characterized by a rela- 
tively large optical thickness (more than 0.2), the ex- 
tinction undergone by the laser beam along the path 
can be corrected if the normalized backscatter phase 
function profile is known precisely. Otherwise, the in- 
version procedure propagates an error away from the 
altitude of reference as it accounts for the integral of 
the extinction (see Appendix A). The vertical distribu- 

tion of aerosol and RH above the mixed layer can have a 
dramatic impact on lidar-derived extinction coefficients 
in the surface layer, as illustrated in Figure 9, where the 
model induces a relative bias of 20% in the extinction in 

the case of SOFIA flight 27. The impact of the vertical 
aerosol and RH distribution (integrated effect) also re- 
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Figure 12. Lidar-derived, near-surface extinction co- 
efficient (squares and triangles), normalized to a rela- 
tive humidity (RH) of 60%, as a function of the surface 
wind speed averaged over a 12-hour period prior to the 
aircraft measurements for (a) model I and (b) model 
II. In Figure 12(a), the solid line is the extinction co- 
efficient predicted by Mie theory and the dotted line 
represents the fit to Hoppel et al.'s [1990] extinction 
measurements given by (8), arbitrarily multiplied by a 
factor of 2.6. In Figure 12(b), the solid line is the ex- 
tinction coefficient predicted by Mie theory; the dotted 
line represents the fit to Hoppel et al.'s [1990] extinc- 
tion measurements given by (8), arbitrarily multiplied 
by a factor of 2.6; and the dashed line is the extinction 
coefficient predicted by Mie theory for Nseo equal to 
15 particlescm -a (rather than 10 particlescm -a used 
in models I and II). 
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Table 4. Impact of the Value of Nseo on the Surface Layer Extinction 
Coefficient (Sea Surface Reflectance) 

Flight Number Extinction, km-• km- • 

Model I Model I I 

SOFIA 

05 0.138(0.149) 0.081(0.145) 0.035 0.030 
09 0.144(0.341) 0.124(0.277) 0.036 0.077 
11 0.091(0.313) 0.082(0.295) 0.023 0.075 
13 0.095 (0.318) 0.101 (0.345) 0.024 0.103 
27 0.229(0.294) 0.188(0.282) 0.057 0.058 

SEMAPHORE 

30 0.160(0.502) 0.141(0.478) 0.040 0.177 
31 0.191(0.208) 0.173(0.218) 0.047 0.060 
32 0.314 (0.143) 0.282 (0.127) 0.078 0.029 
33 0.240 (0.142) 0.166 (0.124) 0.060 0.028 
34 0.152 (0.101) 0.157 (0.115) 0.038 0.025 
35 0.202(0.094) 0.199(0.089) 0.050 0.024 

Average 0.177(0.237) 0.156(0.227) 0.044 0.062 

Numbers in parentheses denote reflectance values. Here a,• (ap) is the 25% error 
associated with the inversion procedure for model I on the extinction coefficient 
(reflectance) in the surface layer. 

suits in a greater scatter of the lidar-derived extinctions 
when using model I. The standard deviation around the 
fitted linear regression is equal to 0.052 and 0.042 km-1 
for models I and II, respectively. Some of the dispersion 
observed in Figures 124 and 12b is also likely related 
to uncertainties in the ASWS measurements (probably 
larger than the i ms -1 systematic error accounted for 
in this study) and in the cloud cover (and the sulfate 
related extinction) which are not known. 

In Table 4, we illustrate the impact of the aerosol 
model on the retrieval of the surface layer extinction 
coefficient. The average bias (or difference between 
the extinction coefficients retrieved with models I and 

II, Aa --I •7 -aH I), is smaller than the 25% er- 
ror associated with the inversion procedure for model I 
(as - 0.3•7)(0.02 versus 0.044 km-1). However, the 
bias can be much larger for a given flight (see the dis- 
cussion for SOFIA flight 27 in section 4.1). 

Finally, we studied the sensitivity of the extinction re- 
trievals to the vertical distribution of stationary marine 
aerosols in the model (namely, the value of H in(2)). 
Jaenicke [1993] reports a great diversity of values for 
H (between 0.5 and 2 km). The average difference be- 
tween the extinction coefficients retrieved with model I 

for H=2 km and H=0.5 km is also smaller than the 

25% error associated with the inversion procedure (0.01 
versus 0.044 km- 1). 

We now study the extinction dependence on ASWS. 
A relationship between in situ extinction measurements 
at 0.55/•m and ASWS has been proposed by Hoppel et 
al. [1990], over the Atlantic Ocean, in the form of 

a - 0.025 exp(O.1689 U). (8) 

Hoppel et al. 's [1990] data were obtained in prevailing 
open ocean conditions: 12 out of 16 days were charac- 
terized by Radon concentrations of 2-3 pCi m -s, typi- 
cal for the marine background level over the Atlantic. 
Four days where characterized by Radon concentrations 
between 3 and 10 pCim -3, indicative of polluted air 
masses originating from the United States. Given the 
total aerosol content typical of open ocean conditions 
and the reference relative humidity (75%) reported by 
Hoppel et al. [1990], we had to arbitrarly divide our 
modeled extinction coefficients by a factor of 2.6 in or- 
der to match extinctions obtained with (8). This dis- 
crepancy is likely related to the value of Nseo to be used 
in order for our extinction measurements to fit Hoppel 
et al.'s. It could be caused by the variability of the back- 
ground marine sea-salt distribution, which is a function 
of time and location, as discussed by Gong et al. (1997). 
For example, with a value of Nse0=4 particles cm -3, our 
extinction measurements would match those of Hoppel 
et al. [1990]. 

Nevertheless, the general trend of our lidar-derived 
extinction coefficients is correctly predicted by (8). Our 
best exponential fit to the data yields 

l - ct• - 0.079 exp(0.1199 U), 
aII -- 0.063 exp(O.1302 •), (9) 

where subscripts I and II refer to models I and II, re- 
spectively. 

The correlation coefficients between our lidar-derived 

extinction and Hoppel et al.'s [1990] fit are equal to 
0.65 and 0.75 for models I and II, respectively. The 
lidar-derived extinction deviations from Hoppel et al.'s 
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[1990] fit are 0.0049 and 0.0038 km -• for models I and 
II, respectively. 

5. Sea Surface Reflectance 

In this section, the relationship between ocean sur- 
face reflectance and backscatter coefficient above the 

ocean surface is used to examine the dependence of the 
retrieved surface wind speed on the aerosol model. As 
illustrated by Figure 10b, in cases where the optical 
depth is larger than 0.2, the bias in the extinction in 
the surface layer introduced while neglecting the effect 
of transmission is greater than the bias related to the 
choice of the aerosol model. Previous studies on laser 

backscatter dependence on wind speed [Buffon et al., 
1983] were conducted in the MABL. Buffon et al. [1983] 
did not attempt to correct for transmission effects. It is 
the purpose of this section to show that the inversion of 
lidar measurements is highly desirable when studying 
sea surface reflectance properties. 

From the estimate of the backscatter coefficient in the 

first tens of meters above the surface, obtained with and 
without the forward inversion, we determine sea surface 
reflectance. We then compare these values with those 
retrieved independently from the measured wind speed 
using a sea surface reflectance model. 

smaller than the capillary waves, laws relevant to geo- 
metric optics can be used in the analysis. In this case 
the mean-square wave slope < $2 > is the parameter 
that controls the reflectance variation with wind speed. 
In an earlier work by Cox and Munk [1954], the mean 
square wave slope statistics have been observed to fol- 
low a near-Gaussian distribution in a two-dimensional 

plane, when wind direction effects are not considered. 
The mean square wave slope was found to depend on 
the instantaneous surface wind speed (ISWS), denoted 
U (observed over a period of a few minutes, as opposed 
to the time averaged wind used in the aerosol model), 
measured at 12 m, according to 

<S2>=<Su•> + <S•>, (11) 

< S 2 > = 0.003 + 5.12 10 -a U, (12) 

where u and v are the along- and cross-wind compo- 
nents. In the case of lidar measurements (same off-nadir 
angle 7 in incidence and reflection with respect to the 
vertical), the sea surface reflectance is given by Cox and 
Munk [1954] 

tan2 7) (13) _ Po exp 5, 2 , ps 4 < $2 > cos6 7 < > 

5.1. Lidar-Derived Sea Surface Reflectance 

In Appendix C, we derive the relationship between 
the equivalent directional ocean surface reflectance • 
observed by lidar and the average backscatter coeffi- 
cient measured in a layer of depth Az, at an altitude 
zb = z0 + Az above the surface. This relationship ac- 
counts for the lidar signal S(A,zb) in the layer close 
to the surface, and for the lidar surface return signal 
S(A,z0). It is written as [Chazette, 1990] 

^ S(A, zo) (10) p - 
It should be noted that this relationship can also be 

reversed to derive the atmospheric backscatter coeffi- 
cient near the surface, whenever direct directional ocean 
surface reflectance measurements are available [Reagan 
and Zielinskie, 1991]. In the present analysis, since we 
have selected the forward inversion scheme, both extinc- 
tion coefficients in the ABL and SWS can be retrieved 

from surface reflectance modeling. 

5.2. Sea Surface Reflectance Modeling 

Light reflection by the ocean surface has been ob- 
served to be dependent on the small wave facets that are 
produced by capillary and gravity waves at the surface 
[Cox and Munk, 1954; Burton et al., 1983]. The angular 
spread of these facets is defined by the distribution of 
wave slopes. As the optical wavelength of light is much 

where po is the reflectance given by Fresnel equations at 
the air-sea interface (po- 0.0204 at 0.532/•m). In this 
expression, the effects of laser pulse shape and diver- 
gence have been neglected as contributing very weakly 
owing to our measurement configuration [Gardner et 
al., 1983]. The light backscattered from the first me- 
ters below the ocean surface also contributes to the 

measured surface reflectance as • - Ps + Pssw. The 
volumic reflectance pssw of the subsurface water has 
been reported to be smaller than 0.02 over a large set 
of open ocean waters [ Morel and Prieur, 1977]. This 
term is thus much smaller than ps at low wind speed 
and is neglected in this first approach. Furthermore, 
foam is not expected to contribute significantly to the 
reflectance, as observations are reported for wind speeds 
below 10 ms -•. Sun radiance is also treated as negligi- 
ble noise. 

Backscattering vertical profiles retrieved from lidar 
measurements using aerosol model I have been used 
in the ISWS analysis. Sea surface reflectance values 
are derived using (10) (section 5.1) from near-surface 
backscatter. The ISWS used in this model is taken 

closest in time to the lidar measurements. Figure 13 
stresses the variability of reflectance over a distance of 
4 km, as measured during flight 30 of SEMAPHORE. 
Values of the reflectance were inferred from 24 aver- 

aged lidar shots (it corresponds to a time average of 
2 s or about 170 rn in distance), in order to reduce the 
uncertainty introduced by a low signal-to-noise ratio. 
Error bars on reflectance are derived from error con- 
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Figure 13. Horizontal fluctuations of the ocean surface 
reflectance, derived from lidar measurements using (10), 
during flight 30 of SEMAPHORE. 

siderations in the extinction discussed in section 4. A 

large variability is observed, which, at times, may be 
greater than the uncertainty associated with the for- 
ward inversion procedure. It is also observed that the 
relative standard deviation of the reflectance is about 

0.1. This value is larger than the one obtained by using 
Jackson's equation as reported by Burton et al. [1983]. 
This could result from the noise introduced in the inver- 

sion procedure, as discussed before, or from large waves 
enhancing specular reflection at the sea surface. Since 
the footprint of the laser is about 15 m in diameter 
and the total area covered while averaging 24 profiles 
is 15x170 m 2, the wave reflection enhancement may 
induce correlation between shots, which may be mini- 
mized in case of a cross-wave observation. This point 
will be further investigated in future campaigns, taking 
into account the impact of wind and swell direction. 

The average sea surface lidar-derived reflectance val- 
ues are plotted in Figure 14 as a function of the ISWS 
and compared with Cox and Munk's [1954] model. Er- 
ror bars include the error stemming from our analysis 
procedure and the estimated variability from the in- 
dividually measured reflectances along the flight track 
(Figure 13). A good agreement is observed between 
our results and the two-dimensional model of Cox and 

Munk [1954]. As seen from (10), the reflectance re- 
trieved from measurements is sensitive to the backscat- 

ter coefficient, which is the product of the extinction 
coefficient and the phase function. Referring to the pre- 
vious analysis, one notices that extinction is decreased 
when using aerosol model I, instead of model II. This 
is the reverse of the phase function. The backscatter 
and the deduced reflectance are thus weakly dependent 
on the aerosol model hypothesis. In fact, it is found 

that the standard deviation between reflectance values 

derived using both aerosol models is about 10%. Fur- 
thermore, the value of Nse0 does not have a significant 
impact on surface wind retrievals. As uncertainties in 
the observation angle may exist in the case of airborne 
measurements, the reflectance was also modeled for a 
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Figure 14. Sea surface reflectance retrieved from lidar 
as a function of the surface wind speed for (a) model 
I and (b) model II. The error bars are related to the 
uncertainty on the normalized backscatter phase func- 
tion and signal fluctuations. The reflectance calculated 
using Cox and Munk's [1954] model for an incidence an- 
gle of zero (corresponding to nadir lidar measurements) 
and 20 (corresponding to off-nadir lidar measurements) 
is given by the solid and dashed lines, respectively. Here 
z•U is the difference between the measured instanta- 

neous surface wind speed (ISWS) and the ISWS in- 
ferred from Cox and Munk's [1954] reflectance model 
using the lidar-derived extinction coefficients obtained 
with a forward inversion procedure. 
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Table 5. Flight Average Values of Instantaneous Surface Wind 
Speed (ISWS) and Differences AU Between Measured ISWS and 
ISWS Inferred from Cox and Munk's [1954] Reflectance Model Us- 
ing Lidar-Derived Extinction Coefficients Obtained with a Forward 
Inversion Procedure and Without Inversion. 

Flight Number ISWS, m s -• AU, m s -• 

Model I Model I I No Inversion 

SOFIA 
05 6.2 0.1 0.0 -0.4 

09 3.5 1.2 0.5 0.0 
11 3.7 1.1 0.9 0.5 
13 2.7 0.2 0.4 0.0 
27 2.8 1.0 0.9 -1.5 

SEMAPHORE 
30 1.7 0.3 0.2 0.3 
31 3.5 -0.7 -0.5 -1.2 
32 8.4 2.0 1.1 3.3 
33 5.2 -1.2 -2.2 -4.4 

34 7.5 -1.8 -0.5 -1.7 
35 9.4 -0.6 -1.2 -2.5 

20 angle off nadir. Pitch-, roll-, and yaw-related uncer- 
tainties, which are much smaller than 20 , are not an 
important source of error as shown by Figure 14. 

Inversely, one can estimate the ISWS from lidar mea- 
surements, using the Cox and Munk [1954] model. In- 
traflight differences AUi between the measured ISWS 
and the ISWS derived from the retrieved reflectance 

(using (12) and (13)) are given in Table 5 for the two 
aerosol models. For model I, the residual bias on the 
ISWS (calculated as •-]4N=l AUi/N) is 0.11 ms -1 and 
the standard deviation is about 1.2 ms -1 . For model II, 
the residual bias on the ISWS is-0.04 ms -• and the 
standard deviation is 0.9 ms -1. The standard devia- 
tion associated with these retrievals is of the order of 

the uncertainty on the measurements themselves. This 
confirms that the wind speed estimation below 10 ms -1 
is not very sensitive to the aerosol model used in the in- 
version procedure. However, as stressed in section 4, it 
is necessary to use an inversion procedure in order to 
retrieve the extinction coefficient in the surface layer 
from lidar measurements and infer wind speed from 
these measurements! To further emphasize this neces- 
sity, we performed the same calculation using the values 
of the surface layer extinctions recovered with the nor- 
malization procedure rather than the inversion proce- 
dure. The residual bias on the ISWS is then -0.7 ms -1 
and the standard deviation is 1.95 ms -1. Both the bias 

and standard deviation are significantly larger when us- 
ing the former rather than the latter procedure. 

The next step was to assess the reliability of the in- 
fered ISWS with the technique described above for low 
wind speed and high wind speed regimes. We have sep- 
arated the data using a value of 4 ms-1 as a threshold. 
This value was dictated by the fact that we want the 

statistics of both groups to be representative given the 
small number of data. Five flights were characterized 
with ISWS values above 4 ms -1, and six had ISWS 
values below 4 ms -1. For the low ISWS regime, the 
biases (0.5, 0.4, and -0.3 ms -1 for the inversion pro- 
cedure model I, model II, and the normalization pro- 
cedure, respectively) and standard deviations (0.7, 0.5, 
and 0.8 ms -i ) are in good agreement. For the high 
ISWS regime, however, the biases (-0.3 and -0.5 ms -1, 
for models I and II, respectively) and standard devia- 
tions (1.5 and 1.3 m s- l) are significantly smaller than 
the bias (-1.2 ms -i ) and standard deviation (2.9 ms -i ) 
retrieved using the normalization procedure. This re- 
sult stems from the fact that larger wind speeds gen- 
erate a greater amount of particles to which the lidar 
signal is sensitive. The greater the number of particles 
is, the larger the optical depth is and the greater the 
necessity is to use an inversion procedure to determine 
the extinction coefficient near the surface. 

6. Summary and Conclusion 

A marine aerosol model, based on measured distribu- 
tion parameterization and including the effects of hu- 
midity, is used to analyze lidar data from flights per- 
formed over the Azores during the SEMAPHORE and 
SOFIA/ASTEX experiments. Precision in the modeled 
normalized aerosol backscatter phase function is of the 
order of 5% for a given model. However, the uncer- 
tainty associated with cloud processing can be as high 
as 20%. In the absence of desert or volcano dust, in 
the relatively clear air characterizing the open ocean 
air masses, the modeled normalized aerosol backscatter 
phase function is used in a forward lidar equation inver- 
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sion procedure in order to retrieve accurate backscatter 
coefficient profiles in the MABL. Surface layer extinc- 
tion at 0.532 ym is obtained with a 25% accuracy and 
depends on the surface wind speed as previously ob- 
served. Provided that the surface return in the lidar sig- 
nal is not saturated, we establish a relationship between 
ocean reflectance and the backscatter coefficient above 

the surface. Sea surface reflectance values, determined 
from lidar-derived backscatter coefficients and the pre- 
viously established refiectance-backscatter relationship, 
are found in excellent agreement with those predicted, 
as a function of wind speed, by the reflectance model of 
Cox a•d Mu•k [1954]. The sensitivity of the inversion 
procedure to the aerosol model (presence or absence of 
an accumulation mode for sulfate, vertical distribution 
of stationary marine components above the MABL) has 
also been tested on the surface layer extinction coeffi- 
cient and sea surface reflectance. Differences in extinc- 
tion values between models remained smaller than the 

25% error associated with the forward inversion proce- 
dure in the surface layer. This implies that, for now, 
the choice of the model is not crucial. However, as 
stressed in sections 4 and 5 it is necessary to use an 
inversion procedure in order to retrieve the extinction 
coefficient in the surface layer from lidar measurements 
and, in turn, infer wind speed, especially for surface 
wind speeds larger than 4 ms -•. Moreover, in the event 
that the uncertainty in the reference extinction and in 
the sulfate concentration (the two largest sources of er- 
ror in our case) can be reduced, the choice of the model 
will be important. The major concerns for the analysis 
of measurements made by a remote sensing instrument 
operating in the visible, is the particle size distribution 
and composition of the accumulation mode. Compari- 
son with the extinction measurements of Hoppel et al. 
[1990] (at a wavelength close to that of the lidar) suggest 
a significant difference in background sea-salt concen- 
tration over the different parts of the northern Atlantic 
Ocean that may be related to the action of wind on the 
surface. 

Given the large variety of particle concentrations 
reported in the literature, lidar measurements have 
proven to be valuable with respect to choosing the num- 
ber of sea-salt and sulfate aerosols. Not just any value 
will enable the lidar-derived and Mie-calculated extinc- 

tion coefficients to converge within a few tens of per- 
cents in the surface layer (where the error is greatest). 
In the absence of sulfate processing by clouds, the lidar- 
derived reflectance seem in better agreement with the 
model of Cox and Munk [1954]. However, this would 
mean that the air masses did not experience cloudy con- 
ditions on any of the 11 cases studied, which is highly 
improbable. Rather, we believe that since CPE depends 
on the cloud cover, the value of 65 particles cm -• is not 
necessarly representative of the production by clouds 
along each air mass trajectory. Further studies should 
address this important issue. 

The validation of the reflectance-backscatter relation- 

ship in open ocean conditions is an important step to- 
ward the use of lidar measurements for ABL analysis. It 
is also a first step toward a global analysis using future 
spaceborne lidar data, as planned by space agencies. 
This relationship provides an attractive boundary con- 
dition for backward lidar equation inversion procedures, 
provided that there exist measurements of the wind 
speed in the surface layer. In the case of a relatively 
clear atmosphere (small optical thickness), another in- 
teresting prospect concerns the use of this relationship 
for surface wind speed retrievals. Future studies should 
address the possibility of determining the aerosol nor- 
malized backscatter phase function iteratively, assum- 
ing no a priori knowledge of the surface wind speed. 
Whenever the fractional area covered by whitecaps is 
small, as is the case in low wind speed regimes, li- 
dars could be used complementary to scatterometers to 
provide surface wind speed estimates. This approach 
will be tested in the framework of the Flux, Etats de 
mer et T414d4tection en Conditions de Fetch variable 

(FETCH) experiment (spring 1998)over the Mediter- 
ranean. 

Appendix A- Derivation of the 
Backscatter Coefficient from Lidar 

Measurements 

The optical power backscattered to the telescope by 
molecules and partic]es in an atmospheric layer located 
at an altitude z is given by Measures [1984] 

C(A) z) T2(A, z•) (A1) P(X, - _ , 
with 

C(A) - • E0(A) r/(A)A, (A2) 
where c is the light velocity; • accounts for the detection 
chain quantum efficiency and optical throughput; A is 
the collecting area of the telescope; p = cos(7), where 
7 is the reflection angle; E0 is the l•er output energy; 
z• is the altitude of the l•er source; and T(A,z, za) is 
the atmospheric transmittance from z to za given by 

T2(A, z, za) - exp -2 a(A, z') dz' . (A3) 

Our aim is to retrieve • and a in the lower tropm 
sphere. We define a linear relationship between backscat- 
ter and extinction coefficients for molecules and parti- 
cles • 

•i(A, •, z) = 0i(A, z) ai(A, •, z), (A4) 

where i stands for either molecules (m) or particles (p). 
Equation (A1) can now be solved for • or a indiffer- 
ently. For a monostatic, monochromatic, pulsed lidar, 
the expression of the backscatter coefficient is obtained 
by solving a Bernouilli type differential equation [Klett, 
1981, 1985]. The unstable solution is given by 



25,156 FLAMANT ET AL.: OPTICAL PROPERTIES AND REFLECTANCE 

(za - z) 2 P(A, z) Q(A, z) 
•(A, rr, z) - (za - zr) 2 P(A, zr) _ • f•• (z• - •')• P(X, z') Q(X, z'). • 4(X,z,) 

(A5) 

where z• is the altitude of the boundary •ondition nec- 
essary for the integration and Q(A, z) is given by 

Q(• z)-exp [2 [•m, 1] fzl am(• z')dz'] 
(^•) 

The procedure described in this appendix is generally 
referred to as the lidar equation inversion procedure. 

Appendix B' Sensitivity of the Lidar 
Inversion to the Uncertainty on the 
Boundary Condition and on the 
Normalized Backscatter phase Function 

The backscatter coefficient expressed by (A5) can be 
written 

•(,X rr, z) - N(z) (B1) 
' O(z)' 

where 

N(z) = (za - z) 2 P(A, z) Q(A, z), (B2) 

_ _• f•* (z• - z') • P(X, z')Q(X z') - ' 
+ (z• - z•) • P(X, z•) (•s) 

•(;•, •, z•) ' 
The statistical error in the backscatter coefficient can 

be estimated as a function of the reference backscatter 

coefficient and the uncertainty of this reference value 
[Chazette et al., 1995]. It is supposed that it is inde- 
pendent of any other incertitude such as the one on 
the normalized backscatter phase function. The error 
due to the signal normalization is negligible because of 
the high signal to noise ratio close to the source. The 
relative error e•(•,z) on the backscatter coefficient is 
defined as 

[ Var fi](•, lr, z) ] z) - (B4) 

where Vat(t?) defines the variance related to the backscat- 
ter coefficient. 

In forward inversion procedures, the relative error can 
be expressed as a function of the relative error on the 
reference extinction value measured by the nephelome- 
ter, e•(A, zr), as 

e/3_y(A z) -- [(zø - zr)2 P2(/•'zr)] 1/2 ' O•(z)•(•,•,z•) •,(•,z•). 
The relative error in the backscatter coefficient re- 

lated to the relative error on the normalized backscatter 

phase function is given by Chazette et al. [1995]. 

Appendix C' Determination of the Sea 
Surface Rreflectance from the Lidar 

Signal Surface Echo 

The bidirectional reflectance of the surface p consid- 
ered as Lambertian, is defined by the relation 

•r Li(A) (C1) p(A, 7i) - •ui Ei(A)' 
where L• is the radiance of a Lambertian surface; E• is 
the incident irradiance and •ui = cos(7i), where 7• is 
the angle of incidence and observation. In the case of a 
monostatic lidar, the solid angle of emission is given by 

• - (z• - z0) •' (c2) 
where R is the area of the footprint of the laser beam 
on the ocean surface, za is the altitude of the aircraft,; 
and z0 refers to sea level. The power backscattered by 
the surface is given by 

P,(A, zo) - Li(A) A• exp [_r(A, za,zo)] (C3) 
where A is the collecting area of the telescope; r is 
the one-way attenuation between the aircraft and the 
surface. Combining (C1), (C2), and (C3), we obtain 

it 4 A R 
- -- S•(•) P•(X, •o) p(x, v) • (z• - z0) • 

exp[ -r('•'z•'zø) ] (C4) 
The incident irradiance can be expressed as a function 

of the emitted laser power P0 (attenuated one way as it 
propagates toward the surface) by 

Ei(A) - Pø(A) exp [-r('X'za'zø)] (C5) R tt ' 

We can then write the expression of the power col- 
lected by the telescope under the form 

.4 Po(A) A P•(•, z0) - p(•,v) • (z• - z0) • 

exp [-2 r('x' za' zø) ] (C6) ß 

For a pulsed lidar (whose pulse duration is small com- 
pared to the time of propagation of the beam from the 
aircraft to the surface) having a vertical resolution of 
At, the instantaneous power Pa received on the detec- 
tor is given by 
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c p3 A 
- - -- E0(A) - _ m 

exp [-2 r(l' z•' zø) ] (C7) 
where c is •he ligh• velocky, E0 is •he l•er ou•pu• en- 
ergy, and • is the overall detection efficiency. Using 
(A2), •he power backscantered •o the •elescope is rewrit- 
ten •: 

- _ 

Using (A1) and (A3), we express the equivalent lidar 
reflectance • a function of the backscatter coe•cient 

and the optical power backscattered from an altitude 
z• in the surface layer and by the surface • 

P- • ' 
with •1 for a nadir pointing lidar system. The ratio 
P•(A, zo)/P•(A,z•) can be written • a function of the 
ratio of lidar signal S(A, zo)/S(A, z•). 
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