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ABSTRACT

A micro-pulse lidar system (MPL) was used to measure the vertical and horizontal distribution
of aerosols during the Aerosol Characterization Experiment 2 (ACE-2) in June and July of
1997. The MPL measurements were made at the Izafia observatory (1ZO), a weather station
located on a mountain ridge (28°18'N, 16°30"W, 2367 m asl) near the center of the island of
Tenerife, Canary Islands. The MPL was used to acquire aerosol backscatter, extinction, and
optical depth profiles for normal background periods and periods influenced by Saharan dust
from North Africa. System tests and calibration procedures are discussed, and an analysis of
aerosol optical profiles acquired during ACE-2 is presented. MPL data taken during normal
1ZO conditions (no dust) showed that upslope aerosols appeared during the day and dissipated
at night and that the layers were mostly confined to altitudes a few hundred meters above I1ZO.
MPL data taken during a Saharan dust episode on 17 July showed that peak aerosol extinction
values were an order of magnitude greater than molecular scattering over IZO, and that the
dust layers extended to 5 km asl. The value of the dust backscatter—extinction ratio was deter-
mined to be 0.027 + 0.007 sr~!. Comparisons of the MPL data with data from other co-located
instruments showed good agreement during the dust episode.

1. Introduction The purpose of ACE-2 was to study the radiative
properties and physical characteristics of anthro-
pogenic aerosols from Europe, and dust aerosols
from Africa, as they are transported across the
North Atlantic Ocean. An overview of ACE-2
operations and specific activities can be found in

Raes et al. (2000). One of the ACE-2 activities

The Aerosol Characterization Experiment 2
(ACE-2) ran from 16 June 1997 to 25 July 1997.
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was the “clear sky column closure experiment”
(CLEARCOLUMN), which was aimed at simul-
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taneous measurements of aerosol properties using
a variety of different platforms in order to assess
the aerosol direct radiative forcing (Russell and
Heintzenberg, 2000). The work presented in this
paper was part of the CLEARCOLUMN effort
during ACE-2.

This paper will focus on lidar measurements of
the vertical and horizontal structure of aerosols
surrounding the Izafia observatory (IZO) on
Tenerife, Canary Islands during ACE-2. 1ZO is
located on a mountain ridge (28°18'N, 16°30'W,
2367 m asl) near the center of the island and has
often been used as a site for the study of various
aerosol properties (Prospero et al, 1995; Raes
et al., 1997, Smirnov et al., 1998). However, lidar
measurements at IZO have not been made prior
to this study. Lidar measurements can provide
accurate knowledge of the spatial distribution of
aerosols in the atmosphere surrounding 1ZO
(10-30 km radius).

In addition to the lidar observations, in situ
aerosol scattering, absorption, and mass concen-
tration measurements were made at 1ZO. These
in situ measurements were used to aid in the
calibration of the lidar system (as described in
Section 3), and in comparisons with the lidar
data. Sunphotometer measurements were also
made at IZO in order to supply spectral aero-
sol optical depth (AOD) measurements for
CLEARCOLUMN efforts and for use in a lidar
inversion algorithm (Section 7). The algorithm
uses the sunphotometer AOD along with the lidar
data to produce the columnar backscatter—extinc-
tion ratio, and profiles of the aerosol extinction
coefficient and AOD. The lidar derived aerosol
optical data were used to examine normal 1ZO
site conditions (no dust), as well as conditions
seen during Saharan dust passages. Finally, com-
parisons between the lidar data and data from
other ACE-2 CLEARCOLUMN instruments are
presented. In addition to daily comparisons with
the other IZO instruments, joint measurements of
AOD on the afternoon of 17 July 1997 dust
episode were performed with the lidar, a sunphoto-
meter on board an ACE-2 aircraft, and a radio-
meter installed on the nearby volcano of Tenerife
(Teide). The comparisons demonstrate the success
of the lidar calibration techniques and the lidar
inversion algorithm, and show that lidar analysis
can produce accurate profiles of ambient aerosol
optical properties.

Tellus 52B (2000), 2

637

2. Instrumentation

2.1. Micro-pulse lidar system (MPL)

The lidar used in this study is a micro-pulse
lidar system (MPL) manufactured by Science and
Engineering Services Inc., USA. Basic MPL design
and background is described in Spinhirne (1993)
and Spinhirne et al. (1995). The MPL system is
revolutionary in that it uses rapidly pulsed low
intensity laser light. The MPL system has output
energies at the pJ level, and the beam is expanded
to 20.32 cm in diameter which achieves ANSI eye-
safe standards. A pulse repetition frequency (PRF)
of 2500 Hz allows the system to average many
low energy pulses in a short time to achieve a
good signal-to-noise ratio. In practice, an aver-
aging time of 1 min is used for data collection but
the stored signals can be averaged over longer
periods if necessary during post-analysis. The
MPL system also has a high vertical spatial
resolution (30-75 m). Finally, the MPL system is
small compared to previous lidar systems and is
therefore much more portable than its predeces-
sors. The small size of the MPL system allows the
operator to perform lidar measurements at any
zenith angle by tilting the instrument to the desired
angle. It is therefore possible to perform horizontal
and slant path measurements with the MPL as
well as the normal vertical measurements. Care
must be taken when operating the MPL during
sunny days as direct sunlight entering the MPL
can cause serious damage to the detector. The
MPL must be tilted away from the sun or turned
off and covered in such conditions.

The MPL is pictured schematically in Fig. 1.
The MPL transmitter—receiver (T-R) is located
inside the climate housing and consists of a black
20.32cm diameter Cassegrain telescope with
optics and electronics mounted directly below the
telescope. The laser supply and scalar (data
binning unit) are connected to the T-R, and along
with the control computer, they must be located
inside a separate climate controlled environment.
The laser supply contains a diode pumped
Nd:YLF laser with a fundamental pulse output
wavelength of 1046 nm that is converted to 523 nm
for lidar use after passage through a frequency
doubling crystal. The MPL system used in this
study was operated at the full laser power supply
setting of 1 W. The pulse duration is 10 ns with a
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Fig. 1. Schematic diagram of the micro-pulse lidar
system (not to scale).

PRF of 2500 Hz and output energies ranging from
1 to 6 WJ depending upon system performance.
Signals are received using the same telescope and
are recorded with a Geiger mode avalanche
photodiode.

The signals are stored as photons/s (ph/s). Since
the receiver is a telescope focused at infinity, the
T-R has difficulty accurately imaging near-range
signals onto the detector. This problem is referred
to as overlap error and causes the near-range
signals (0 to approximately 2 km) to rapidly fall
off in intensity the closer they are to the T-R.
Since the majority of aerosols are contained in the
first several kilometers of the atmosphere (or as
at 1Z0O, the first several kilometers in range from
1Z0), the overlap problem must be overcome. The
procedures used in this study to correct for the
MPL overlap are discussed in Section 3. The
signals are binned in the scalar according to their
time-of-flight from transmission to signal reception
and correspond to steps of 75 m in range. Our
MPL system has a pause of approximately 1 us
from activation of the detector to emission of the
laser pulse. Thus, we disregard the first 2 signal
bins and re-zero the range such that the third
signal bin represents the signal return from 75 m.

A control computer is connected to the scalar
and is used to control lidar operation, to visualize
real-time lidar output, and to store the resulting
lidar data. The data are stored in 1 h binary files
with each record containing a header followed by
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the signal in ph/s at the successive 75 m increments
up to a preset range (30 km). The maximum MPL
range having usable data typically varies from
approximately 30 km at night to about 10 km
during reasonably clear daytime conditions. The
lidar signals stored on the control computer con-
tain background noise from sunlight at 523 nm
and another noise signal referred to as afterpulse.
Afterpulse noise is due to the release of photoelec-
trons from the photodiode detector with time and
is largely caused by turning on the detector prior
to triggering the laser pulse. The afterpulse noise
is often several orders of magnitude lower than
signal returns for the first several kilometers of
range, but is significant at longer ranges. Afterpulse
noise must be corrected in post-analysis and the
procedure is discussed in Section 3. Background
sunlight noise is measured by the MPL in real
time by measuring the detector signal after the
maximum altitude signal (30 km) has arrived and
before the next pulse is fired. This background
signal is stored and used to correct the final signal
by subtracting its value from each binned signal
in post-analysis. The header information contains
the time, output pulse energy, instrument temper-
atures, background sunlight energies, and informa-
tion necessary for the operator to determine the
altitude resolution used for each record in the
data file.

2.2. Other 1ZO instruments

In situ aerosol measurements were made at
1ZO. Aerosol mass concentration measurements
were made with a Rupprecht & Patashnick Model
1400a tapered element oscillating microbalance,
absorption was measured with a radiance research
particle/soot absorption photometer, and scat-
tering was measured with 2 instruments: a TSI
model 3563 integrating nephelometer, and a
radiance research model M903 integrating
nephelometer. The scattering and absorption
measurements were used to determine aerosol
extinction at 550 nm (the instrument’s wave-
lengths). The I1ZO in situ measurements were used
for MPL calibrations and in comparisons with
the MPL. A NASA AERONET Cimel sunphoto-
meter (Holben et al., 1998) was also operated at
1ZO for the duration of ACE-2. The Cimel was
used to acquire independent measurements of
AOD (Smirnov et al., 1998) for input to the lidar
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inversion algorithm (Section 7) and to perform
aerosol measurements specific to AERONET and
CLEARCOLUMN  operations. Cimel AOD
values reported in this study are for the lidar
wavelength of 523 nm. The Cimel AOD at 523 nm
was calculated using power law fits to the meas-
ured AOD.

2.3. Airborne and Teide Instruments

One of the aircraft participating in ACE-2 was
the Center for Interdisciplinary Remotely Piloted
Aircraft Studies (CIRPAS) Pelican aircraft. AOD
measurements were made on-board the Pelican
with the NASA Ames Airborne Tracking
14-channel Sunphotometer, AATS-14 (Schmid
et al., this issue). AOD measurements were also
made on the island’s volcano, Teide (28°16'N,
16°36'W, 3570 m asl), during ACE-2 using a
multi-filter rotating shadowband radiometer
(MFR-7, Yankee Environmental Systems, Inc.)
(Formenti et al., 2000). AOD data acquired with
the AATS-14 (525nm) and the MFR-7
shadowband (501 nm) are used in the comparison
for 17 July 1997.

3. The lidar equation and MPL calibrations

3.1. Vertical lidar measurements

The basic lidar equation for returned signals
(for vertically oriented lidar) is given by:

CE
Su(@) = ———— [hr(2) + fa(2)]

(z _ZL)Z
xexp[—z f " (0(2) + 0,(2) dz'] (1)

where S;(z) is the lidar signal at altitude z (m),
C is the system constant (principally a function of
the optics), E is the output energy in pJ, z; is the
lidar altitude (m), f(z) and o(z) are the backscatter
(m~'sr7!) and extinction (m~') coefficients
respectively, the R subscript denotes a Rayleigh
quantity (due to molecular scattering), and the A
subscript denotes an aerosol quantity.

The backscatter coeflicient is related to extinc-

tion by
B(z) = R(z)a(2), (2)

where R(z) is the backscatter—extinction ratio with
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units of sr~!. The aerosol backscatter-extinction
ratio is considered to be constant for each profile
in this study and is referred to as the columnar
backscatter—extinction ratio, R,.

It is useful to rewrite eq. (1) by multiplying by
the range squared, (z — z; )% to remove the range
dependent fall off in the signal returns and to use
Ri and R, to rewrite the equation in terms of
only the backscatter coefficient,

Si(2) = CE[fr(2) + fa(2)]

2 z
X exp [ R f Pr(z)) dz’:|

x exp[— = J Ba(2) dz}, 3)

where S,(z) is referred to as the range-corrected
lidar signal. The lidar equation must be solved for
the unknown aerosol quantities, fi5(z), oa(z), and
R,. The Rayleigh optical functions are constructed
using data from Hansen and Travis (1974). The
values of Ry and R, used above are assumed to
be constant with altitude. While Ry is constant,
R, may actually vary. Algorithms exist for lidar
analysis using altitude dependent R, values (Klett,
1985; Kovalev, 1993) but require additional
assumptions or measurements of the vertical struc-
ture of the aerosol optical properties that were
not possible for this work. The lidar inversion
algorithm in this study uses an independent AOD
measurement to iterate a basic lidar inversion
(Fernald et al., 1984) to produce the f,(z) and
oa(z) profiles, and to calculate the value of R,.
The lidar inversion algorithm used in this study
is discussed in Section 7. Error related to assuming
a constant R, is also addressed in Section 7.

3.2. Horizontal lidar measurements

Horizontal lidar measurements are used to
assess the horizontal homogeneity of the atmo-
sphere at a particular altitude. The backscatter
and extinction coefficients for a horizontal lidar
measurement during conditions of horizontal
homogeneity are constant by definition. Under
this condition, a horizontal lidar signal is

Su(x) = CE[Br(zr) + Balz1)]
x exp[—2(or(zL) + oa(z0))X], (4)

where Sy(x) is the horizontal lidar signal, x is the
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horizontal range in meters, and the values of f;(zy)
and o;(z;) are constants with respect to x.
Furthermore, taking the natural logarithm of both
sides of eq. (4) gives

In[Sy(x)] = —2[or(z1) + 0a(z1)]x
+In[CE(Br(zL) + BalzL))]- (5)

Thus, the slope of In[Sy(x)] versus the range x
yields —20,,.,; and the y-intercept is In[CE Sy a1 ]
during conditions of horizontal homogeneity. If
the atmosphere is not horizontally homogeneous
at the lidar altitude, then a horizontal lidar plot
of In[S,(x)] versus the range x will not produce a
straight line.

3.3. MPL calibration procedure

Eq.(3) is an ideal lidar signal. Actual lidar
signals are effected by both afterpulse and overlap
problems as mentioned in Section 2. Thus, an
actual MPL range-corrected signal is given by

S:(2) = {CO(Z)E [Ar(2) + Bal(2)]

2 z
X exp |: X J Pr(z’) dz’:|
x exp|: f Balz’ :|} A(z), (6)

where O(z) and A(z) represent the overlap and
afterpulse functions.

Calibration of the MPL system involves cor-
recting for the afterpulse and overlap functions
and the determination of C. The calibration pro-
cedures applied to the MPL during ACE-2 differ
from the normal MPL calibration techniques
(Welton, 1998). The laser frequency doubling crys-
tal in the MPL system burned midway through
ACE-2. The cause of the burned crystal was
attributed to a poor ground connection between
the laser temperature controller on the laser supply
and the laser itself, located inside the T-R. Data
continued to be taken with the MPL system
because the problem was not noticed until the end
of the experiment.

The data acquired after the crystal burn had
noticeable effects caused by signal loss and diffrac-
tion from the burn pattern. Signal loss resulted
from light scattered off axis, by the hole, that was
lost before reaching the T-R. Diffraction effects
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were believed to be the cause of distortions in the
outgoing laser pulses. These diffraction effects
caused distortion of the MPL overlap character-
istics and altered the afterpulse signal. These prob-
lems became worse as the experiment continued.
Thus it was not possible to use the pre-experiment
calibrations or post-calibrations to correct the
entire data set taken during the experiment.
Therefore, a new lidar calibration procedure was
developed to handle the MPL data during ACE-2.
The procedure is based on normalization of the
MPL signals to those signals from a molecular
(Rayleigh) only atmosphere and is described
below.

Due to its unique location, IZO is in the free
troposphere at night (Raes et al., 1997). The MPL
performed vertical profile measurements during
normal ACE-2 night-time lidar operations. Several
nights were very clean and the lidar returns were
assumed to represent pure Rayleigh scattering
with the exception of the afterpulse and overlap
effects. This assumption was based on normal
night-time conditions and inspection of both aero-
sol mass concentration and scattering and absorp-
tion coefficient measurements made at the
observatory during the night. The scattering and
absorption coefficients were added together to
yield a value for the aerosol extinction coefficient
(m™1). The early mornings (00:00 GMT to 03:00
GMT) of 29 June and 15 July 1997 were chosen
for calibration periods based on the low aerosol
concentrations and extinction coefficients that
were observed. Aerosol concentrations during the
calibration periods were lower than the measure-
ment uncertainty of ~5pg/m® and extinction
coefficients (+5.5E-7 m~!) were nearly an order
of magnitude lower than the Rayleigh coefficient
at IZO. The aerosol values are low but not zero.
Therefore, some error exists in assuming a
Rayleigh-only lidar signal for this calibration.
Signal errors are discussed at the end of this
section.

At 00:00, 01:00, 02:00, and 03:00 GMT, a
15-min average Rayleigh lidar signal, Si(z), was
calculated using eq. (3) with f(z) =0, E obtained
from the actual time corresponding measured lidar
signal, and with C set equal to 100,

2
J Br(z) d :|
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The actual measured lidar signals are expressed
using the following equation,

Sy(z) = CEO(2)Br(2)
X exp |: — Ri JZ Pr(z’) dz’:| + A(2), (8)

where f,(z) is still assumed to be zero. Eq. (8) can
be rewritten in terms of the Rayleigh-only signal
as

5.(2) = 0(2)Sr(2) + A(2). )

The term Sg(z) is calculated and the term S (z) is
measured with the MPL system, thus the only
unknowns in eq. (9) are O(z) and A(z). A linear
regression was performed using eq. (9), the calcu-
lated Rayleigh signal, and the measured lidar
signal for each altitude bin in each period (4 each
night) from the chosen nights. The y intercepts
where used to construct the afterpulse function
and the slope was used to determine the overlap
function. The resulting overlap and afterpulse
functions are shown in Figs. 2a,b.

The overlap function for 29 June approaches
an asymptote of almost 10, instead of the usual
value of 1, as the range increases beyond 2 km.
This is due to setting C equal to 100 for the
calibration procedure. The actual value of C for
the 29 June period was most likely much higher
than 100. This is also the reason for the negative
afterpulse values calculated for 29 June. The over-
lap and afterpulse functions for 29 June do not
represent the physical overlap and afterpulse
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values for this period due to the arbitrary choice
of C. However, the overlap and afterpulse func-
tions still produce the correct lidar calibration.
Also, the MPL crystal problems increased in
magnitude as the experiment progressed, and the
value of C decreased significantly. The value of C
was very close to 100 by 15 July, as evidenced by
the overlap asymptotic limit of approximately 1
for this day. Also, the afterpulse values for 15 July
are similar to those obtained using the MPL with
no crystal problem (Welton, 1998).

The average error for the measured lidar signals
(at all ranges) was less than 5% during the calib-
ration periods. Consequently, the afterpulse func-
tions had an average error of ~3% or less, while
the overlap functions remained unaffected by the
measurement error. The overlap and afterpulse
functions were used to correct MPL signals only
during the days immediately after the calibration
night. As an example of applying the calibration
functions to the MPL data, Fig.3 shows the
original lidar signal measured at 00:00 GMT on
30 June, the calculated Rayleigh signal, and the
corresponding overlap and afterpulse corrected
signal. The signal now resembles a free tropo-
sphere Rayleigh-only lidar signal and demon-
strates the success of the calibration procedure,
despite the small amount of measurement error.

4. Analysis of ACE-2 MPL data

The MPL was operated on a daily schedule
that involved vertical, horizontal, and slant path

Afterpulse Function, A(z)

Range (km)

Fig. 2. (a) Overlap functions, O(z), calculated on 29 June (solid line) and 15 July (dotted line) 1997. (b) Afterpulse
functions, A(z), calculated on 29 June (solid line) and 15 July (dotted line) 1997.
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Fig. 3. The measured MPL signal, a calculated Rayleigh
lidar signal, and the final calibrated MPL signal are
shown for 00:00 GMT on 30 June 1997.

(T-R tilted to 60° zenith angle) measurements at
specific times of the day. Vertical measurements
were typically performed from 00:00 GMT to
10:30 GMT and again from 16:30 GMT to 23:59
GMT each day. Horizontal measurements were
usually performed from 10:30 GMT to 11:00
GMT and from 16:00 GMT to 16:30 GMT, and
slant path measurements were made each day
from 11:00 GMT to 16:00 GMT. Slant path
rather than vertical orientation was necessary
during mid-day to prevent direct sunlight from
entering the T-R and damaging the MPL detector
and optics. The schedule was occasionally altered
to accommodate Pelican over-flights and special
ACE-2 directed activities. For this study, only
vertical and selected horizontal measurements are
discussed.

MPL installation and testing was performed
during the first weeks and normal operation began
on 28 June. The instrument problems with the
MPL system became substantial after 20 July 1997
and the subsequent data resulting from the correc-
tion procedure were not considered reliable. Thus,
only MPL data from 28 June to 20 July were
analyzed for this study. The MPL signals were
calibrated using the procedure discussed in
Section 3. The signals were then divided by the
lidar constant C (set equal to 100) and the corre-
sponding output energy E. The resulting profile is
referred to as an attenuated backscatter signal
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(ABS, units of m ™! sr™!) because it is a profile of
the total backscatter coefficient attenuated by the
exponential transmission function. The ABS pro-
files for all the vertical measurements made from
28 June to 20 July showed that no aerosols were
detected by the MPL above an altitude of approxi-
mately 6 km during ACE-2.

Most days during ACE-2 produced similar ABS
profiles and were identified as the normal site
condition influenced by upslope aerosols. The
periods, 7 to 9 July, and 16 to 18 July, showed
much higher ABS values relative to the normal
site profiles and correspond to the first and second
Saharan dust passages observed during ACE-2.
This study will focus on the normal upslope
aerosol conditions at IZO during 29 June to
1 July, and the Saharan dust episode from 16
to 18 July.

4.1. Analysis of upslope aerosols

During the day, local heating near 1ZO (along
the mountain ridge) creates an upslope flow. This
local wind carries aerosols from the marine bound-
ary layer (MBL) below IZO, to the level of the
observatory and beyond. The upslope aerosols
appear in the early morning as the sun rises and
subside by the late afternoon as the sun sets and
the air temperature stabilizes. The presence of
upslope aerosols during the daytime is character-
istic of normal conditions at the 1ZO site (Raes
et al.,, 1997), therefore, it is necessary to understand
the upslope aerosol’s spatial distribution and
optical profile before analysis of the Saharan dust
layers can be attempted.

Time series ABS profiles are shown for 29 June
to 1 July in Fig. 4. The uncertainty in the ABS
values (at all ranges) was less than 5% due to
measurement error. Also, individual ABS profiles
from early morning to late evening on 29 June
are shown in Figs. 5a,b. These profiles were chosen
to demonstrate the daily cycle of the upslope
layers at IZO. The ABS profile at 06:15 GMT,
approximately 45 min before sunrise (~07:00
GMT) is representative of a Rayleigh-only profile,
no aerosol layers are present. However, the profile
at 07:15 GMT shows a weak aerosol layer
extending to under 6 km in altitude. The profiles
at 10:15 GMT and 17:15 GMT also show aerosol
layers extending to under 6 km in altitude but
with much higher ABS values just over IZO. These
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Fig. 4. 3-day attenuated backscatter signal (ABS) (m sr)~! time series from 29 June through 1 July 1997. ABS values
have less than 5% error and each ABS profile is a 15-min average (GMT). The black gaps represent periods when
the MPL was not oriented in the vertical mode.
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Fig. 5. (a) Attenuated backscatter signals (m sr) ! in the morning of 29 June 1997. (b) Attenuated backscatter signals
(m sr)~ ! in the afternoon on 29 June 1997. The values have less than 5% error and each profile is a 15-min average,
starting 15 min prior to the time shown.

mid-day ABS profiles are significantly less than 07:15 GMT profile, and lower than during mid-
the earlier ABS profiles at higher altitudes due to  day. Finally, the ABS profile at 22:15 GMT shows
the signal attenuation by the upslope layer. The no indication of aerosol layers, and instead
ABS profile at 19:15 GMT shows the aerosol resembles the Rayleigh-only ABS profile at 06:15
layer subsiding, with ABS values similar to the ~GMT. The ABS profiles in Figs. 5a,b clearly show
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the presence of the upslope aerosols and this
pattern is typical for normal upslope conditions
at IZO during ACE-2.

4.1.1. Upslope aerosol optical profiles and back-
scatter—extinction ratios. The AOD measured with
the IZO Cimel was used to calculate the R,, and
profiles of the aerosol extinction coefficient (AEC)
and AOD for the upslope aerosol layers on 29 June
1997 using the inversion algorithm discussed in
Section 7. The profiles analyzed for 29 June are
representative of normal upslope aerosol condi-
tions during ACE-2 and were chosen to coincide
with Cimel measurements of the AOD. The Cimel
AOD was ~0.01 AOD units, and agrees well with
the AOD measured by the Teide shadowband.
The AOD of the upslope layer is very small and
is equal to the measurement uncertainty of both
instruments (+0.01 AOD units). The low AOD
values measured by the instruments demonstrate
the absence of Saharan dust during this period.

The AEC and AOD profiles each correspond
to a calculated columnar R, value from the lidar
inversion. The R, values for the upslope aerosol
profiles averaged 0.026 sr!. Error in the BER
from the lidar measurement uncertainty was 3%.
However, BER errors resulting from uncertainty
of the measured Cimel AOD were near 50% due
to the extremely low AOD of the upslope layer.
Therefore, the uncertainty in the BER for the
upslope aerosol layer is +0.013sr . Low R,
values (~0.020sr™') during the early morning
and late afternoon, and higher R, values
(~0.035sr ') during mid-day were characteristic
of upslope aerosol conditions at IZO during
ACE-2.

The large amount of uncertainty in the BER
(due to low aerosol concentrations) makes deter-
mination of the AEC extremely difficult. Variation
in the AEC and AOD values of the profiles
averaged ~2% or less from measurement uncer-
tainty of the lidar. However, the total error in the
AEC and AOD is very large due to the low
concentrations and further analysis of the upslope
aerosol optical profiles is not feasible.

4.1.2. Upslope horizontal lidar signal results.
Horizontal lidar measurements (approximately
due East) during upslope conditions were per-
formed. The natural logarithm of the horizontal
ABS at 10:45 GMT on 29 June is shown in Fig. 6
along with a calculated Rayleigh horizontal plot.
The presence of the upslope aerosols along the
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Fig. 6. Horizontal lidar profile of the natural logarithm
of the attenuated backscatter signal (ABS) (m sr)~ . ABS
values have less than 5% error. A 15-min average hori-
zontal profile at 10:45 GMT on 29 June is shown along
with a calculated Rayleigh horizontal profile for the
1Z0 altitude.

side of the mountain is shown by the elevated and
non-linear ABS values out to approximately
1.5km from the side of the mountain. The plot
becomes linear after 1.5 km, thus, the atmosphere
does appear to be horizontally homogeneous from
1.5 km out to 6 km (the maximum daytime range
of the MPL during most of ACE-2). However,
near the side of the mountain, and near 1ZO, the
presence of upslope aerosols results in horizontal
inhomogeneity.

4.2. Analysis of Saharan dust episode

Three Saharan dust episodes occurred during
ACE-2. Each episode was characterized by the
presence of dust layers at and above the 1ZO site.
The first dust episode started at mid-day on 7 July
and continued until the afternoon of 9 July. The
second dust episode started late in the evening on
16 July and continued until the morning of 18 July.
The last dust episode started on the morning of
25 July and continued into 26 July, past the end
of ACE-2.

During much of the first dust episode, the MPL
was orientated in the slant path position. During
this episode, inspection of the dust layer lidar
returns and IZO aerosol concentration and neph-
elometer data showed that very little of the dust
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was at the IZO altitude. The decision was made
to orient the MPL on a slant path in order to
attempt to measure dust below the lowest vertical
measurement range (75 m) of the MPL. As a
result, there is little vertical MPL data during the
first dust episode. The last dust episode occurred
after the period when the MPL data could be
accurately corrected. The results presented below
for Saharan dust layers are derived from analysis
performed on data acquired during the second
dust episode, from 16 to 18 July.

It is important to note that sulfates and other
aerosol species have often been correlated with
dust episodes at IZO and elsewhere over the
North Atlantic Ocean (Welton et al., unpublished
data; Maring, personal communication). There-
fore, the results presented in this section for dust
conditions at IZO are likely to include some
effects from aerosols other than dust, and may in
fact underestimate the effects of the dust aerosols
alone.

A time series of ABS profiles from 16 through
18 July is shown in Fig. 7. The uncertainty in the
ABS values (at all ranges) averaged ~5% due to

Altitude (km)

4] 26

15 Minute Averages (GMT)

645

measurement error. The temporal extent of the
dust layer is clearly evident. The dust layer
appeared at approximately 22:00 GMT on 16 July
at an altitude of approximately 3.5 km. The layer
dropped in altitude by the morning of 17 July
with the majority of the dust at altitudes from
about 2.5km to about 4 km until the late after-
noon. The layer thickness narrowed in altitude
considerably after 18:00 GMT on 17 July. Most
of the dust remained at altitudes from about
2.75 km to 3.5 km for the duration of the episode,
which ended the morning of 18 July.

4.2.1. Dust aerosol optical depth profiles and
backscatter—extinction ratios. The AOD measured
with the IZO Cimel was used to calculate R,, and
the AEC and AOD profiles for the dust layers on
17 July 1997 using the lidar inversion algorithm
discussed in Section 7. The lidar AEC profiles
calculated throughout the day (08:15, 10:15,
17:15, and 18:45 GMT) on 17 July are shown in
Fig. 8 along with the Rayleigh extinction coeffi-
cient profile for comparison. The average AEC
uncertainty (for values at all ranges) was ~7%.
The profiles at 10:15 and 17:15 GMT had slightly

132

July 16 to July 18, 1997

0, Oe+00

1.5e-06
Attenuated Backscatter

3.0e-06 4.5=-06 6.0e-06
1/im =sr)

Fig. 7. 3-day attenuated backscatter signal (ABS) (msr)~! time series from 16 through 18 July 1997. ABS values
have an average error of 5% and each ABS profile is a 15-min average (GMT). The black gaps represent periods

when the MPL was not oriented in the vertical mode.
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0815 GMT
....... w1015 GMT
----- 1715 GMT
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—o0— Rayleigh

Altitude (km)

5.0E-05 L.OE-04 1.5E-04 2.0E-04
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Fig. 8. Lidar aerosol extinction coefficient (m~!) profiles
(~7% error) at 08:15, 10:15, 17:15, and 18:45 GMT on
17 July 1997. The columnar AOD (+0.01) for each
profile is 0.161, 0.205, 0.226, and 0.217 respectively.
The calculated columnar backscatter—extinction ratios
(sr™') for each profile are 0.026 + 0.007, 0.048 + 0.012,
0.073 +£0.018, and 0.027 +0.007 respectively. The
Rayleigh extinction coefficient profile is shown for
comparison.

larger errors due to a drop in the signal-to-noise
ratio during mid-day. This was caused by the
combination of increased background sunlight
during the day and high signal attenuation by the
dust layer. The results from the 08:15 and 18:45
GMT profiles were not as affected by this problem
and the results from these periods are more
reliable.

The lidar R, values calculated for the 08:15,
10:15, 17:15, and 18:45 GMT profiles were 0.026,
0.048, 0.073, and 0.027 st~ !, respectively. The error
in the BER was 25% for these profiles, much
lower than the upslope aerosol case. This error
was caused primarily by the lidar measurement
uncertainty and not the Cimel AOD uncertainty
(£0.01), opposite to the upslope aerosol case. In
general, the R, increased during mid-day (average
~0.06 sr ') compared to R, values for morning
and late afternoon (average ~0.027sr7!).
However, the mid-day R, values may be inaccur-
ate due to the noise problem discussed above.
Therefore, the BER for the dust layer is
0.027 £ 0.007 st~ ! (obtained from the morning and
late afternoon profiles only).

Fig. 9 shows the 17 July lidar AEC profiles at
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1015 GMT

1845 GMT
L] 1Z0 (Daytime)
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Altitude (km)
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Fig. 9. Lidar aerosol extinction coefficient (m ~!) profiles
(~7% error) at 10:15 and 18:45 GMT on 17 July 1997.
The columnar AOD (+0.01) for each profile is 0.205 and
0.217 respectively. The calculated columnar backscatter—
extinction ratios (sr ') for each profile are 0.048 4+ 0.012
and 0.027 +0.007 respectively. The average aerosol
extinction coefficients obtained at 1ZO (+5.5E-7) from
07:00 to 18:00 GMT (daytime) and after 18:00 GMT
are also shown.

10:15 and 18:45 GMT along with the Rayleigh
extinction coefficient profile for comparison. Fig. 9
also shows the average AEC measured at 1ZO
(uncertainty +5.5¢e-7 m 1) for both mid-day (day-
time) and after 18:00 GMT. The lidar AEC values
at 2.442 km agree well with the IZO AEC values.
The peak lidar AEC values were between 1.5¢-4
and 2e-4m~! and were located just above 3 km
in altitude. Significant AEC values (greater than
the Rayleigh extinction coefficient) were present
from the IZO altitude to just under 5 km.

Fig. 10 shows the lidar AOD profile at 18:45
GMT. The uncertainty in lidar AOD values aver-
aged 6% for all ranges (average +0.013 AOD
units). Fig. 10 also shows the AATS-14 AOD
profile from 18:30 to 18:45 GMT, and the AOD
measured by the Teide shadowband and the IZO
Cimel for this time period. The uncertainty in
AOD for these other instruments was +0.01 AOD
units or less. The AATS-14 AOD values immedi-
ately above the IZO altitude (within 100 m over
the observatory), average 0.218 +0.05 AOD units.
This portion of the Pelican flight corresponds to
horizontal flight tracks across the mountain ridge,
approximately 50 m over IZO. The spread in
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— 1845GMT
waenn AATS-14
L] 1Z0 AOD
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Altitude (km)
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Aerosol Optical Depth (AOD)

Fig. 10. Lidar aerosol optical depth (AOD) profile (aver-
age error +0.013) at 18:45 GMT on 17 July 1997 (solid
line). The calculated columnar backscatter—extinction
ratio (sr™ 1) is 0.027 + 0.007. The AOD profile measured
with AATS-14 from 18:30 to 18:45 GMT, and the AOD
measured by the IZO Cimel and the Teide shadowband,
are also shown. Errors in the AOD from the other instru-
ments are +0.01 or less.

AOD (£0.05) for these tracks is evidence of slight
changes in the horizontal homogeneity of the dust
layer overhead. The AOD values from all instru-
ments agree within instrumental uncertainties for
most of the profile and they agree better than the
+0.05 AOD spread from horizontal inhomogen-
eity for the entire profile. The excellent agreement
between the lidar data and the data from the other
instruments for this time shows that the MPL
calibrations and inversion algorithm worked suc-
cessfully and that the R, calculated for this dust
episode was accurate.

4.2.2. Dust horizontal lidar signal results.
Horizontal profiles (lidar aimed approximately
due East) of the natural logarithm of the ABS on
17 July at 11:15 and 18:50 GMT are shown in
Fig. 11, along with a calculated Rayleigh profile
for comparison. Both measured lidar profiles are
non-linear within 2km of 1ZO, indicating that
horizontal homogeneity did not exist near the
mountain ridge. The 11:15 GMT plot appears to
be fairly linear (but noisy) from 1.5 to 4 km, and
the 18:50 GMT plot is linear from 2.5 to 4 km.
Therefore, the atmosphere does appear to be
horizontally homogeneous from approximately
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Fig. 11. Horizontal lidar profiles of the natural logar-
ithm of the attenuated backscatter signal (m sr)~'. ABS
values have an average of 5% error. A 15-min average
horizontal profile at 11:15 GMT and a 5-min average
horizontal profile at 18:50 GMT on 17 July are shown
along with a calculated Rayleigh horizontal profile for
the 1ZO altitude.

2km to 4km (the maximum horizontal range
with dust present) away from the mountain ridge
during this dust episode.

The sharply increasing ABS within the first
kilometer of range for the 11:15 GMT plot shows
that a large amount of aerosol was present within
1 km from the ridge relative to the situation at
18:50 GMT. The increase in aerosol within 1 km
of the ridge during daytime (11:15 GMT) corre-
sponds to the upslope period. The 18:50 GMT
profile shows that less aerosol was located close
to the mountain side (within 1km), and corre-
sponds to the period after the upslope has subsided
(~18:00 GMT). The upslope wind motion
appears to have changed the dust layer near the
mountain and indicates the importance of con-
sidering upslope effects on the horizontal homo-
geneity of the region around 1ZO.

5. Conclusions

The operation of the MPL system during ACE-2
has shown that this new lidar technology can be
used successfully in the field. ACE-2 closure com-
parisons between the MPL system and other
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independently operated instruments have shown
that the MPL calibration procedures and inver-
sion algorithm succeed in producing accurate
optical profiles throughout the entire range of the
profile. This is significant because it shows that
the overlap and afterpulse problems can be over-
come, even when the MPL has suffered an instru-
ment problem.

The results of lidar analysis during ACE-2 have
shown several interesting characteristics of the
upslope aerosols and the Saharan dust episode
during the middle of the experiment. The upslope
aerosols were seen to form a layer several hundred
meters above and to the sides of IZO during the
day, and to subside by nightfall. The dust layer
on 17 July was seen to reside mostly above and
to the sides of IZO, possibly held off by the motion
of upslope winds despite findings that show
upslope winds to be weaker during dust episodes
(Raes et al., 1997). The possible perturbation of
the dust layer by the upslope effect is significant
in view of the fact that the IZO site is used during
summer months to study Saharan dust layers.
Peak AEC values obtained during the dust episode
were an order of magnitude higher than Rayleigh
values. The dust layer altitude ranges observed
during ACE-2 (from just over 2 km to under 5 km)
correspond well with other investigations of the
vertical structure of the Saharan air layer (SAL)
over the North Atlantic Ocean (Carlson and
Prospero, 1972; Karyampudi and Carlson, 1988).
Another important result was the determination
of an accurate R, value (0.027 +0.007 sr~1) for
the dust episode on 17 July.

Results from an MPL located in Las Galletas
(Tenerife) during ACE-2 are reported in Powell
et al. (this issue). Las Galletas is at sea level and
on the southern tip of the island. They report an
AOD of 0.250 + 0.050 for the dust layer. The AOD
measured by all instruments discussed in this
study agree with the Las Galletas value within the
uncertainty due to horizontal homogeneity
(£0.05, as estimated from the Pelican horizontal
track over 1ZO on 17 July). Furthermore, Powell
et al. report the peak dust AEC to be ~1.7e-4 m™?
at an altitude of approximately 3 km. This
agrees well with our reported peak AEC values
of 1.5¢-4 to 2e-4m~! at an altitude just over
3 km. Finally, Powell et al. determine a value of
0.029 +0.004 sr~! for the dust R, value. This
agrees within experimental uncertainty to our R,
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value of 0.027 4 0.007 st~ 1. Knowledge of an
accurate R, during dust episodes will aid in the
analysis of future lidar measurements in regions
influenced by dust aerosols.
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7. Appendix A

The lidar inversion algorithm

The lidar inversion algorithm used for this study
is presented in this section. Also, errors inherent
to the algorithm are discussed. The primary error
is due to the assumption of a constant backscatter—
extinction value, R4.

7.1. Solution to the lidar equation

The 4 (z) solution to lidar data taken according
to eq.(3) is referred to as the backward Fernald
2-component solution (Fernald et al., 1972). The
solution uses the value of the backscattering
coefficient at some maximum altitude, z,, as a
boundary value and then successive values of f§5(z)
are calculated as the altitude is decreased toward
the lidar altitude, z;. The solution can be written
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as (Fernald, 1984):

Balx—1)=
S(x—1)¥(x—1,x)
Sq(x) 1
m + R7A [S:(x)+ S;(x—1)¥(x—1,x)]Az
—Prx—1), (A1)
where

Y(x—1,x)=exp |:<RL — Ri>

X (Prlx— 1)+ ﬁR(x))AZ:|> (A2)

and x is the altitude bin one step above x —1,
and Az is the lidar range interval (75 m). In order
to obtain the extinction coefficient profile, each
value of the backscattering coefficient need only
be divided by R,.

The basic lidar algorithm that uses eq. (A.1) to
solve for the aerosol profiles must assume that R,
and the backscattering coefficient at some max-
imum altitude, f,(z,,), are known. R, is not
usually known, but the latter constraint is usually
valid as aerosols are normally confined to the
marine boundary layer (MBL), or at least at low
altitudes above the lidar (such as over 1ZO),
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|
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therefore, z,, can be chosen at an altitude where
Palzm)=0. An algorithm was developed for this
study that uses an independently measured AOD,
Ta, to constrain R, and produce a g, profile that
integrates to the measured AOD.

7.2. Lidar inversion algorithm

This algorithm is based on procedures described
in Fernald et al. (1972) and Marenco et al. (1997).
The algorithm produces extinction coefficient and
AOD profiles, and also calculates R,. The algo-
rithm is described below and presented schematic-
ally in Fig. 12.

The first step in the algorithm requires deter-
mination of fj, at some maximum altitude, z,,
and is done by inspection of the calibrated signals.
Inspection of the signals obtained during ACE-2
showed that no aerosol appeared to be present
(s ~0) above a maximum altitude, and z,, was
chosen to lie just above this altitude, with f, set
equal to 0.

The second step in the algorithm is the calcula-
tion of 4 one altitude step, 75 m, below z,,. This
is done by solving eq. (A.1) with fs(x =z,)=0,
and the Rayleigh profile quantities; fig(z), og(2),
and Ry, from Hansen and Travis (1974). For the
first step in the algorithm, R, is set equal to 1

END
A

* Final B, profile
* Final R, determined

« Final o, profile
e 0u=BARY!

« Final 1, profile
« Integrate ¢, profile
fromx, to x_

% Diff. in R, > 0.5

AN

% Dff. in R, < 0.5

|

Compare Old R,
with new R,

Fig. 12. Schematic representation of the lidar inversion algorithm.
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and f,(x—1) is calculated. This process is
repeated downward through the atmosphere, with
Ry=1 and fi5(x + 1) obtained from the previous
step, until the value of f, is calculated at the
lowest altitude bin (75 m above the MPL system
altitude).

The next step in the algorithm is to improve
the estimate of R, (determination of R e ). Ra new
is determined using the backscattering coefficient
profile calculated in the previous step (with Ry =
1) and the following equation,

i Ba(z) dz

RAnew - s
Ta

(A3)

with 7, from the independent AOD measurement.
The backscattering coefficient profile is now recal-
culated, using fa(x=1z,)=0, but with R, =
R4 hew- This process is continued until successive
values of R, and Ry, differ negligibly (the
difference between R, and Ry, is less than
0.5%). The final backscattering coefficient profile
and R, are then used to calculate the extinction
coeflicient profile, g, (z). The extinction coefficient
profile is then numerically integrated from z; to
zm, and then subtracted from 7, at each altitude
step, to produce an AOD profile, t4(z). Thus the
final data products from the algorithm are the
extinction coefficient and AOD profiles and R,.

7.3. Errors in the results from the lidar inversion
algorithm

This algorithm was tested with artificial lidar
data to study the effects of errors caused by the
algorithm and the assumption of a constant Ry
(Welton, 1998). Both a single and a 2 aerosol
species atmosphere were tested. The results show
that in a single aerosol species atmosphere (with
constant R,) the algorithm accurately calculates
the fa(z) profile and the correct R, (and thus
accurate g,(z) and AOD profiles) even if the
concentration of the aerosols varies vertically and
the aerosols are separated into different layers.
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For cases with 2 aerosol species (different R,
values and backscattering coefficient profiles), the
results show that the algorithm was found to
calculate an R, value that was an accurate average
of the 2 different R, values when the species were
in one continuous layer (but not mixed together)
or separated into 2 distinct layers. For real situ-
ations, different aerosol species are often mixed
together and it is expected that the final R,
calculated will be dependent more on the relative
amounts of each aerosol and will not produce a
direct average of the different individual R, values.
However, the algorithm will produce an accurate
columnar value of the R, in real situations. This
is an important result since other ground-based
instruments that measure R, related quantities,
such as the aerosol phase function, also measure
the entire atmospheric column.

Errors were present in the resulting f,(z) pro-
files when the constant R, inversion algorithm
was applied to an inhomogeneous R, atmosphere.
The initial §,(z) profile values near z,, are correct
but successive values of ff, deviate from the correct
value. This fact and the calculation of an average
R, influences the calculation of the a,(z) profile.
The algorithm will force the final o,(z) profile to
integrate to the correct 7, value. The value, 5, /R4,
will be iterated continually, until the correct 7,
value is reached. If the R, value used is incorrect,
then the resulting i, profile will have errors.

These types of R, related errors have been
studied by other researchers in depth (Klett, 1985;
Sasano et al., 1985; Kovalev, 1993; Kovalev and
Moosmuller, 1994). In order to attempt to over-
come errors associated with the choice of a con-
stant R,, these researchers have constructed
algorithms using range dependent R, values.
However, for these algorithms an R, profile, from
modeled or independent data, must be used. The
choice was made to use a constant R, algorithm
for this study since neither data, nor models of
R,, were available during the lidar campaigns.
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