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Abstract. A 15-channel airborne sun-tracking photometer measuring vertical profiles of aerosols on the satellite track;
has been developed. The instrument provides aerosol opthowever, elastic backscatter lidars have limitations since the
cal depths over a wide spectral range (0.34—-2.25 um) with atidar equation cannot be solved without an additional con-
accuracy AAOD) of approximately 0.01. Taking measure- straint such as independent optical depth measurement.
ments at different altitudes allow us to derive the aerosol ex- An airborne sun-tracking photometer named PLASMA
tinction vertical profile. Thanks to the wide spectral range of (for Photonetre Léger Aeroporé pour la Surveillance des
the instrument, information on the aerosol size distributionMasses d’Air) has been developed. Aerosol optical depths
along the vertical is also available. (AOD) at several wavelengths are derived from measure-
ments of the extinction of solar radiation by molecular and
aerosol scattering and absorption processes. Aerosol size dis-
tribution information can be retrieved from the AOD spectral
1 Introduction dependence when the spectral range is large endigig (

et al, 1978. Naturally, flying at different altitudes provides
Atmospheric aerosols play a role in the earth radiative budtne information along the vertical.
get (see, for exampleiansen et al.1997 Ramanathan Deriving photometric AODs is quite obvious as long as
et al, 2001 or Kaufman et al. 2009. Due to their inter-  ne instrument is well calibrated. There is no analog to the re-
action with solar and thermal radiation, aerosols first coolstrictive satellite constraint of signal contamination by highly
the atmosphere—surface system (aerosol direct effect) angbfiective pixels and there is comparatively little dependence
by absorbing sunlight in the atmosphere, they further coolpn particle properties of the aerosols. Indeed sun photometric
the surface but warm the atmosphere. They also modify theneasurements such as those made by AERONHENbEN
temperature and humidity profiles which creates a more stagt g, 1999 are the principal means of validating satellite-
ble temperature profile that results in less cumulus cloudhyzsed AOD retrievaldRemer et al.2005 Kahn et al, 201Q
cover (semi-direct effectHansen et al 1997 Korenetal,  Tang et al, 2011). With an airborne version like PLASMA,
2004. Aerosols also impact the cloud properties by act-\e can easily sample different locations within a few min-
ing as cloud condensation nuclei and ice nuclei (indirectytes. |t can also be used to validate extinction vertical pro-
effects). To investigate aerosol-cloud interactions, it is im-fjles obtained from ground-based or space-borne lidars such
portant to determine the 3-D distribution of aerosol proper-z5 CALIOP on CALIPSO\Vinker et al, 2010.
ties. There are several satellite sensors (imagers or scanners)similar airborne sun photometers from last decades were
that provide a 2-D distribution but the aerosol vertical repar-syccessfully developedviatsumoto et a). 1987 Schmid

tition is not sampled. Satellite missions that include lidarset 51, 2003 Asseng et a).2004. Compared to AATS-14
such as CALIPSOWinker et al, 2010 are useful tools for
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Fig. 1. PLASMA scheme.

Fig. 2. PLASMA filter’s transmission.

(Ames Airborne Tracking Sun photometer) and FUBISS-

ASA2 (Free University Berlin Integrated Spectrographic and 1.2's for the middle-infrared channels. For common air-
System — Aureole and Sun Adapter), the spectral range igraft speeds- 200 km b1, a complete filter sequence corre-
similar. The main advantage of PLASMA is its small size sponds to a distance of 100 m and 66 m.

and lightness. The weight of the optical head (mobile part) The voltage of both detectors is digitized by means of
is 3.5kg and the weight of the electronic modules is arounda delta-sigma ADC. The instrument is operated with a PC
4kg. The optical head has been designed to be easily set upat records digital count for the visible and middle-infrared
on any mobile platform like a small aircraft or an automobile. channels, latitude, longitude and altitude, speed and other
It can be used for sampling, in a few minutes, aerosol plumeglight parameters given by the GPS unit.

that are not horizontally uniform or for precisely retrieving  The 1.5 full angle field of view of PLASMA is compa-
aerosol vertical profile. rable to the 1.2 of the CIMEL instrument. This relatively

In this paper we first present the technical characterissmall FOV ensures that the instrument is less sensitive to
tics, the calibration procedure and a discussion on the recenitmospheric scattering into the FOV than instruments with
evolutions of the instrument. Preliminary results of ground- proader FOV. The effect of atmospheric forward scattering
based, airborne and automobile measurements are discussgf direct solar irradiance measurements increases with par-
and a comparison with lidar profiles is finally provided. ticle size, aerosol optical depth and instrument FOV: it has
been shown that the impact is negligible (less than 1% of
AOD) for FOV smaller than 2 (Russell et a].2004. A more
recent study$inyuk et al, 2012 confirms that in most cases
for a CIMEL-like instrument, this effect can be neglected ex-
cepted for heavy dust loadings where the relative error may
reach~ 1% for an AOD of 3.5.

The InGaAs detector is temperature stabilized while the Si
detector is not. The 1.023 um channel has been shown to be
emperature sensitive. A correction derived from our labora-
ory measurements is applied to the detector signal using a
coefficient of 0.359%6C1.

2 Description of the instrument

This instrument has two collimators both with approx-
imately a 1.8 full angle of field of view (FOV)
and a four-quadrant detector with & @ngle of FOV.
The first detector (Si) covers visible and near-infrared
ranges (0.343 um, 0.380 um, 0.441 pm, 0.499 um, 0.553
0.677 um, 0.869 pm, 0.940 pm, 1.023 um) and the second dc?
tector (InGaAs) covers middle infrared (1.14 um, 1.24 um,
1.60 um, 1.646 um, 2.25um). PLASMA interference filters
are similar to AERONET CIMEL sun photometer filters
(Holben et al. 1998. The head can move in elevation (0— 3 Theoretical background
9(°) and azimuth (0—-3670, and rotation in azimuth can be

continuous thanks to a ring power connector (Aig.Here-  AOD is derived from measurements of the atmospheric spec-
inafter, we will limit our study to the channels that are in tral transmission. Due to Bouguer—-Lambert-Beer law the sun
atmospheric windows (Fi@). irradianceE (1, z) at a given wavelengthand at an altitude

A microprocessor computes the position of the Sun baseghove sea level is expressed Bstfren and Huffmanl 998
on time, latitude, and longitude, provided by a GPS system.

It directs the sensor head to the Sun at which point the four-

quadrant detector precisely tracks the Sun. If the trackinge (i, z) = tg(x, z) Eo(A)e " 49, (1)

is disconnected when the aircraft is making a turn or due

to the presence of clouds, then the GPS system takes ovenhere Eq(1) is the extraterrestrial sun irradiancgix, z)
The filters are located in two filter wheels which are ro- the gaseous transmission;the air mass given by/og0s)
tated by a direct drive stepping motor. For a complete sewhen refraction and atmospheric curvature are negleéted;
guence, it takes 1.8 s for visible and near-infrared channelshe solar zenith angle anda, z) the total optical depth of the
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atmosphere that is the sum of aerosol extinction and molecu- More advanced retrievaK{ng et al, 1978 using spectral

lar (Rayleigh) optical depths: information have been developed and shown able to derive
information on the aerosol size distributiaty, z) by invert-

T(h,2) = Tex(h, 2) + Tax(h, 2)- (2)  ing the following equation:

The digital signal (DNA, z)) measured by the instrument o e

is proportional to sun irradiancE(, z) (the relative Earth— ” , ) 2nr ,

Sun distance is taken to be imbedded in the extraterrestriafext(*>2) = /dZ / 7r Qext(m (), ——)n(r.z ydr,  (8)

DN value in order to simplify the nomenclature) one can Z  rmin

write:

wherer is particle radiusn(r, z) particle’s size distribution;
- A) complex refractive indexQeyx: extinction efficiency
DN, 2) = tg(h, 2)DNg(h)e ")/ costbe) 3 : ex
(3. 2) =1g(%, 2)DNo(®) 3 factor. Equation & assumes that the aerosol type does not
From Egs. 8) and @) and after gaseous absorption correc- depend on the altitude.
tion, we can obtain aerosol extinction optical depth:

4 Calibration and ground-based measurements

Tont(A, 2) = i[ln(DN(A)/tg()», 7)) — In(DNp(1))]
_T’Z (r.2) (4) For PLASMA calibration we used Langley method and inter-
extit <7 calibration with master sun photometer CIMEL CE-318 that
To calculate gaseous absorption, i.e. absorption by oxyis used in Aerosol Robotic Network (AERONETH¢Iben
gen, ozone, water vapor and other gases, we use spectral atal, 1998.
sorption lines provided in the 5S code and the mid-latitude Langley plots are made to determine the spectral extrater-

summer atmospheric moddlgneé et al, 1990). restrial voltage. The site has to be located at high altitude and
Molecular scattering optical depth at the altitude given ~ in an area with a very stable aerosol regime. The Langley plot
by is a log of the DN against the optical air mass during the day
(from Eq.3) for the optical air mass range between 5 and 2.

G z) = 1" (. 20) P(z) ) The intercept is the calibration coefficient, and the slope the

exti et P (z0)’ optical thickness. The deviation of the intercept is a measure

. . of the precision of the technique. If the aerosol loading is not
wherezg, (4, zo) is the molecular optical depth at the surface ¢qnstant, we may observe deviation from the linear regres-
levelzo and P (zo) the associated pressure. ~_ sionline but such cases can be easily excluded at Mauna Loa

In the UV spectral range, the Rayleigh AOD is signifi- 4nq |zgia when Langley plots are performed. The Langley
cant and has to be known with good accuracy to be propeyjibration is suitable for all spectral channels but the proce-

erly corrected for. Since it depends on the atmospheric preésgyre is not straightforward since there are only a few sites
sure, a pressure gauge has been included in the PLASMA, 4t meet the requirementSt{aw 1983.

instrument. Unfortunately, the measurements were not avail- |yiercalibration between instruments is easier and of an

able at the time of our experiment and a crude estimate Wagccuracy comparable to Langley plots and can be done
performed using the equatior(z) = P(z0) €xp(—z/8.5),  wjth near-simultaneous measurements of sun irradiance by
wherez is the altitude of the aircraft expressed in km. PLASMA and CIMEL sun photometers at the same location.

Since the aerosol extinction coefficient is the altitude gpeciral extraterrestrial voltage can be found from the rela-
derivative of AOD tion:

ol d‘[gXt (6) DN(F),LASMA()») DNPLASMA()\)
et gz DNSMEL () = DNCMEL ;)

we can compare aerosol e_xtinction coefficient _derived bY The accuracy of AOD depends on the accuracy of calibra-
.ZLASII.\QA and'lnfelrred fro(;n lidar backscatter profiles to val- o, coefficients. A 1% error in calibration coefficient leads
! Ellte Lj;r.retnev:;: proce ulre. PLASMA id to inaccuracyAAOD = 0.01 atm =1, with the error de-

h addition to the aerosol content, S can proviae creasing by a factor of/ln as air mass increases. Usually the

information on the aerosol size through thegstiom EXPO-  profile flights last around 30 min from 11:00 to 13:00 UTC;
nent. Based on spectral AODs, angstrom exponent is def'neguring this period the change of air mass is less than 5 %.

by Eq. (7) and is sensitive to the aerosol sififuster etal.  ginca 5 miscalibration results in a bias in AOD and the air

©)

20089. mass is constant, it does not impact the value of the extinction
coefficient that is the derivative of AOD (see E4saand6).
AN\ The first calibration campaign was organized at the Atmo-
t(A) = T(XO)<A_0> (7) spheric Observatory in |fia (28.3 N, 16.5 W; alt. 2391 m)
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in October 2009 for Langley approach and in Carpentras ——343nm ——441nm 667 nm ——1024 nm —*—1646 nm
(44.7° N, 5.T° E; alt. 100 m) in March 2009 for intercalibra- 0.6
tion.

The calibration coefficients calculated with feaand Car- 0.5 A

pentras data in 2009 were applied to all data collected in
Lille (50.6° N, 3.1° E; alt. 60 m) until March 2010 to obtain 0.4
aerosol optical depth (AOD). The comparison with CIMEL
measurements at common wavelengths (0.34 um, 0.38 umg 0.3
0.44 um, 0.67 um, 0.86 um, 1.02 um, 1.64 pm) showed a gooc <
agreement between the two instruments with with rms AOD ¢ ' NI AN
differences being between 0.01 and 0.02. -

After modifications of some mechanical elements, anew g1 { 4. . A .
calibration campaign was organized atflaan March 2010. JURUORID OO o b i
Several measurements were then performed in LOA to sam- : : : :
ple different atmospheric conditions c_iurmg 12 daysin Apnl— 200 9.00 11.00 1300 1500  17.00
June 2010 and a better agreement with CIMEL master instru- uTC
ment was obtained with rms AOD differences0.01. The
PLASMA calibration is not too far from the calibration of Fig. 3. Comparison of simultaneous ground-based measurements
AERONET reference instruments. (D2 < AAOD < 0.009) of PLASMA (colored lines) and CIMEL CE-318 (black lines)
(ECk et al, 1999 18 Aprll 2011.

Once the technical development has been achieved,

PLASMA was refurbished in March 2011. The stepping az-

imuth and zenith motors were replaced for better pointing5 Airborne measurements

capability and signal processing steps taken to improve the

signal to noise ratio. We also replace all the filters, which re-In addition to ground-based measurements, several flights
quired a new calibration of the instrument. After calibration were performed in Lille: two technical flights in 2009, 6
the difference of AOD retrieved by PLASMA and CIMEL flights in 2010 and 3 flights in 2011. We provide hereinafter
master instrument is less than 0.005 for all channels exceptesults for flights performed after first improvements, i.e.
0.34 um channel (see Fig). since October 2010 only.

The differences observed before 09:00UTC and after Figure4 shows profiles of 4 flights in 2010-2011: 12 Oc-
15:00 UTC may come from filter out-of-band leakage result-tober 2010, 28 September 2011, 29 September 2011 and
ing from incomplete blocking of solar energy from outside 15 October 2011 from the top to the bottom. The first col-
the filter bandpass as seen in some AERONET CIMEL in-umn of graphs on the left presents the vertical profile of AOD
struments. In the laboratory measurements of filters transat different wavelengths; the second is the profile of extinc-
mission, such leakage was not observed ave&d0 nm from  tion coefficient; the third column on the right presents the
the central wavelength. Differences may also come from acomparison of extinction at 0.553 um with lidar retrievals
miscalibration of this channel. Knowing the calibration co- at 0.532 pm. We use the Cloud and Aerosol Micro-LIDAR
efficient within 1% error only results in errors in the AOD (CAML) CE 3702 manufactured by CIMEL. The instrument
of 0.025 for an air mass of 2.4 as anticipated around 07:3Cthas been already describedRelon et al(2008 andLéon
in Lille in April. This effect would lead to a symmetrical be- et al. (2009. The aerosol extinction profile as well as the
havior in the afternoon as observed in Fg. effective extinction-to-backscatter ratio are retrieved using

Since PLASMA has the same interference filters ascombination of lidar data and sun-photometer AQZgn
CIMEL, we follow the AERONET calibration policy and the et al, 2009.
instrument is going to be calibrated every year. To get extinction profile we decided to remove all noisy

Currently, we analyze only results in spectral bands thatdata due to the presence of clouds and then to average over
are present on both PLASMA and CIMEL instruments. 10 measurements. It means that we assume that the state of
Of course, PLASMA covers a larger spectral range withthe atmosphere was stable over 30-60s, along 50-100m in
a 2.25um channel that is very important for AOD inver- vertical direction and 2—4 km in horizontal direction. Alti-
sion. Nevertheless at this stage we do not consider this wavaudes below 500 m could not be observed by lidar. Lidar pro-
length since we cannot validate calibration coefficient with files presented on Figl are extended to the ground level
any other instrument. by using the correction function based on independent mea-

surements of AOD. Direct measurements of PLASMA can
be used for validation of this function. The extinction pro-
files retrieved from lidar measurements are broadly consis-
tent with PLASMA results, showing coarsely similar vertical
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Fig. 4. PLASMA AOD (left), aerosol extinction coefficient (center) at 7 channels and aerosol extinction coefficient compared with lidar (right)
as a function of the altitude acquired near Lille region the 12 October 2010, 28 September 2011, 29 September 2011 and 15 October 2011.

attributes. The best agreement between aerosol extinction cavas rather high and variable, between 0.15-0.20 at 0.553 um
efficient profiles retrieved from PLASMA and lidar data was around noon; as a result the data are noisier and a 50 % dif-
observed 15 October 2011 when the atmosphere was stabference of extinction coefficient at an altitude around 400 m
enough as seen from AOD profile. is observed. Discrepancies can also result from spatial vari-
For other days, differences might be explained by timeability of the aerosol field; distance between both instruments
and space variability of aerosol and clouds. On 29 Septemwas around 10 km when the airplane was on the ground, and
ber 2011 clouds were present in the vicinity and the turbiditymore than 50 km when the plane was flying at the altitude
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