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Abstract

Measurements of the vertical distribution of aerosol properties provide essential in-

formation for generating more accurate model estimates of radiative forcing and at-

mospheric heating rates compared with employing remotely sensed column averaged

properties. A month long campaign over the Indian Ocean during March 2006 inves-5

tigated the interaction of aerosol, clouds, and radiative effects. Routine vertical pro-

files of aerosol and water vapor were determined using autonomous unmanned aerial

vehicles equipped with miniaturized instruments. Comparisons of these airborne in-

struments with established ground-based instruments and in aircraft-to-aircraft com-

parisons demonstrated an agreement within 10%.10

Aerosol absorption optical depths measured directly using the unmanned aircraft dif-

fered from columnar AERONET sun-photometer results by only 20%. Measurements

of total particle concentration, particle size distributions, aerosol absorption and black

carbon concentrations are presented along with the trade wind thermodynamic struc-

ture from the surface to 3000 m above sea level. Early March revealed a well-mixed15

layer up to the cloud base at 500 m above mean seal level (m a.s.l.), followed by a de-

crease of aerosol concentrations with altitude. The second half of March saw the arrival

of a high altitude plume existing above the mixed layer that originated from a continen-

tal source and increased aerosol concentrations by more than tenfold, yet the surface

air mass showed little change in aerosol concentrations and was still predominantly20

influenced by marine sources. Black carbon concentrations at 1500 m above sea level

increased from 70 ng/m
3

to more than 800 ng/m
3

with the arrival of this polluted plume.

The absorption aerosol optical depth increased from as low as 0.005 to as much as

0.035 over the same period. The spectral dependence of the aerosol absorption re-

vealed an absorption Angstrom exponent of 1.0, which is typical of an aerosol with25

most of its absorption attributed to black carbon and generally indicates the absorbing

component originated from fossil fuel sources and other high-temperature combustion

sources. The results indicate that surface measurements do not represent the aerosol
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properties within the elevated layers, especially if these layers are influenced by long

range transport.

1 Introduction

Detailed profiles of aerosol parameters are needed to quantify the effects of aerosols

on radiative forcing and clouds and how these in turn influence climate and the hy-5

drological cycle (Haywood and Boucher, 2000; Ramanathan et al., 2001; Kaufman et

al., 2002). Measurements of the vertical distributions of smoke and pollution aerosols

allow for a better understanding of climate forcing due to the effects of aerosol heating

on the atmosphere (Menon et al., 2002; Lelieveld et al., 2002). Since recent studies

have demonstrated the inability to compute these profiles from surface aerosol mea-10

surements alone, vertical profiles of aerosol optical properties must be acquired to

compute aerosol and cloud radiative effects throughout the entire atmospheric column.

The location of aerosols within the vertical column, such as above or below the clouds,

can have a significant effect on the sign of the forcing (Podgorny and Ramanathan,

2001).15

Vertical profile measurements of aerosol parameters using airborne instruments offer

a significant improvement for estimating aerosol forcing when compared with remotely

sensed aerosol observations, which are normally column integrated quantities. The

remote sensing (AERONET and satellite) approach must make assumptions about

aerosol physical, optical and chemical parameters, as well as homogeneity, which may20

not lead to valid results (Dubovik et al., 2000; Levy et al., 2004). Lidar measurements

are able to distinguish atmospheric layers and extinction values, but do not provide

any additional data on physical, chemical, and optical properties (Welton et al., 2002).

Aircraft allow for detailed measurements to be collected at specific altitude layers of the

atmosphere rather than taking a single measurement that integrates the entire column25

from the surface to the top of the atmosphere (remote sensing) or only collects a single

resolved parameter (Lidar).
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Many past studies, such as INDOEX and ACE-Asia, have performed vertical pro-

file measurements using multiple, large, heavily instrumented aircraft (Ramanathan et

al., 2001; Seinfeld et al., 2004); however, this method requires significant resources

and is too cost prohibitive for long-term measurements. One solution has been to em-

ploy small, single-engine, piloted aircraft or unmanned balloons to accomplish routine5

long-term measurements at a reasonable cost. Small aircraft outfitted with compact in-

strument packages have been deployed to measure dust aerosols over the Caribbean

and have performed routine aerosol measurements over the Midwest for several years

(Maring et al., 2003; Andrews et al., 2004). Balloon-borne aerosol instruments have

collected vertical profiles of particle size distributions and number concentrations over10

Wyoming for the past 30 years (Deshler et al., 2004).

Robotic aircraft offer a new technology for exploring atmospheric measurements.

Lightweight (<50 kg) unmanned aerial vehicles (UAV) provide researchers with a tool

for carrying instrumentation routinely for low cost and at a reduced risk to operators.

The specific use of UAVs for climate and atmospheric sciences research have included15

radiation measurements (Stephens et al., 2000), monitoring sea surface temperature

(Curry et al., 2004; Inoue et al., 2004) and meteorological soundings (Soddell et al.,

2004). Autonomous UAV (AUAV), which fly independently of a direct operator by us-

ing a computer autopilot with GPS navigation, add additional capability, including the

ability to fly coordinated missions using multiple aircraft in formation or close proximity20

(Ramanathan et al., 2007b).

This study reports the routine use of lightweight AUAVs to capture the vertical distri-

bution of aerosol properties over a site in the Indian Ocean using customized, miniatur-

ized instruments. The validation of these instruments is reported to ensure the veracity

of the presented vertical profile data. In addition, a comparison of aerosol absorption25

optical depths measured using the AERONET sun photometer with in situ measure-

ments using a miniaturized absorption photometer is discussed.
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2 Experimental

2.1 Maldives AUAV campaign

This vertical profiling study was a component of a larger campaign called the Maldives

Autonomous Unmanned Aerial Vehicle Campaign (MAC) that took place during March

2006 in the Republic of Maldives. Other components of the MAC project included5

the measurement of aerosol, cloud, and solar radiation properties with the goal of de-

termining indirect radiative forcing. (see weblink http://www-abc-asia.ucsd.edu/MAC/

secure/Index.htm) Measurements were conducted off the coast of the island of Hani-

maadhoo (6.78 N, 73.18 E) located near the northern end of the Maldives archipelago

about 500 km southwest of the southern tip on India (see Fig. 1). An established sur-10

face observatory from Project Atmospheric Brown Cloud (ABC) was utilized as an oper-

ations base and calibration facility, and provided surface observations during the MAC

experiment. Details for this surface observatory, the Maldives Climate Observatory–

Hanimaadhoo (MCOH), are found in Corrigan et al. (2006) and in Ramana and Ra-

manathan (2006). The month of March was selected for measurements since the15

Indian Ocean monsoon changes direction from a northern (polluted) to a southern

(clean) air mass origin. This twice annual transition provided an opportunity to mea-

sure under both clean and polluted conditions as presented in Corrigan et al. (2006)

and Ramanathan et al. (2007a).

2.2 Aircraft platform20

The Advanced Ceramics Research (ACR) Manta is a lightweight autonomous un-

manned aerial vehicle (AUAV) with a maximum takeoff weight of 27 kg, a wingspan

of 2.6 m and an overall length of 1.9 m. The aircraft can lift a 5 kg payload in a 12 l

compartment while carrying 8 l of fuel. The cruise speed is 60 knots (110 kph) and the

Manta can fly up to 5 h (depending upon mission requirements), which gives it a nom-25

inal range of 550 km. The aircraft is launched and recovered using a human pilot, but
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operates autonomously once in the air. The auto pilot system follows GPS coordinates

stored within its memory and flight paths can be updated at anytime during the mission.

Figure 2 shows a Manta outfitted with radiometers and aerosol instrumentation being

launched during the MAC campaign.

2.3 Instrumentation5

A suite of aerosol, cloud, and radiation instruments was developed over several years

at the Scripps Institution of Oceanography for AUAV applications. This involved the

repackaging and modification of some commercial instruments as well as the develop-

ment of new designs. Specific to this work, the instrumentation included an aerosol inlet

system; a meteorological package for measuring pressure, temperature, and relative10

humidity; a total particle counter; an optical particle counter (OPC); and an aerosol ab-

sorption photometer. Additional instruments modified for UAV deployment flown during

the MAC missions include visible and broadband radiometers, a cloud droplet probe,

and a liquid water content probe; results for these instruments are discussed elsewhere

(Ramana et al., 2007
1
; Ramanathan et al., 2007b; Roberts et al., 2007

2
). Data from15

all instruments were collected at a rate of 1 Hz.

The sheathed aerosol inlet probe on the front of the airplane was designed to be

isokinetic at the average air velocity of 35 m/s. Losses due to impaction were esti-

mated and verified to be less than 5% for particles with a diameter of 3µm. After the

inlet, the sampling tube diameter expanded to slow the air velocity and then passed20

into a four-way flow splitter. The total particle counter counted all particles larger than

10 nm diameter and was adapted from the TSI Model 3007 handheld particle counter

1
Ramana, M. V., Ramanathan, V., Kim, D., Roberts, G., and Corrigan, C. E.: Albedo, At-

mospheric Solar Absorption, and Atmospheric Heating rate measurements with light weight

Autonomous stacked UAVs, Q. J. R. Meteorol. Soc., submitted, 2007.
2
Roberts, G. C., Ramana, M. V., Corrigan, C. E., Kim, D., and Ramanathan, V.: Unveiling the

aerosol indirect effect – simultaneous observations of aerosol-cloud-albedo interactions, Proc.

Natl. Acad. Sci., submitted, 2007.
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with no alteration of the detection or flow control portion of the instrument. The optical

particle counter (OPC) sampled the number concentration of particles in 8 size chan-

nels with diameters greater than 0.3, 0.4, 0.6, 0.8, 1.1, 1.6, 2.2, and 3µm. The OPC

was modified from the MetOne model 9722 with no alteration of the detection path.

The absorption photometer instrument employed a filter-based optical transmis-5

sion measurement at 3-wavelengths (370, 520, and 880 nm) and was adapted from

a Magee Scientific AE-31 7-wavelength aethalometer. Figure 3 shows the UAV ab-

sorption instrument on top of the original commercial aethalometer instrument and

demonstrates the degree of size reduction. Only a portion of the original detection

cell was retained and all other components, such as packaging, tape advance system,10

light sources, and the embedded computer, were eliminated. While all seven original

wavelengths could have been preserved, the removal of extra wavelengths was nec-

essary for increasing the instruments sensitivity by a factor of 5 over the commercial

version by positioning the LED light sources to shine more directly through the sam-

pling spot. In addition, the electronics were improved to provide more stability in the15

LED luminosity and to reduce circuit noise. Variations in altitude that resulted in tem-

perature and relative humidity changes produced fluctuations in the data signal that

usually required 5–10 min of equilibration time at a constant altitude for the absorption

photometer to acquire a stable signal. Data from the instrument was processed using

a method outlined in Arnott et al. (2005) that calibrates the instrument to output values20

as absorption coefficients. Scattering information for the correction routine was esti-

mated using Mie theory and the size distribution data from the onboard OPC, CPC,

and a ground based scanning mobility particle sizer. Values for BC concentration were

derived from the absorption coefficient using an absorption cross section of 10 m
2
/g.

The application of this correction method to aerosols sampled in this region and com-25

parison with independent BC filter measurements is discussed in detail in Corrigan et

al. (2006).

The ambient temperature was measured by a 1000 ohm platinum resistive tempera-

ture detector (RTD) and had an uncertainty of 1
◦

C. Additional RTD devices measured
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the temperature within the payload bay at three locations. The ambient relative hu-

midity was measured by a capacitive sensor mounted on a probe outside the aircraft

body and had a resolution of 3% between 10–90% RH. The ambient air pressure was

measured using a commercial pressure transducer mounted in the payload bay and

had a resolution of 2 mb.5

2.4 Flight missions

Missions during the MAC experiment were typically focused on stacked coordinated

flights in order to capture measurements of cloud-aerosol-radiation interactions from

below, within, and above the cloud. Aerosol vertical profiles were collected during

these missions as one or more of the aircraft containing aerosol instrumentation would10

achieve a maximum altitude of 3000 m above mean sea level (m a.s.l.) while flying a

2 to 4 h mission. During each mission, at least one aerosol sampling aircraft would

maintain level flight for 20 min at various altitudes to allow the absorption photometer

to equilibrate and produce an adequate signal; therefore, while the total aerosol and

particle size data was essentially continuous with respect to altitude, the absorption15

data was restricted to a limited number of selected altitudes.

The vertical profile data were not affected by the UAVs brief exposure to cloud

droplets since cloud passes were limited to when the UAVs were transiting between

the mixed layer and higher altitudes. Moreover, the trade cumulus cloud fractions dur-

ing the campaign were typically in the range of 3% to 12%; therefore, the UAV was20

unlikely to enter a cloud even during its ascent and descent. The CPC and OPC have

pass-through sampling systems and are not significantly affected by limited exposure

to cloud droplets. The absorption photometer was equipped with a cyclone having a

5µm diameter cut as a precaution to minimize larger cloud droplets or airborne debris

from reaching the filter. The few events of suspected cloud exposure in the data were25

filtered out during data analysis.
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3 Results

3.1 Validation of instrumentation and data

Instruments were validated by three separate methods to ensure the reliability of the

data. First, periodically during the MAC missions the flight instruments were directly

compared side by side with the permanent instrumentation at the MCOH observatory.5

Second, identical instruments on separate aircraft were cross compared when flying

within similar airspace. Third, aircraft data was compared to ground based data when

flying below the mixed layer near the MCOH observatory. All three methods demon-

strated that the aircraft instrumentation was producing quality data as discussed below.

Figure 4 shows the comparison of raw data from two total particle counters in-10

stalled in two separate AUAV platforms launched within 10 min of one another. Both

instruments traced nearly identical altitude profiles and showed a strong correlation

(R
2
=0.97). While the aircraft were within the mixed layer, the total particle concentra-

tion measurements determined by surface instruments at MCOH were nearly identical

to the data collected by the airborne instruments (within 5%). The average ground15

based total particle concentration while the aircraft was within the boundary layer is

shown as a yellow triangle in Fig. 4.

An example of the OPC data integrity is shown in Fig. 5. Three bins of raw data

(concentrations for particles centered at 0.36, 0.51, and 1.4µm) are illustrated and

show nearly identical results between two aircraft launched ten minutes apart. Post20

processing of all of the OPC data revealed that temperature and humidity artifacts

within the instrument were sometimes an issue in obtaining accurate size information,

primarily while changing altitudes faster than the payload could thermally equilibrate

to near ambient temperatures. These measurement artifacts are common to all size

instruments when measuring hygroscopically active particles and are not specific to25

UAV measurements. When sampling in dry conditions (<50% humidity) or at relatively

constant temperature and humidity, particle size data is free of these aberrations.

The absorption photometer was initially compared to commercial Magee AE-31
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aethalometers for validation. One such comparison is shown in Fig. 6 for a ten-minute

averaged black carbon concentration data at 880 nm and demonstrates that the mod-

ifications made to the UAV instrument did not change the signal. The mean bias be-

tween the two signals was <1% and the RMS error was 5%, Laboratory comparisons

performed at Scripps and MCOH comparing multiple commercial aethalometers have5

shown mean biases ranging from 1 to 15% and RMS errors from 5 to 25%.

Further field validation of the absorption photometer is presented in Fig. 7 and shows

that averaged spectral absorption measurements taken by a commercial aethalometer

on the surface agreed within 10% of the airborne absorption photometer measure-

ments taken below the cloud base. The error bars are standard deviations of the mea-10

surements collected during the time period and illustrate the improved signal to noise

ratio of the airborne instrument.

3.2 Vertical Profile Measurements of Total Particle Concentration

Vertical distributions of total particle concentration were collected during nearly every

mission up to an altitude of 3000 m a.s.l. Total particle concentration vertical distri-15

butions for the entire MAC study are shown in Fig. 8. The black line in the zero alti-

tude plane shows the surface concentration observed at MCOH. A relatively constant

aerosol concentration was observed on most days from the ground up to an altitude of

approximately 500 m a.s.l., which corresponded to the typical cloud base. The uniform

total aerosol concentrations routinely observed below the cloud base indicate that the20

mixed layer was well mixed throughout the entire month of March. Once above the

cloud layer, the aerosol concentration diminished during the first half of March. Con-

versely, the second half of March showed a dramatic increase in particulate concentra-

tions above the mixed layer. After the onset of this high altitude aerosol plume on 20

March, the maximum aerosol concentration in the vertical column was located between25

1500 and 2400 m a.s.l. and dropped off significantly by 3000 m a.s.l. The high altitude

plume occurring in the last part of March showed concentrations had increased by as

much as 10 times. Concentrations at altitude were between 1.3 to 2.8 times higher than
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those observed at the surface level. The existence of this aerosol layer was essentially

undetected by the surface instruments; however, the surface concentrations did reg-

ister a slight increase in average total particle concentration of around 20% that was

slightly correlated to the plume concentration (R
2
=0.42), which suggests that some

small exchange across the mixed layer was occuring. In addition, the accumulation5

mode (0.1 mm >D>1 mm) increased in proportion to the fine mode (D<0.1 mm), but

this change would not have been associated with an overhead plume if profiling had

not been performed.

3.3 Atmospheric layers and thermodynamic structure

The vertical profiles of total particle concentration can be used to identify atmospheric10

layers, especially when combined with information on the thermodynamic structure.

Figure 9a shows the total particle concentration altitude profile and Fig. 9b shows the

equivalent potential temperature (ΘE ) profile and saturated equivalent potential tem-

perature (ΘES ) profile of the ascent phase for the mission flown on 28 March 2006.

The ΘE profile exhibits very little change from 100 to 500 m a.s.l. suggesting a well-15

mixed layer existed up to the cloud base. Likewise, the total particle concentration

remains fairly consistent below the cloud base. Above the mixed layer (500 m a.s.l.),

a slight increase in aerosol concentration occurs with altitude until reaching the cloud

top just above 1000 m a.s.l. The local minimum in ΘES can be used as an indicator for

the cloud top (Betts and Albrecht, 1987). Above the cloud top, ΘE drops off slowly with20

altitude until a trade wind inversion at 2700 m a.s.l. when ΘE reaches a minimum. The

aerosol concentration reduces dramatically above 2700 m a.s.l. The aerosol concen-

tration profile reflects the thermodynamic structure as layers tend to stratify in zones of

stability.
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3.4 Air mass sources

The existence of high particle concentrations above the mixed layer indicates the ex-

istence of long range transport. Figure 10 presents five-day wind back trajectories

according to altitude for the northern Maldives obtained from the NOAA/NCEP Hysplit

model (Draxler and Hess, 1998). The back trajectories clearly show the changes in air5

mass origin between the pre- and post-plume periods of the campaign. Winds arriving

at Hanimaadhoo Island for all altitudes up to 3000 m a.s.l. originated from the ocean

during early March, which is represented by the 6 March trajectory. None of the air

masses had passed near land in the past 5 days; therefore, aerosol concentrations

remained low and were generally confined below the mixed layer. Wind trajectories10

from two selected days during the plume period, 24 March and 29 March, reveal that

winds above 1000 m a.s.l. originate from the Asian and African continents. While over

land, the air mass picked up dust and anthropogenic pollution including black carbon.

Air sampled below the mixed layer in the Maldives still mainly originated from marine

sources, even during the post-plume period. Consequently, the surface measurements15

at the MCOH ground station did not accurately reflect the aerosol properties existing

above the mixed layer. The presence of these vertical layers with different air mass

sources demonstrate the importance of sampling throughout the vertical column as

opposed to simply extrapolating from surface measurements.

Additional evidence supporting the back trajectory analysis and showing the source20

of the long-range pollution plume can be inferred from regional AOD images obtained

from the MODIS instrument onboard the NASA Terra satellite (Kaufman et al., 2002).

Figure 11a shows the aerosol optical depth (AOD) at 550 nm for India and the Maldives

averaged over the period from the 6 to 12 of March 2006. Very little pollution from the

continent was transported across the ocean to the Maldives during the early part of the25

month. In contrast, the AOD image averaged from the 23 to 29 March 2006 shown in

Fig. 11b reveals a large plume coming off of India and engulfing the northern Maldives.
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3.5 Vertical Profiles of Particle Size Distributions

Selected particle size distribution vertical profiles obtained from the OPC during the

MAC campaign are shown in Figs. 12a and b and illustrate that the differences be-

tween the pre- and post-plume aerosol profiles are similar to trends seen in the total

particle concentration. The size distribution profile from the pre-plume period on 65

March shows that all the particle size bins decrease continuously above the mixed

layer at 500 m a.s.l. For the polluted period (represented by 29 March), the continen-

tal plume is apparent above 800 m a.s.l. The concentrations of each size bin in this

plume were dramatically increased as compared to the aerosol below the mixed layer.

The accumulation mode (0.1<D<1µm) aerosol number concentration increased with10

respect to the ultrafine mode (D<0.1µm) at altitude and this change was seen partially

at the surface as well due to mixing above the boundary layer (see Sect. 3.2). This

shift in aerosol size was likely due to mineral dust particles carried from the Asian and

African continents as shown in the back trajectories. Clearly, considerable limitations

exist when trying to predict particle size distribution throughout the entire column when15

using only the near-surface data.

3.6 Vertical profiles of black carbon

Black carbon measurements were derived from the aerosol absorption photometer

using the procedures outlined in Sect. 2.3. Since the instrument required more than

20 min to produce clear data with each change of altitude due to temperature and20

humidity variations, only a limited number of data points were generated during each

flight. Moreover, only certain flights profiled data at more than a few altitudes due to

other mission requirements.

Figure 13 presents the black carbon concentrations at measured altitudes for several

flights. The data points shown in the plot for the surface altitudes were obtained from25

the aethalometer located at MCOH. The error bars, shown for only the 29 March flight

in order to maintain legibility, are the standard deviation of the measurements and are
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attributed to instrument noise, changes in temperature and RH, and variations in the

aerosol concentration during the measurement period (i.e., 15 min). The flights during

the pre-plume periods (6 and 16 March) show that the black carbon concentration

diminished above the mixed layer. The flights during the post-plume period (23, 24, 29

March) clearly show the increased presence of black carbon in the polluted plume and5

correspond to the trends observed in the total particle concentration and the particle

size distributions. Black carbon concentrations at an altitude of 1500 m a.s.l. increased

from 70 ng/m
3

to more than 800 ng/m
3
, a factor of 10 fold, with the arrival of the polluted

plume. The origin of this black carbon can be deduced from the back trajectories in

Fig. 10 which suggest that the black carbon was picked up by the high altitude jet10

over India as surface air was swept upwards due to thermal convection. The high

concentrations of black carbon in the Maldives above 500 m a.s.l. were not reflected in

the surface measurements due to limited exchange with the mixed layer. The presence

of significant quantities of absorbing material at altitude likely had an effect on the

heating of specific atmospheric layers that could not be resolved using only surface15

based instruments (Ramana and Ramanathan, 2006).

3.7 Vertical Profiles of Aerosol Absorption Optical Depth

To calculate the solar absorption in an aerosol layer, the absorbing nature of the aerosol

must be quantified (Ramanathan et al., 2007b). A parameter that quantifies the col-

umn integrated absorption resulting from black carbon and other species is termed20

the aerosol absorption optical depth, AODabs. Two independent methods were used

to measure the AODabs during the campaign: (1) integrating values from direct ab-

sorption measurements taken at different altitudes by the airborne aerosol absorption

photometer, and (2) ground-based remote sensing by the AERONET (sun photometer)

stationed at MCOH (Holben et al., 1998; Dubovik et al., 2002). Since AERONET pro-25

duces only a columnar measurement and most aerosol measurements are restricted

to the surface, the validation of AERONET derived single scatter albedo has been

limited. Consequently, altitude resolved absorption coefficients obtained from the air-
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borne absorption photometer were used to find closure with measurements taken by

the AERONET instrument. Figure 14 illustrates how absorption measurements taken

at a few altitudes using the UAVs were converted to a continuous absorption vertical

profile by scaling the absorption measurements to the total particle vertical distribu-

tion. Missions with detailed altitude measurements of absorption coefficient justify the5

assumption of a high correlation between the total particle concentration and the ab-

sorption coefficient at this location. The absorption profile was then integrated from

the surface to 3000 m altitude to arrive at the AODabs, which ranged from values as

small as 0.005 during the clean period to as much as 0.035 with the polluted plume.

Figure 15 shows the comparison of the AODabs observed using the UAV data with10

columnar measurements collected by AERONET. The two methods show good agree-

ment with the UAV data consistently lower (mean bias of 19%) than the AERONET

values most likely due to the existence of gas species that absorb in the visible range,

such as NO2, and due to aerosols existing above the UAV measurement ceiling of

3000 m. In addition, some uncharacterized systematic error may be resulting from the15

algorithm used for retrieving absorption coefficients from the absorption photometer

measurements (Arnott et al., 2005) as well as the fitting method used here to create

an aerosol absorption vertical profile. The cross in the figure shows the error bars for

each axis. The scatter of the data is partly due to the uncertainties in parameters used

to calculate the absorption optical depths as well as variations in aerosols and other20

absorbing species during the 3 to 4 h missions.

The wavelength dependence of the AODabs (closely related to angstrom exponent

for absorption coefficient) for both the UAV method and AERONET on 28 March 2006

is shown in Fig. 16. Both data sets show agreement within the measurement errors

and demonstrate closure between the direct measurements of the aerosol layer and25

the surface columnar measurements. The Angstrom exponents derived from the slope

using all the data showed a value of 1.06 and 0.70 for the UAV and AERONET mea-

surements, respectively. The difference in the Angstrom exponents from each method

are primarily influenced by the uneven values at longer wavelengths in the AERONET
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data. When using only data for wavelengths less than 700 nm, the agreement be-

tween the Angstrom exponents improves as the AERONET value becomes 0.90. The

Angstrom exponent provides information on the contribution of black carbon and other

absorbing species to the total absorption. Since dust and organic compounds tend to

preferentially absorb light at shorter wavelengths as compared to the broadband ab-5

sorption characteristics of black carbon, a larger Angstrom exponent for the AODabs

indicates a larger proportion of absorption attributed to organics and dust (Bergstrom

et al., 2004). A measured Angstrom exponent of 1.0 indicates that the absorbing com-

ponent of the aerosol was composed primarily of black carbon. Since dust and organic

components have only a small contribution to the absorption, the absorbing component10

of the aerosol most likely originated from the high-temperature combustion of fuels,

such as diesel, coal (i.e., fossil fuels) or possibly high-efficiency biomass combustion

(Bond et al., 1999; Kirschstetter et al., 2004).

4 Conclusions

Vertical profile measurements of aerosol and meteorological parameters were con-15

ducted over the Maldives in the Indian Ocean using small, lightweight AUAVs equipped

with miniaturized instrumentation. All miniaturized instrumentation compared well with

surface measurements when flying within the mixed layer. Comparison of aerosol

absorption optical depth derived from both AERONET and aircraft flights indicated

a 20% difference, which is attributed to additional absorbing constituents contained20

in the columnar measurements. The first half of March 2006 showed total particle

concentration, size distributions, aerosol absorption and black carbon concentrations

diminishing with altitude once above the well-mixed surface layer. After 20 March 2006,

a large aerosol plume was observed above the mixed layer with the peak concentra-

tion located near 2000 m a.s.l. A common assumption persists that the mixed layer has25

a uniform concentration of constituents which decrease exponentially once above the

mixed layer, but these observations demonstrate that multiple layers containing high
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concentrations of pollution species may exist above the mixed layer. Five-day back tra-

jectories indicate that during the pre-plume period the high altitude aerosol originated

from marine sources, yet the polluted plume seen in later March had been carried from

Asia and Africa. Spectral dependence of the aerosol absorption shows an absorption

angstrom exponent of 1.0, which indicates that the absorption is overwhelmingly from5

black carbon arising from high temperature combustion (i.e., fossil fuels). The results

suggest that surface and remote measurements often do not reflect the aerosol be-

havior throughout the vertical column. Consequently, accurate measurements of the

vertical distribution of aerosols and their optical properties offer a more precise under-

standing of the contribution to heating and cooling of specific atmospheric layers.10
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Fig. 1. Location of Republic of Maldives.
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Fig. 2. ACR Manta autonomous unmanned aerial vehicle carrying aerosol-radiation payload

landing in the Maldives.
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Fig. 3. Absorption photometer developed for deployment on AUAVs sitting atop the original

commercial instrument (Magee Scientific AE-31 Aethalometer).
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Fig. 4. Comparison of total particle concentration measurements collected from two UAVs

launched within 15 min of each other on 28 March 2006. The yellow triangle was the average

particle concentration measured at the ground station during the same period.
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Fig. 5. Comparison of three particle size bins collected from two UAVs launched within 15 min

of each other on 23 March 2006.
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Fig. 6. Laboratory comparison at 880 nm of the AUAV absorption photometer with an original

commercial Magee Scientific AE-31 aethalometer.
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Fig. 7. Comparison of spectral absorption data from a commercial aethalometer located on the

ground with an airborne absorption photometer flying within the mixed layer (<400 m a.s.l.) on

23 March 2006.
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Fig. 8. Total particle concentration by altitude during MAC experiment (March 2006). The

legend identifies flight numbers. The solid black line in the zero altitude plane shows the total

particle concentration collected at the surface station.
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Fig. 9. Total particle concentration, equivalent potential temperature (ΘE ) and saturated equiv-

alent potential temperature (ΘES ) versus altitude for flight on 28 March 2006.
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Fig. 10. Five-day wind back trajectories over the Maldives from NOAA/NCEP reanalysis for 6,

23, and 29 March 2006.
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a b

Fig. 11. Mean aerosol optical depth (AOD) at 550 nm over Indian subcontinent from (a) 6 to 12

March 2006 and (b) 23 to 29 March 2006.
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a)  6 March b) 29 March

Fig. 12. Representative particle size distribution altitude profiles for (a) 6 March 2006 – marine

and (b) 29 March – continental influenced air masses.
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Fig. 13. Black carbon concentration altitude profiles during MAC experiment (March 2006).

Error bars are only shown for a single flight to keep the plot legible.
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Fig. 14. Estimate of continuous absorption coefficient vertical profile derived from limited point

measurements fitted to the continuous total particle concentration profile on 28 March 2006.
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Fig. 15. Comparison of absorption AOD derived from both UAV absorption photometer and

AERONET measurements. The estimated error for the data sets are given by the cross symbol.

11462

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/11429/2007/acpd-7-11429-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/11429/2007/acpd-7-11429-2007-discussion.html
http://www.egu.eu


ACPD

7, 11429–11463, 2007

Capturing vertical

profiles of aerosols

and black carbon

C. E. Corrigan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

Figure 16 41 

400 600 800 1000 1200
0.01

0.015

0.02

0.025

0.03

0.035

0.04
A

b
s
 A

O
D

Wavelength (nm)

 

 

UAV (α  = 1.066)

AERONET (α  = 0.699)

λ < 700nm (α  = 0.904)

Fig. 16. Comparison of spectral dependence of absorption AOD derived from both UAV ab-

sorption photometer and AERONET measurements.
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