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Why Brown Cloud?
Indian Ocean Experiment

Ramanathan et al, JGR, 2001



The MAC Observing SystemThe MAC Observing System

MAC:  Maldives Autonomous-UAV Campaign







SourceSource: Climate Change, : Climate Change, IPCCIPCC, 2001, 2001

IPCC; 2001.. Trenberth et al Chapter



Source: Ramanathan et al, Indian Ocean Experiment 1996

Stephens and Tsay, 1990

Ohmura and Gilgen:
GEBA Data

Ohmura and Gilgen; 
GEBA Data

Stephens and Tsay, 1990

Source: Ramanathan et al, Indian Ocean Experiment 1996



SourceSource: V. Ramanathan et al. , : V. Ramanathan et al. , Science, Science, 19951995





Ramanathan &
Vogelmann, 1997



Valero etal,  2003
ARM-ARESÈ1 & 2



Ackerman et al, 2003: Cloudy Skies



The Maldives Autonomous Unmanned Aerial Vehicle Campaign (MAC)
06 March - 01 April, 2006

Science Team: Scripps Institution of Oceanography
V. Ramanathan (PI)
H. Nguyen (Mission Director)
C. Corrigan (Aerosols)
M.V. Ramana (Radiation)
G. Roberts (Lead Instrument Scientist)

Flight Team: Advanced Ceramic Research
A.  Mulligan (Project Director)
M. Patterson (Project Manager)
L. Wardell (Project Leader)
P. Corcoran (Pilot-in-Command)
E. Hooper (Pilot)
R .A.G. Pineda (Pilot)

Advisory Team:
 D. Fahey, J. Fein, C. Jennison,  J. Kuettner

     Funding Agencies: NSF/NOAA/NASA/Vetlesen/Alderson



Weight -  23 kg (takeoff)
Wingspan -  2.7 meters
Cruise velocity -  35 m/s
Payload -  5 kg
Flight duration -  5+ hours
Manual or Catapult Launch
Autonomous GPS flight
Satellite communication link

ACR Manta



Optical Particle Counter (580 g)Optical Particle Counter (580 g)
 NOPC; 0.3 < Dp < 3 µm

PyranometerPyranometer (190 g) (190 g)
 irradiance 0.3 – 2.8 µm

Cloud Droplet SpectrometerCloud Droplet Spectrometer
(1.4 kg)(1.4 kg)     distr. 1 < D < 50 µm

Aerosol inlet & splitter (150 g)Aerosol inlet & splitter (150 g)
 unbiased aerosol sampling

Aethalometer (820 g)Aethalometer (820 g)
  absorbing aerosol

PAR radiometer (45 g)PAR radiometer (45 g)
 irradiance 400 – 700 nm

Video camera (280 g)Video camera (280 g)
 cloud targeting

Miniaturized InstrumentsMiniaturized Instruments
for UAVfor UAV

LWC probe (450 g)LWC probe (450 g)
  Cloud water (g m-3)

Condensation Particle CounterCondensation Particle Counter
(870 g)(870 g)     NCN; Dp > 10 nm

T/RH probe (50 g)T/RH probe (50 g)
 Temperature & RH

[=] 1 inch

Roberts, Ramana and Corrigan



Necessary to Shrink Instruments
Lead Inst scientist for black carbon: C. Corrigan

Commercial

UAV version



The Maldives Autonomous Unmanned Aerial Vehicle Campaign (MAC)
06 March - 01 April, 2006



Warming Trends in Asia
amplified by brown cloud solar
absorption
Ramanathan, Ramana, Roberts,
Corrigan, Chung and Winker, Nature,
448, 575-578,  2007.
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Hanimaadhoo Island



Maldives Climate
Observatory -
Hanimaadhoo (MCOH)

Project Atmospheric
Brown Cloud
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MAC Lightweight Instrumentation



3 km asl

MAC Stacked UAV Flight Configuration

In cloud

100 m below cloud

Surface observations



Methods for data quality assurance

• Laboratory calibrations
• On-site calibration/comparison with

established instruments (MCOH)
• Pre-flight readings
• Inter-plane comparison
• Fly-by of ground station



Atmospheric Layers

0

500

1000

1500

2000

2500

3000

3500

0 1000 2000 3000

Total Particle Concentration (#/cm
3
)

A
lt

it
u

d
e
 (

m
)

0

500

1000

1500

2000

2500

3000

3500

300 320 340 360 380 400

Potential Temperature (K)

Th E

Th Es

θE
θES

Corrigan et al., 2007



Cross-platform Comparison of Total
Particle Counter
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Total Particle Concentration during MAC

Corrigan et al., 2007





Black Carbon Vertical Profiles during MAC
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Aerosol Size Distribution from Clean
and Polluted Periods

March 6 March 29

Corrigan et al., 2007



Surface and UAV Absorption Comparison
(Aethalometer).

Corrigan et al., 2007
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Validation with Ground Observations

UAV - PAR

UAV-Pyranometer

MCOH-Pyranometer

MCOH - PAR



Wing tip to Wing tip comparison

Ramana et al., 2007
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Ramana et al., 2007





Atmospheric Absorption and Heating rate : cloud-free day

Ramana et al., 2007



Simulated Heating Rate without Aerosol
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Diurnal mean Atmospheric Absorption and Heating rates between 0.5-3.0 km (cloud-free day)

0.040.25±0.020.29±0.171.27.2 ± 18.3 ± 4.7Visible
(0.4-0.7 µm)

1.191.59±0.051.53±0.2634.145.4 ± 241.2±7.5Broadband
(0.3-2.8µm)

MACR
{without aerosols}

MACRMACMACR
{without aerosols}

MACRMAC

Heating rate, K.Day-1

0.5 – 3.0 km
Absorption, Wm-2

0.5 – 3.0 km
Spectral

range

Ramana et al., 2007



Ramanathan et al., 2007
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Changes of Decadal Mean Surface Solar Radiation:
1981 - 1990 minus 1961-1970 (Liepert, GRL, 2002)

W/m2

ΔF = -7W/m2 ≈ -4%

Global Dimming



Is there Direct Evidence for the Dimming
and its Causal Factors?

• The Indian Ocean Experiment Provided Direct
Chemical, Microphysical and Radaiometric
Evidence that absorbing aerosols can lead to 10
to 15% reduction in seasonal averaged solar
radiation at the surface over a large area, as
large as the entire Arabian sea, Bay of Bengal
and the S. Asian Region an area as large as
USA;

Satheesh and Ramanathan, 2000;
Ramanathan et al, 2001;
over 100 papers and two special volumes in JGR



Ref: Meywerk and Ramanathan, 1999; 2004 Direct Evidence



Meywerk & Ram, 2003Spectral Radiative Forcing



Direct observations: Clear-sky Forcing Efficiency

Surface
Forcing

Top-of-
Atmosphere
Forcing

Satheesh &
 Ramanathan, 2000

Satheesh and Ramanathan, Nature 2000
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Regional averaged global fluxes (W m
-2

) 
normalized by the value in 1965

(West coast India stations in March)
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Wild et al, 1995
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Revised Solar Radiation Budget : Kim and Ramanathan, JGR, 2008

(144)

Ohmura &
Gilgen 1993



NH Land mean solar radiative fluxes: Cloudy sky

224.6

155.5

69.1

 α=0.302

223.6

148.8

74.8

 α=0.306

-1.0

-6.7

Natural aerosol
with cloud

Total aerosol
with cloud

Anthropogenic
Aerosol Forcing

Cf=-33.1 Cf=-32.1

Radiation Budget (Wm-2)

+5.7

(144)

Ohmura &
Gilgen 1993



Surface Dimming & Atmospheric Heating
by Brown Clouds: 2000-2003

Chung, 
Ramanathan,
Kim,
Podgorny,2005

Greenhouse Forcing = 3 W/m**2
Brown Cloud Masking= -1.5 (+-50%) W/m**2

<S>=-4.5 W/m**2

<A>=3 W/m**2

Ramanathan 2007



Future Missions Planned by our Team

Profiling aerosol-chemistry-air pollution in California

•CAPPS (funded by CEC)  (2007- )

 Definitive Measurements of Cloudy Sky Solar Absorption
 Indirect Effect of Aerosols

• Marine stratocumulus clouds (Pilot 2009; Campaign: 2010)
•{ With M Ralph; G McFarquhar; Marshak; }

1. Light Weight UAVs as Airborne Observatories

2. Olympics Campaign



Measurements for CAPPS

• Aerosol Number Concentration
• Aerosol Size Distribution (0.3 – 3 µm)
• Aerosol Absorption/Black Carbon

Concentration
• Ozone
• CO
• NOx/NO/NO2
• Temperature, Pressure, Relative Humidity

( Corrigan, Ramana, Lehmann, Nguyen, Ramanathan

Funded by CEC
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Thank You

1) NSF/ NOAA/NASA/Vetlesen/Alderson
2) Maldives Govt
3) Fahey/Fein/Koblinky/Kuettner/Maring/Yuhas
4) NASA-Dryden (Curry/Jennison)

Scripps Team: Hung/Roberts/Ramana/Corrigan/Kim/Li

ACR Team: Patterson/Mulligan/ Maldives Crew


