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Introduction FEX Feature detection Extinction Summary

What can you get with the
ARM Raman lidar (RL)?

• Water vapor and temperature
(Turner et al., 2002; Newsom et al., 2010)

• Elastic channels
(at the laser wavelength of 355 nm)

• Nitrogen channels
(Raman backscatter due to nitrogen)

• Compared to simpler single-channel
elastic lidars:

• Can directly-measure
cloud/aerosol extinction and
backscatter

• Much more sensitive than the
ARM micropulse lidar (MPL)

• Detection is unbiased by the solar
background

SGP

TWP 
Darwin

OLI AMF3

(Thorsen et al., 2013b)
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Introduction FEX Feature detection Extinction Summary

Current ARM RL products (ASR, DEP, EXT)

Full potential of the current ARM RL isn’t realized yet

• Instrument (and algorithms) originally designed
for water vapor and aerosols

• Identify clouds using arbitrary thresholds, many
go undetected

• No attempt to retrieved cloud extinction

• Legacy code, ...

TWP Darwin

Objective: A new automated algorithm for Feature detection (cloud+aerosol) and
EXtinction retrieval (FEX).

(Thorsen et al. 2015; Thorsen and Fu 2015)
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FEX

F or feature 

classification different than 

last iteration? 

Calculate 

multiple scattering

functions (F)

NO

Feature

classification

YESNO

• Iterative
(everything depends on everything else)

• Improved calibration
(done at highest resolution possible)

• Multiple scattering modeled
(for clouds: up to 30% bias in extinction)

• Feature classification
(aerosol, liquid, ice, HOI, rain)

• Main components:

1 Feature detection
2 Extinction retrieval
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Feature detection

Examine multiple quantities for features:

• 3 ways (¶,·,¸) to calculate the scattering ratio = total (particulates+molecules) scattering
molecular scatter

• scattering ratio > 1→ feature

• Volume depolarization ratio (¹)

• Calculate range-dependent and context sensitive thresholds for each ratio →
combine into a single mask
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twpC3, 24−Dec−2010: depolarization ratio
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twpC3, 24-Dec-2010: SR, elastic and N2 channels
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twpC3, 24-Dec-2010: depolarization ratio
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twpC3, 24-Dec-2010: SR, elastic channel
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twpC3, 24-Dec-2010: feature mask
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Retrieve: extinction / backscatter / lidar ratio (= extinction
backscatter )

1 Raman method

• Extinction: slope of the nitrogen signal
• Backscatter: ratio of elastic to nitrogen signal
• Done in current products, but for aerosol-only
• Accurate, but lots of random error

2 Transmission-loss method
• Layer-averaged lidar ratio from an analytical solution for

backscatter
• Not vertically-resolved / only applicable to some layers,

but better than nothing

3 Elastic channel

• Assume lidar-ratio profile; analytical solution for backscatter
• Constraints from ¶ and ·
• Large biases possible, but small random error

Combine the 3 methods to create a extinction best-estimate for all features
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Particulate backscatter
twpC3, 25-Dec-2012: log(-), best-estimate
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Aerosol optical depth: comparison to AERONET
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• 4/5 years of TWP/SGP data

• Bias error less than ∼6%
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Summary
• New automated algorithm for the ARM RL developed

• Multiple quantities used to identify features

• All quantities together better than any one
• Depolarization makes identifying cirrus easier

• Extinction retrieved in multiple ways to create a best-estimate

• Adaptive amounts of smoothing used for Raman method
• Multiple scattering explicitly modeled

• Feature classification

• Directly-retrieved extinction

• Lidar ratio ∼ microphysical properties of the particle
• Critical input for an elastic lidar (e.g. CALIPSO, MPL)

• Unprecedented look at ice extinction/lidar ratio (vertical, seasonal, diurnal, regional

dependence?)

Aerosol and cloud microphysical/process-level insight from combining observations made
by the RL: extinction, backscatter, depolarization, temperature, water vapor, relative
humidity all in the same volume.
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SR, elastic and N2 channels(a)
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SR, elastic channel(c)
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Depolarization ratio(d)
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Potential features(a)
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SR, elastic and N2 channels(a)
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SR, low elastic and N2 channels(b)
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SR, elastic channel(c)
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Depolarization ratio(d)
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N = 3020

slope = 0.99

r = 0.91

RMS = 26.2%

bias = -6.0%

(a) TWP: direct retrievals
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N = 2504446

slope = 1.07

r = 0.99

RMS = 47.2%

bias = 11.8%
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(a) SRE
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(b) Feature classification
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(a) δ
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TWP
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Ice Liquid

HOI: Kp < 12 sr

(a) Tw <= 0◦C & T > −40◦C
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)

Window size

Level 1 1×1 (0.03 km×2 min)
Level 2 10×5 (0.3 km×10 min)
Level 3 20×15 (0.6 km×30 min)
Level 4 40×30 (1.2 km×60 min)
Level 5 80×60 (2.4 km×120 min)
Level 6 160×120 (4.8 km×240 min)
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Lidar ratio: Raman method
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Obtain the lidar ratio with a random error
< 30% at the least amount of smoothing
possible

• Higher-resolution feature mask/classification
is useful here

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)

Window size

Level 1 1×1 (0.03 km×2 min)
Level 2 10×5 (0.3 km×10 min)
Level 3 20×15 (0.6 km×30 min)
Level 4 40×30 (1.2 km×60 min)
Level 5 80×60 (2.4 km×120 min)
Level 6 160×120 (4.8 km×240 min)

twpC3, 25-Dec-2012: SR, elastic channel
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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twpC3, 25-Dec-2012: SR, elastic channel
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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Raman method lidar ratio [sr], error < 30%, levels 1-4
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Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)
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Raman method lidar ratio [sr], error < 30%, levels 1-5

Hour [UTC]
00 03 06 09 12 15 18 21

H
ei

gh
t [

km
]

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60



Introduction FEX Feature detection Extinction Summary

Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
(linear = easy to propagate uncertainty)

−60
−30

0
30

60

−80
−40

0
40

80

δ tδ z

w
ei

gh
t

Window size

Level 1 1×1 (0.03 km×2 min)
Level 2 10×5 (0.3 km×10 min)
Level 3 20×15 (0.6 km×30 min)
Level 4 40×30 (1.2 km×60 min)
Level 5 80×60 (2.4 km×120 min)
Level 6 160×120 (4.8 km×240 min)

Raman method lidar ratio [sr], level 6

Hour [UTC]
00 03 06 09 12 15 18 21

H
ei

gh
t [

km
]

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60

Raman method lidar ratio [sr], error < 30%, levels 1-6

Hour [UTC]
00 03 06 09 12 15 18 21

H
ei

gh
t [

km
]

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60



Introduction FEX Feature detection Extinction Summary

Lidar ratio: Raman method
• Obtain a smoothed lidar ratio (= extinction

backscatter
)

(easier; quasi-high resolution extinction)

• Lower height bins ignored (overlap)

• Retrieved at multiple effective resolutions

• Smoothing: 2D Gaussian
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Lidar ratio: Best-estimate

Directly-retrieved:

¶ High channel Raman method

· Low channel Raman method

¸ Interpolation

¹ Layer-averaged constrained by
transmission-loss and ¶ – ¸

Inferred:

º Layer-averaged: ¶ – ¹

» Object-averaged: ¶ – ¹

¼ Profile-averaged: ¶ – ¹

½ Daily-averaged: ¶ – ¹

Assumed:

¾ Climatology from ¶ – ¹

Best-estimate lidar ratio [sr]
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Particulate backscatter best-estimate

twpC3, 25-Dec-2012: log(-), best-estimate

Hour [UTC]
00 03 06 09 12 15 18 21

H
ei

gh
t [

km
]

0

2

4

6

8

10

12

14

16

18

20

-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5
twpC3, 25-Dec-2012: -, BE flag
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Depending on the nitrogen channels SNRs:

1 Derived from low elastic+nitrogen channels

2 Derived from high elastic+nitrogen channels

3 Derived from high elastic channel: analytical solution using the best-estimate lidar
ratio profile
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