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Plan for today

• Lidar basics

• What does our world look like under lidar?

• What discoveries have we made?

• Data availability and processing 

• Sources of uncertainty

• Ongoing work

• Summary and advice for future studies



Lidar basics

Lidar world

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

• Active measurement: Emits photons 
and measures distance (height) using 
time of travel & speed of light

• Vertical resolution is f(photon 
frequency)

• bbp in water can be calculated 
whereafter phytoplankton carbon can 
be derived (using Cphyto empirical 
relationships)

No dedicated ocean lidar satellite in 
orbit       (yet!!)

Light Detection And Ranging (LiDAR)

Hostetler et al., 2017
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Lidar world

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

Used for decades to study the oceans (pioneering work by Churnside and others)

Can measure laser induced fluorescence, wavelength shifted Raman scattering, 
polarization properties 

CALIPSO (2006) and ICESat-2 (2018)

Cloud-Aerosol 
Lidar and Infrared 

Pathfinder 
Satellite 

Observation

Ice, Cloud and land 
Elevation Satellite



Lidar basics

Lidar world

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary Can measure laser induced fluorescence, wavelength shifted Raman scattering, 
polarization properties (look for work by Brian Collister and others)

Used for decades to study the oceans (pioneering work by Churnside and others)

CALIPSO (2006) and ICESat-2 (2018)

Cloud-Aerosol 
Lidar and Infrared 

Pathfinder 
Satellite 

Observation

Ice, Cloud and land 
Elevation Satellite



Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

What does the world look like from a lidar perspective? 
SPATIAL COVERAGE
1 day global coverage comparisons with MODIS-Aqua (passive satellite)

Lidar bbp is in black, MODIS bbp is colored. 



SPATIAL COVERAGE
• MODIS observes swaths of area while lidar provides lines of data.

Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary



Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

CALIOP (CALIPSO) spatial coverage 

For reference, MODIS-
Aqua would be 0 
everywhere as there 
are no nighttime 
MODIS-Aqua data

Behrenfeld et al 2019



GENERAL DIFFERENCES WITH OCEAN COLOR

• Ocean color measures combined 
effects of absorption & scattering

• No information during night

• Retrievals are affected by clouds, 
aerosols, and low solar zenith 
angle

rrs Inversion refresher

rrs λ =	 $
ι=1

2
Gi∗[

bb(λ)
a λ +bb(λ)	

]i

a λ =	aw λ +Mcdme
−Scdm!+Mpha∗ph λ

bb λ =	bbw λ +Mbp 𝜆
−γ, 

rrs is ∝ the ratio of scattering to scattering 
+ absorption

And absorption (a) is the sum of all 
absorbing constituents (spectrally) and 
backscattering (bb) is the sum of 
backscattering from seawater and from 
particles.

March 1, 2023 MODIS Aqua - OBPG

Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary



EXPORTS science team

Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

The ocean system is complex & highly variable.

TEHNICAL DIFFERENCES BETWEEN PASSIVE AND ACTIVE SATELLITES



* Conceptual rendering of a 1 degree pixel as seen from space

But this is what a pixel of ocean ‘looks like’ with an ocean color satellite data.

Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

The ocean system is complex & highly variable.

TEHNICAL DIFFERENCES BETWEEN PASSIVE AND ACTIVE SATELLITES



This is what an equivalent ‘pixel’ of ocean ‘looks like’ with a lidar

Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

The ocean system is complex & highly variable.

TEHNICAL DIFFERENCES BETWEEN PASSIVE AND ACTIVE SATELLITES



Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

Polar ecosystems 

Passive satellite, winter Lidar satellite, winter

Behrenfeld et al.,2017

TEHNICAL DIFFERENCES BETWEEN PASSIVE AND ACTIVE SATELLITES



Lidar world

Lidar basics

Discoveries

Data 

Uncertainty 

Ongoing work 

Summary

What have we discovered with lidar 
satellites when applied to oceans? 

An appetizer….



What have we learned so far from CALIPSO and ICESat-2?

Discoveries

Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

Global aggregated bbp data present 
independent measurement 

bbp data are converted to 
phytoplankton carbon



Discoveries

Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

What have we learned so far from CALIPSO and ICESat-2?

bbp covaries with all particles, 
including zooplankton!

Differences in bbp from day to 
night are attributed to daily 
migrating zooplankton



What have we learned so far from CALIPSO and ICESat-2?

Discoveries

Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

Derivatives of bbp-derived 
phytoplankton carbon are used to 
track polar phytoplankton cycles
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Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

What have we learned so far from CALIPSO and ICESat-2?

For the first time, cm-scale 
resolution of the particle field 
was achieved from ICESat-2 
shortly after its launch.

15m is depth limit in open 
ocean from ICESat-2 due to 
data downlink restrictions, but 
the depth could be expanded 
for ocean optimized lidar



Discoveries

Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

What have we learned so far from CALIPSO and ICESat-2?

CALIPSO

When CALIOP data were 
compared with MODIS-Aqua data 
on global scales, weird patterns 
(not obviously biological) were 
observed. When looking closer we 
found systematic biases in MODIS-
Aqua data that we did not expect

Bisson et al 2021a



Discoveries

Lidar basics

Lidar World

Data 

Uncertainty 

Ongoing work 

Summary

What have we learned so far from CALIPSO and ICESat-2?

CALIPSO

Mismatch in seasonal cycles 
between in situ observations and 
satellites at longer wavelengths

Bisson et al 2021a

Systematic biases in MODIS-Aqua (and 
other ocean color satellites) data exist 
in all IOPs and AOPs, even at the 
ocean color validation site (MOBY)….



Lidar for ocean research: We are living off 
atmospheric & polar satellites!

CALIPSO and ICESat-2 data development has been 
‘DIY’ and very creative, as these satellites were not built 
for ocean research as a goal.

Lidar basics

Lidar World

Uncertainty 

Ongoing work 

Summary

Data

Discoveries



Uncertainty 

Ongoing work 

Summary

ICESat-2 (ATLAS instrument)

Photon counting altimeter
No polarization information
10 kHz
10 cm vertical resolution in water
11 m footprint  

CALIPSO (CALIOP instrument)

Photon counting altimeter
Cross and co parallel polarization channels
20.25 Hz
21 m vertical resolution in water
100 m footprint

Data

Lidar world

Discoveries

Lidar Basics

image sources: NASA gallery



Uncertainty 

Ongoing work 

Summary

more pizazz 
through 
polarization 
channels gives a ‘je 
ne sais quoi’ to the 
mission

super solid, gets 
the job done, 
one of the best

Data

Lidar world

Discoveries

Lidar Basics

ICESat-2 (ATLAS instrument)

Photon counting altimeter
No polarization information
10 kHz
10 cm vertical resolution in water
11 m footprint  

CALIPSO (CALIOP instrument)

Photon counting altimeter
Cross and co parallel polarization channels
20.25 Hz
21 m vertical resolution in water
100 m footprint



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

CALIOP bbp

CALIOP data processing and access

βcross-pol = integrated attenuated backscatter 
measured with the cross-polarized channels (sr-1)

βco-pol = integrated attenuated backscatter 
measured with the co-polarized channels (sr-1)

c1 = unitless correction for crosstalk between 
polarization channels (1 – depolarization 
discrepancy between measured and theoretical 
molecular depolarization in stratosphere)

Rtheory = theoretical ocean surface reflectance (sr-1) 
derived from wind speed, viewing angles, water 
index of refraction

Behrenfeld et al 2022



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

Validation status 

Bisson et al 2021b



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

Validation status 

Bisson et al 2021b

CALIPSO data (from CALIOP instrument) 
were compared with Argo bbp and 
MODIS-Aqua bbp. CALIOP was found to 
outperform MODIS-Aqua relative to 
float observations, regardless of time 
matchup period (top vs bottom panels)



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

Validation status 

Bisson et al 2021b

CALIPSO data (from CALIOP instrument) 
were compared with Argo bbp and 
MODIS-Aqua bbp. CALIOP was found to 
outperform MODIS-Aqua relative to 
float observations, regardless of time 
matchup period (top vs bottom panels)

CALIOP (solid 
yellow) agrees well 
for the primary 
processing but not 
when using 
doubling a constant 
parameter in the 
processing (dashed 
line)



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access
Start from raw ATL03 photon height product, distributed in granules and organized into 
3 pairs of strong and weak beams

1 day orbit of ICESat-2 data
91 day repeat cycle

Photon height product



Uncertainty 

Ongoing work 

Summary

Light Detection And Ranging (LiDAR)

The pulses of light travel through a series of lenses and mirrors before beaming to the ground. This pathway along the optical 
bench serves to start the stopwatch on the timing mechanism, check the laser's wavelength, set the size of the ground 
footprint, ensure that the laser and the telescope are perfectly aligned, and split the laser into six beams.

If it flew over a football field, the first ICESat would have taken a measurement outside each end 
zone; ICESat-2 would take measurements within each yard line.

Data

Lidar world

Discoveries

Lidar Basics



Product What is it? Used for?
References 

(Ocean focus)

ATL03
Global 

geolocated 
photon data

• Deriving optical information 
(Kd, bbp) in coastal and 
global waters

• Bathymetry in shallow waters

Lu et al. 2020, 2021 , 
Eidam et al, 2022, 
Babbel et al, 2021, 
Parrish et al, 2019

ATL07
(ATL20)

Polar sea ice 
elevation

(Gridded sea ice 
freeboard)

• Sea ice freeboard
• Sea ice lead identification

Bisson and Cael, 2021

ATL12
(ATL19)

Ocean Elevation
(Gridded sea 

surface height)

• Sea surface height Bagnardi et al, 2021

Data

Lidar world

Discoveries

Lidar Basics

Uncertainty 

Ongoing work 

Summary

ICESat-2 ocean products
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(Left) Under ice Argo float location (approximate within 50km) during October 2018-
2021. (Right) Location of sea ice leads longer than 200m during just October 2020 
from the ATL10 product. Similar ICESat-2 coverage exists in the Arctic. (unpublished)

Data

Lidar world

Discoveries

Lidar Basics

Uncertainty 

Ongoing work 

Summary

ICESat-2 ocean products

3 years 1 month



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access
Start from raw ATL03 photon height product, distributed in granules and organized into 3 pairs of 
strong and weak beams



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access
Start from raw ATL03 photon height product, distributed in granules and organized into 3 pairs of 
strong and weak beams



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access

Demonstration of method to derive the 
effective attenuation coefficient from the 
exponential fit (purple) of the deconvolved 
signal, where the signal is in black, the 
impulse response function is blue, and the 
deconvolved signal with the afterpulse 
peaks removed is in green.

After pulsing effects (instrument noise, not natural)



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access

After pulsing effects (instrument noise, not natural)

1. Solve for signal by taking the inverse of the function above with the normalized signal previously
2. Then, calculate the effective attenuation coefficient from new signal 

Deconvolution matrix informed by impulse 
response function



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access

1. Solve for signal by taking the inverse of the function above with the normalized signal previously
2. Then, calculate the effective attenuation coefficient from new signal 
3. Calculate calibration constant from surface photons and theoretical backscatter from wind speed 

𝛽! =
0.0209

4𝜋𝜎"𝑐𝑜𝑠# 𝜃
𝑒 $%&'

! (
")!

𝜎" is the wave slope variance estimated from wind speed, or 0.003 + 0.00512v (v = wind speed in meters 
per second for winds between 7 and 13 m/s or 0.0146*sqrt(v) for winds < 7 m/s)

And 𝜃 is IS2’s off nadir pointing angle (a max of 1.8 degrees)

GMAO wind speeds from MERRA-2 1-hourly instantaneous two-dimensional data products are used to 
compute theoretical estimates of ocean surface backscatter 



Data

Lidar basics

Lidar World

Discoveries

Uncertainty 

Ongoing work 

Summary

ICESat-2 data processing and access

1. Solve for signal by taking the inverse of the function above with the normalized signal previously
2. Then, calculate the effective attenuation coefficient from new signal 
3. Calculate calibration constant from surface photons and theoretical backscatter from wind speed 

𝛽! =
0.0209

4𝜋𝜎"𝑐𝑜𝑠# 𝜃 𝑒 $%&'
! (

")!

𝜎" is the wave slope variance estimated from wind speed, or 0.003 + 0.00512v (v = wind speed in meters 
per second for winds between 7 and 13 m/s or 0.0146*sqrt(v) for winds < 7 m/s)

And 𝜃 is IS2’s off nadir pointing angle (a max of 1.8 degrees)

GMAO wind speeds from MERRA-2 1-hourly instantaneous two-dimensional data products are used to 
compute theoretical estimates of ocean surface backscatter 



Uncertainty

Lidar basics

Lidar World

Discoveries

Data

Ongoing work 

Summary

????

ICESat-2 data processing and access:
Influence of beta(pi)

Large variation in 
this constant and the 
backscattering is 
proportional to it!



Lidar basics

Lidar World

Discoveries

Ongoing work 

Summary

ICESat-2 data processing, issues

If photon receiving channels are saturated, they stop recording photons … subsurface features 
will be present but appear unnatural due to dead time effects

Uncertainty

Data



Ongoing 
Work

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Summary

Why collaborative open source science?
 



Ongoing 
Work

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Summary

Collaborative open source science

1Tb per day
Assess simplified in 3 lines of code
Written in object oriented programming 
Adaptable, community forward



Ongoing 
Work

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Summary

Can lidar and ocean color be combined to get 
the best of both worlds?

rrs Inversion refresher

rrs λ =	 $
ι=1

2
Gi∗[

bb(λ)
a λ +bb(λ)	

]i

a λ =	aw λ +Mcdme
−Scdm!+Mpha∗ph λ

bb λ =	bbw λ +Mbp 𝜆
−γ, 

rrs is ∝ the ratio of scattering to scattering 
+ absorption

And absorption (a) is the sum of all 
absorbing constituents (spectrally) and 
backscattering (bb) is the sum of 
backscattering from seawater and from 
particles.

If bb is known from lidar, reduces 
the amount of parameters to be 
solved for and possibly constrains 
solutions more accurately 

(assuming bb and Rrs are accurate, 
as well as Rrs to absorption 
relationships)



Ongoing 
Work

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Summary

Can lidar and ocean color be combined to get the best of both 
worlds?

Simulated data case using 
theoretically derived data 
shows good proof of concept

(think hydrolight runs!)

Bisson and friends, in review



Ongoing 
Work

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Summary

Bisson and friends, in review

Can lidar and ocean color be combined to get the best of both 
worlds?

Relative differences on global 
scales between standard 
absorption and lidar-derived 
absorption show differences 
greater than 50% in some 
places

Need more field absorption 
data to understand which is 
more correct…



Summary

Lidar basics

Lidar World

Discoveries

Data

Uncertainty

Ongoing work

Lidar
Advantages: 
• Lidar provides impendent source of optical properties…closure
• Lidar bbp is more accurate and less temporally biased than ocean color bbp. 

• Lidar ‘sees’ into incredible features like sea ice cracks and subsurface 
    ocean bathymetry, enabling research from polar ecosystems to coral health
• Polarization offers additional data and features to be examined (not discussed today)

Challenges:
Processing is under constant development, no routine centralized route yet
Data require cloud computing or server storage – 1TB per day under ICESat-2
Methods rely on good beta(pi) values, which are uncertain, so field data are needed to 
confirm realism often

BUT -- this creates ripe opportunities for funding, publications (low fruit), and synergies 
across disciplines !!!
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Ongoing work

Lidar

Future reading
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resolution

Data processing is 
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Open source 
science is > 

current culture
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