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Key Points:

Global ocean subsurface properties are retrieved from CALIOP.
The CALIOP crosstalk artifact and ATLAS after pulsing effects are removed.

High vertical resolution of ocean subsurface profiles can be obtained from
ATLAS/ICESat-2.

The ocean subsurface high vertical resolution profiles are observed from space for the
first time by ICESat-2.
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Abstract

Remote sensing from Earth-observing satellites is now providing valuable information about the
ocean phytoplankton distributions. This paper presents the new ocean subsurface optical properties
obtained from two space-based lidars: the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) aboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite and the Advanced Topographic Laser Altimeter System (ATLAS) aboard Ice,
Cloud, and land Elevation Satellite-2 (ICESat-2) satellite. Obtaining reliable estimates of
subsurface biomass necessitates removing instrument artifacts peculiar to each sensor; i.e.,
polarization crosstalk artifacts in the CALIOP signals and after pulsing effects arising from the
ATLAS photodetectors. We then validate the lidar retrieved optical properties with MODerate-
resolution Imaging Spectroradiometer (MODIS) ocean color measurements and autonomous
biogeochemical Argo float profiles. Our results support the continued use of present and future
spaceborne lidars to study the global plankton system and characterize its vertical structures in the
upper ocean.

1 Introduction

Ocean color remote sensing entered a new era with the launch of the National Aeronautics
and Space Administration (NASA) Coastal Zone Color Scanner (CZCS) in 1978 (Sullivan et al.,
1993). For the first time, maps of phytoplankton biomass (chlorophyll) - a key measurement of
marine ecosystems - could be produced from space observations, with the potential for daily to
interannual observations at ocean basin scales. Regional to global maps of phytoplankton
chlorophyll and other products derived from satellite measurements of water-leaving radiance are
now accessible to users all over the world and have become an essential tool for the study and
analysis of ocean biogeochemistry and ocean ecosystems. For decades, ocean color remote sensing
has led to unprecedented scientific understanding in global ocean biology and biogeochemistry.
However, because previous ocean color measurements have relied solely on passive remote
sensing techniques, the data coverage is limited to the uppermost portion of the water column and
is unable to resolve underlying vertical structure (Hostetler et al., 2018; Jamet et al., 2019).
Moreover, passive sensors (e.g. MODerate-resolution Imaging Spectroradiometer, MODIS) only
provide ocean color records during daytime. As a result, vast ocean areas in high latitudes during
polar night remain unsampled and places for which data are available typically provide information
for only a few months in each calendar year.

Estimates of global phytoplankton distributions from a space-based lidar was first
demonstrated (Behrenfeld et al., 2013) using measurements from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP). CALIOP is a dual-wavelength (532 nm and 1064 nm),
polarization sensitive (at 532 nm) elastic backscatter lidar that has been making measurements
from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite
since June 2006 (Hunt et al., 2009; David M. Winker et al., 2009). Using the CALIOP
depolarization ratio measurements at 532 nm, together with co-located A-Train measurements,
such as Advanced Microwave Scanning Radiometer - Earth observing system (AMSR-E) wind
speeds and MODIS diffuse attenuation coefficients, innovative retrieval methods have been
developed to translate the CALIOP ocean backscattered signals into ocean optical properties, such
as the particulate backscatter coefficient, (bsp, m™') (Behrenfeld et al., 2013; Lacour et al., 2020;
Lu et al.,, 2016), phytoplankton biomass (Behrenfeld et al., 2017) and total depolarization ratio of
ocean waters (Dionisi et al., 2020; Lu et al., 2014). However, CALIOP’s coarse vertical resolution
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(30 m in the atmosphere, 22.5 m in the water) (Behrenfeld et al., 2013; Lu et al., 2014) and the
non-ideal transient response of the 532 nm detectors (Hu et al., 2007; Lu et al., 2018; Lu et al.,
2020) present substantial challenges in retrieving ocean subsurface profiles directly from CALIOP
measurements.

On 15 September 2018, the Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) mission
launched from Vandenberg Air Force Base, CA carrying the Advanced Topographic Laser
Altimeter System (ATLAS) (Markus et al., 2017). ATLAS is a 532 nm photon-counting laser
altimeter with a 10 kHz pulse repetition rate and a footprint diameter of 11 m at the Earth’s surface
(Magruder et al., 2020; Magruder & Brunt, 2018; Markus et al., 2017). The ATLAS instrument
architecture differs significantly from CALIOP, allowing it to overcome many of CALIOP’s
subsurface deficiencies. Our collaborative team onsite at NASA’s Langley Research Center
(LaRC) and Goddard Space Flight Center (GSFC) has derived a set of new ocean data products
from ATLAS/ICESat-2 measurements (Lu et al., 2019; Lu, Hu, Yang, et al., 2020), which, for the
first time, quantify the vertical distribution of phytoplankton optical properties below the ocean
surface from space. The vertical structure of these subsurface optical properties is not available in
the existing ocean color record generated from passive remote sensing measurements (Hovis et al.,
1980), hence the ATLAS/ICESat-2 ocean results can provide unique new information that
augments existing ocean color measurements by adding the depth dimension with high horizontal
and vertical resolution measurements during both day and night.

Here we focus on retrieving ocean subsurface optical properties using both CALIOP and
ATLAS measurements. For both systems, measurement artifacts such as CALIOP’s polarization
crosstalk (Supplementary Text S1) and the ATLAS’s after pulsing effects (Supplementary Text
S2) are removed in order to obtain reliable ocean subsurface results. The cross-polarization
component of the ocean subsurface backscatter (¥, sr'!') and subsurface depolarization ratio (8, )
are retrieved globally from the CALIOP version 4.1 level 1b data product (Getzewich et al., 2018;
Karetal., 2018). We use ATLAS geolocated photon data of ATL03 Release 003 (Neumann et al.,
2020) to quantify the vertical distribution of ocean subsurface properties (Lu et al., 2019; Lu, Hu,
Yang, et al., 2020), such as the profiles of subsurface attenuated backscatter coefficient (8, m™'sr
1, total and particulate basckscattering coefficients (b and byp, m™!). These lidar derived properties
are then validated using autonomous biogeochemical Argo float profiles (Argo, 2020; Claustre et
al., 2010; Organelli et al., 2017) and MODIS ocean color records (NASA, 2018).

2 CALIOP new global ocean subsurface results

2.1 CALIOP data and methods

The CALIOP lidar was designed to provide the observations necessary for an improved
understanding of the impact of clouds and aerosols on the Earth’s radiation budget and climate
(Winker et al., 2010). Since launch, newly developed applications of CALIOP data for plankton
retrievals (Behrenfeld et al., 2013, 2016, 2019; Lu et al., 2014) on the global scale, including high
latitude regions during polar night, have provided a first glimpse into a ‘new lidar era in satellite
oceanography’ (Dionisi et al., 2020; Hostetler et al., 2018; Jamet et al., 2019).

However, non-ideal polarization separation by the optical components in CALIOP receiver
can cause some small fraction of the backscattered optical power polarized parallel to the receiver
reference plane to be misdirected into the perpendicular channel, and vice versa (Hostetler et al.,
2006). This effect, known as polarization crosstalk, typically causes the measured cross-polarized
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(i.e., perpendicular channel) attenuated backscatter coefficient (8, , m''sr'!") to be higher than its
true value and the measured co-polarized (i.e., parallel channel) attenuated backscatter coefficient
(B'y, mlsr!) lower than its true value. For ocean backscattered signals, the relative errors in the

B'1 measured—B’ L correct

CALIOP measured cross-polarized attenuated backscatter coefficient ( X

B'1 correct

100%) due to crosstalk can be up to 100% or more (Supplementary Text S1), which in turn will
introduce biases into the subsequently derived ocean optical properties, such as particulate
backscattering coefficient bs,, phytoplankton biomass, total particulate organic carbon (POC)
stocks, and etc. Consequently, estimates of ocean optical properties from CALIOP measurements
must take crosstalk into account. However, previous analyses of CALIOP level 1 data for ocean
properties retrievals (Behrenfeld et al., 2013; Bisson et al., 2021; Dionisi et al., 2020; Lacour et
al., 2020; Lu et al., 2014) did not take into account the effect of optical crosstalk between the 532
nm co-polarized and cross-polarized channels.

The new CALIOP ocean subsurface results reported in this paper are corrected for the
crosstalk effect. Details on estimating the crosstalk values are provided in supplementary Text S1.
Figure S1 shows the time series of crosstalk values over the CALIOP mission (June 2006 to
November 2020). Briefly, if the magnitude of the crosstalk is known, crosstalk-corrected signals
can be derived from the measured signals in a straightforward manner (Pitts et al., 2018)
(suplementatry Text S1.2). Using CALIOP crosstalk-corrected signals is highly recommended for
all ocean subsurface studies.

2.2 Global CALIOP y, and dg,,

The new global cross-polarization component of the total ocean subsurface backscatter (y,
sr'!) is obtained from CALIOP crosstalk-corrected ocean attenuated backscatter coefficients
(B'},corrects B Lcorrect) as indicated in Eq. (6) of supplementary text S1.2. The AMSR-E (2006-
2011) and Modern-Era Retrospective Analysis for Research and Applications-version 2 (MERRA-
2) (2011-2020) wind speeds were used to calibrate the atmospheric two-way transmission (Hu et
al., 2008; Lu et al., 2014) (Supplementary Text S1). The CALIOP data are seasonally averaged for
the 2008-2020 period and binnned to 1° latitude by 1° lontgitude pixels (Figs. 1-3). Unlike the co-
polarization signal (y;|, sr™'), which can be contaminated by ocean surface reflection, the y, is due
almost entirely to backscatter from ocean subsurface particulate matter (Behrenfeld et al., 2013;
Lu et al., 2016). The global distributions of ¥, during both nighttime (Figure 1) and daytime
(Figure 2) exhibit all the major ocean plankton fearures anticipated from the earlier data record,
such as Fig. S2 of global ocean remote sensing reflectance at 531 nm from MODIS measurements.
The low values of y; over most of the permanently stratified ocean (roughly between 40°N and
40°S latitudes) are stable over the annual cycle, indicating low nutrient, low biomass waters, except
in coastal regions and the Eastern Pacific upwelling region. The seasonal changes of y, (Figures
la to 1d, and Figures 2a to 2d) illustrate the strong seasonality of high latitude phytoplankton
communities. For example, the elevated y, values in the subarctic oceans reflect the large summer
(June - August) phytoplankton bloom (Figures 1b and 2b), while y; in the Southern Oceans reflect
the large winter (December - February) bloom (Figures 1d and 2d). The high latitude y, (Figure
1 vs. 2) also indicate the day-night differences, which is useful for further studies of day-night
differences in phytoplankton removal rates.

The new CALIOP-detrived y, is a fundamental parameter that can be used as the input to
retrieve high level ocean subsurface properties such as dg,,;, byp and POC (Behrenfeld et al., 2013;
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Lu et al., 2014). The lidar-derived depth-integrated attenuated backscatter is comparable to ocean
color remote sensing reflectance (Lu, Hu, Yang, et al., 2020). The ocean subsurface depolarization
ratio (Figure 3) can be derived by combining CALIOP y, data at 532 nm and MODIS remote

sensing reflectance (Rrs, sr'') data at 531 nm (Fig. S2) as follows: &4y = Rr:‘y . The Rrs-y,
/L

represents the co-polarization component of the total subsurface backscatter. For comparisons,
global seasonal maps of CALIOP-derived total depolarization ratio ( 8;p¢q; = ’;i), including both
I

surface and subsurface contributions, are provided in Figures S3 and S4. Due to ocean surfaces
contributions, &;y¢q; 1S less than 0.1 for most of the global ocean. There are very few published
measurements of below surface depolarization ratios, with global spatial and seasonal distributions
being especially rare. The newly derived &y, shown in Figure 3 provides some initial insights
into the below surface particulate matter shape, which should be particularly useful for studies of
phytoplankton communities and diversity in the global ocean (Righetti et al., 2019; Vallina et al.,
2014). Uncertainties in the derivation of Jg,; depend on the calibraion of both CALIOP y, and
MODIS Rrs. Assuming a 10% uncertainty for MODIS Rrs (Hu et al., 2013) and CALIOP y, the
uncertainty of Jg,; is ~14%. We are currently conducting a study to estimate the co-polarization
component of the total subsurface backscatter from CALIOP co-polarization channel, where the
ocean surface contribution to co-polarization signal magnitude will be estimated from 1064 nm
channel. Upon successful conclusion of this effort, we will also be able to provide the ocean
subsurface depolarization ratio during nighttime.

MAM-Night JJA-Night 7, (snx107

ht

SR

Figure 1. Seasonal changes of CALIOP cross-polarization component of the ocean subsurface
backscatter (y,, sr'!) during nighttime: (a) March - May; (b) June - August; (¢) September -
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174 November; (d) December - February. Data are seasonally averaged climatologies for the 2008-
175 2020 period binned to 1° latitude % 1° longitude pixels.

MAM-Day JJA-Day 5, (s =107

176

177
178

179
180

181

182
183 Figure 3. Seasonal changes of subsurface depolarization ratio (ds,;) during daytime: (a) March -

184  May; (b) June - August; (c) September - November; (d) December - February. Data are seasonally
185  averaged climatologies for the 2008-2020 period binned to 1° latitude x 1° longitude pixels.

186 3 ATLAS ocean subsurface high vertical resolution profiles
187 3.1 ATLAS data and methods

188 ICESat-2 is a follow-on to the original ICESat mission (Abshire et al., 2005) that provides
189  global altimetry and atmospheric measurements with particular emphasis on surface elevation
190  changes in the polar regions (Markus et al., 2017). ATLAS uses photomultiplier tubes (PMTs) as
191  detectors in photon counting mode, so that a single photon reflected back to the receiver triggers a
192 detection within the ICESat-2 data acquisition system. The single-photon-sensitive detection
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technique used by ATLAS to measure photon time of flight provides the very high vertical
resolution required to detect small spatial and temporal changes in polar ice elevations (Neumann
etal., 2019; Popescu et al., 2018). Many other areas of Earth science also benefit from the ICESat-
2 mission. For the atmospheric community, ICESat-2 delivers calibrated attenuated backscatter
profiles, cloud and aerosol heights, and column optical depths (Palm et al., 2020). The hydrological
community uses ICESat-2 measurements to determine global inland water body heights and
associated properties (Jasinski et al., 2016). Similarly, the oceanography community can readily
obtain shallow water bathymetry and global ocean and wave heights (Morison et al. 2019).

In addition, the ICESat-2 detected photon events over ocean regions provide great
opportunity for ocean subsurface studies (Lu et al., 2019; Lu, Hu, Yang, et al., 2020). Details on
ocean subsurface properties retrieval methods, including a dedicated deconvolution method to
remove ICESat-2 after pulsing effects (e.g., Fig. S5) are given in (Lu, Hu, Yang, et al., 2020) and
supplementary text S2. Figure S6 gives the concept and schematic flow chart of applying ICESat-
2 ATLO3 data for ocean subsurface optical properties retrieval. Briefly, the theoretical ocean
surface backscatter at 532 nm is estimated from wind speed (Hu et al., 2008). Then, the calibration
coefficients for lidar profiles are the ratios between the theoretical ocean surface backscatter and
ATLAS measured photon counts from sea surface. Finally, the profiles of ocean subsurface
attanuted backscatter coefficients (e.g., Fig. 4a) are the ATLAS measured subsurface photon
counts calibrated by the calibration coefficients. The water optical properties of diffuse attenuation
coefficient kd (m™') and total backscattering coefficient b, (m™) are retrieved from the profiles of
subsurface attenuated backscatter coefficients (Lu, Hu, Yang, et al., 2020).

The new ocean subsurface results (e.g., Figure 4) from ICESat-2 mission reveal high
vertical resolution of subsurface ocean optical properties through the water column that are not
available from passive ocean color records or from CALIOP active measurements. The ICESat-2
data thus provide a wealth of unique information to complement existing satellite-based ocean
color remote sensing capabilities by adding high spatial and vertical resolution profile
measurements during both day and night.

3.2 Evaluation of ATLAS/ICESat-2 ocean results

In situ measurements by autonomous profiling Argo floats (Argo, 2020; Claustre et al.,
2010; Organelli et al., 2017) and MODIS-Aqua monthly ocean color products (NASA, 2018) are
used to evaluate the ICESat-2 derived ocean results. Details about the Argo float b5, data, MODIS
ocean color products, and ICESat-2 ATLO3 data used in this paper are provided in the
supplementary material.

The two-dimensional distributions of (a) attenuated backscatter coefficient (8(z), m'sr'!)
and (b) total backscattering coefficient (bs(z)) obtained from ICESat-2 measurement on March 5%
2019 are given in Figure 4. The corresponding ICESat-2 ground tracks and Argo float location
(9.32°S, 141°W) on March 5" 2019 are shown in Fig. S7 of the supporting document. The
horizontal distance between Argo float and ICESat-2 ground track (black line in Fig. 4) is ~ 4.4
km. The seawater backscattering coefficient profile (bsw, m™') at 532 nm (green dashed line of Fig.
5) is obtained based on the Argo float’s temperature and salinity profiles (Werdell et al., 2013).
The ICESat-2 vertical profile of subsurface particulate backscattering coefficients, bs,(z) (blue in
Fig. 5), corresponding to the vertical black line in Figure 4 is obtained by subtracting the seawater
backscattering coefficient (green dashed line in Fig. 5) from total backscattering coefficient (black
line in Fig. 4b). Figure 5 shows the vertical profiles of byy(z) from both the Argo floats and the
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ICESat-2 measurements on March 5% 2019. The relative differences between the two by, profiles,

b -b L . .
b”"cisatz PRATI0 % 100%), are less than 10%, within the known uncertainty of float-derived by,
bp,Argo

of ~ 10%-15% (Bisson et al., 2019).

In order to compare with co-located MODIS ocean color results (i.e., layer integrated
results), the retrieved ICESat-2 profiles of Fig. 4 are depth-averaged following the method in (Lu,
Hu, Yang, et al., 2020) to get layer integrated ocean subsurface attenuated backscatter (Rrs, sr'!)
and bp. The diffuse attenuation coefficient, kd (m™), is derived from the exponential decay of the
attenuated backscatter profiles, as one profile shown in Fig. 1 in Lu, Hu, Yang, et al., 2020. Figure
6 shows the comparison between ICESat-2 derived ocean results on March 5" 2019 and co-located
MODIS monthly ocean color results in March 2019. Because there are not many MODIS daily
measurements co-located with ATLAS/ICESat-2 measurements, the monthly ocean color results
co-located with ICESat-2 ground track are used in this work. The mean relative differences of kd
(m™), by and Rrs between ICESat-2 and MODIS measurement are ~7% (Fig. 6a), ~38% (Fig. 6b)
and ~18% (Fig. 6¢), respectively. These differences are mainly due to the time offset and the
different measurement locations (up to 10 km) between ICESat-2 (daily) and MODIS (monthly).
The results over the Indian Ocean (Fig. S8-S10 and Table S1) from October 2018 to July 2020
indicate the mean relative differences between ICESat-2 and MODIS are ~11%, ~10% and ~27%
for kd, by and Rrs, respectively.

Attenuated backscatter coefficient on 20190305 Bim sr)x 110'3
E
g 0.5
©
3
£
8- 0.2
2
< 0.1
Total backscattering coefficient on 20190305 bb(m'l)x 1133
h - !

'
wn

[y
=]
-

Altitude in water (m)

15 Latitude -6.58 -9.60 -12.80 -15.99 -19.19 -22.38

Longitude -140.62 -140.93 -141.25 -141.58 -141.91 -142.24 -142.58
Figure 4. Two-dimensional distributions of (a) attenuated backscatter coefficient (8, m!sr'!) and
(b) total backscattering coefficient below ocean surface (b5, m™') on March 5th 2019. The x-axis
specifies locations along ICESat-2 ground tracks (blue line in Fig. S5) and y-axis is ocean
penetration depth in meters. The color bars on the right-hand side provide the range of  and b,
values.
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bbp at 532 nm on 20190305
0 , : . . .
—«—Argo float bbp
—»—ICESat-2 bbp
E bbw
g
Q.
[
°
1™
)
w®-10}
=
-15 : : : : : :
0.5 1 1.5 2 2.5 3 3.5 4
b, at532nm (m'1) %1073

bp
Figure 5. Vertical profiles of particulate backscattering coefficient below ocean surface (bsp, m™)
on March 5" 2019 from ICESat-2 (blue) and Argo float (red). The ICESat-2 profile is located at
the black line in Fig. 4. The distance between black line and Argo float is ~ 4.4 km (supplementary
Fig. S5). The green dashed line is the seawater backscattering coefficient profile (bpw, m™) at 532
nm calculated based on Argo float’s temperature and salinity vertical profiles on March 5% 2019
at (9.32°S, 141°W).

ICESat-2 results on 20190305
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Figure 6. Comparison between ICESat-2 ocean subsurface results (blue) and co-located MODIS
monthly mean (red) in March 2019. The ICESat-2 results are from nighttime measurements on
March 5% 2019. (a) diffuse attenuation coefficient (m™'); (b) layer-integrated total backscattering
coefficient (m™); (¢) layer-integrated ocean subsurface attenuated backscatter (sr!).

4 Conclusions

New ocean subsurface optical properties are obtained from two space-based lidars:
CALIOP/CALIPSO and ATLAS/ICESat-2. For both lidars, measurement artifacts are removed
before retrieving ocean optical properties. The global scale CALIOP retrievals and high vertical
resolution ATLAS profiles each provide new and unique information that augment the existing
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ocean color records acquired by passive remote sensors. This pioneering use of space-based lidars
to retrieve ocean subsurface properties will provide a meaningful satellite lidar record to the ocean
sciences community, and can help the community to assess the complex interactions involving
ocean biology, the cryosphere, and the atmosphere. Moreover, the satellite lidar record will provide
important preparatory data for the upcoming Plankton, Aerosol, Cloud, ocean Ecocystem (PACE)
mission.
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