N

N

In situ evaluation of spaceborne CALIOP lidar
measurements of the upper-ocean particle
backscattering coefficient

Léo Lacour, Raphael Larouche, Marcel Babin

» To cite this version:

Léo Lacour, Raphael Larouche, Marcel Babin. In situ evaluation of spaceborne CALIOP lidar measure-
ments of the upper-ocean particle backscattering coefficient. Optics Express, 2020, 28 (18), pp.26989.
10.1364/0e.397126 . hal-03094790

HAL Id: hal-03094790
https://hal.science/hal-03094790

Submitted on 4 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03094790
https://hal.archives-ouvertes.fr

L)

Check for
updates

Research Article Vol. 28, No. 18/31 August 2020/ Optics Express 26989 |
Optics EXPRESS b Ny \
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Abstract: The spaceborne CALIOP lidar, initially designed for atmospheric measurements,
was recently used to retrieve the particulate backscattering coefficient (b;,) in ocean subsurface
layers. However, extensive field evaluation of CALIOP estimates was never conducted due to
the scarcity of in situ data. Here, year-round and basin-wide data from Biogeochemical Argo
floats (BGC Argo) were used to evaluate CALIOP estimates in the North Atlantic. The high
density of BGC Argo float profiles in this region allowed us to test different matchup strategies
at different spatio-temporal scales. When averaged over 2° by 2° grid boxes and monthly time
resolution, CALIOP data present reasonably good correlation with highly variable float by,
values (correlation r = 0.44, root mean square relative error RMS% = 13.2%), suggesting that
seasonal dynamics can be characterized at basin scale.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The National Aeronautics and Space Administration (NASA) and the Centre National d’Etudes
Spatiales launched in 2006 the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite [1]. The primary instrument on CALIPSO is the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) sensor, initially designed for atmospheric studies [2].
However, recent studies have demonstrated the potential of CALIOP for oceanic applications
[3-6]. CALIOP subsurface measurements provide estimates of the backscattering coefficient
of suspended particles (by,(1), m~") from which phytoplankton biomass or particulate organic
carbon can be derived [3]. These active lidar measurements can be conducted both day and night,
at low solar elevations and through considerable aerosol loads and thin clouds, thus palliating
many limitations of passive ocean color remote sensing, particularly in polar and subpolar regions
[7.,8].

Field evaluation of satellite observations has always been a challenging issue in oceanographic
research. Indeed, field-collected data are sparse in time and terribly undersampled in space [9],
thus restricting matchups of data to specific locations and times. To our knowledge, only one
study from Behrenfeld et al. [3] conducted a comparison analysis between CALIOP subsurface
by retrievals and in situ data. They used ship-based by, data collected during the 2012 AMT22
cruise in the North Atlantic between 15 (45°N, 20°W) and 24 October (22°N, 40°W). These
data were compared with nearest 2° by 2° pixels of monthly climatological average CALIOP by,
data, and 9 by 9 km pixels of monthly average MODIS b, data for October 2012. Therefore,
differences in spatial and temporal resolutions of by, data from the various sources induced
discrepancies in matchups. In addition, the CALIOP by, data could not be evaluated over the full
seasonal cycle.

The recent deployments of profiling Biogeochemical Argo floats (BGC-Argo) in the North
Atlantic subpolar ocean provide the first opportunity to evaluate CALIOP by, estimates with
year-round and basin-wide in situ by, data. The density of the BGC-Argo float network allowed
us to test different matchup configurations at different spatio-temporal scales. In particular,
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matchups on a profile-by-profile basis were conducted to evaluate if CALIOP estimates may be
used at fine spatio-temporal scales to better describe phytoplankton blooms dynamics in polar
and subpolar regions.

2. Method
2.1. Robotic in situ observations

In situ observations were acquired by an array of 18 BGC-Argo floats deployed in the North Atlantic
subpolar ocean (Table 1, freely available at http://www.coriolis.eu.org/Data-Products/Data-
Delivery/Data-selection). These autonomous profiling platforms, equipped with state-of-the-art
biogeochemical sensors, have collected measurements every 2, 5 or 10 days, from 1000 m
(drifting depth) to the surface. In 2014, more than 1000 profiles were acquired in this region,
representing the highest annual density of BGC-Argo float profiles worldwide (Fig. 1). This
unique profile density allowed us to test different matchup configurations, binning the data at
different spatio-temporal resolutions (see section 2.4). This is why our analysis focuses on this
specific region and year.
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Fig. 1. Spatial distribution over 2° by 2° grid boxes (left) and temporal distribution (right)
of >1000 BGC-Argo float profiles acquired in 2014 in the North Atlantic subpolar ocean.
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A WETLabs ECO sensor, mounted on each float, has measured the volume scattering function
(VSF) in the backward direction, at a wavelength (1) of 700 nm and an angle of 124°. Following
the procedures described in Schmechtig et al. [10], the contribution of seawater was removed
from the VSF, which in turn was converted to total particle backscattering by,(700) with the
conversion factor from Sullivan et al. [11]. To match CALIOP estimates at 532 nm, by, (700)
was scaled to 532 nm according to:

700\”
bup(532) = by (700) (ﬁ) M)

where the power-law slope () was set equal to 0.78 [12]. Finally, for comparison with CALIOP
and MODIS estimates, b;,(532) was depth-averaged with the following vertical weighting
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Table 1. List of Biogeochemical-Argo floats used in this study.

WMO“ # Profiles Date first profile Date last profile
6901486 59 07-Jan-2014 28-Dec-2014
6901489 60 07-Jan-2014 23-Dec-2014
6901516 126 04-Jan-2014 27-Dec-2014
6901480 116 04-Jan-2014 29-Dec-2014
6901484 25 05-Jan-2014 12-Apr-2014
6901485 60 05-Jan-2014 26-Dec-2014
6901481 10 05-Jan-2014 06-Mar-2014
6901482 60 05-Jan-2014 26-Dec-2014
6901524 60 05-Jan-2014 26-Dec-2014
6901525 111 05-Jan-2014 27-Dec-2014
6901515 9 06-Jan-2014 02-Mar-2014
6901519 59 06-Jan-2014 27-Dec-2014
6901517 8 06-Jan-2014 25-Feb-2014
6901521 16 06-Jan-2014 06-Apr-2014
6901523 60 06-Jan-2014 27-Dec-2014
6901527 69 06-Jan-2014 22-Dec-2014
6901647 63 09-Jun-2014 27-Dec-2014
6901646 53 16-Jun-2014 29-Dec-2014

“World Meteorological Organization identification number

function [13,14]:

bFLOAT _ Z eXp(_ZKd(532)Z) bbp(532’ Z)
bp > exp(—2K;(532)z)

where K;(532) is the diffuse attenuation coefficient of downwelling irradiance at 532 nm (m™).
K,(2) was first computed at 490 nm by fitting a fourth-degree polynomial function on the
logarithm of the downwelling irradiance E;(490) measured by the floats (OCR-504, Satlantic
Inc.), and then calculating the mean slope over the first 50 meters. Based on the quality-control
procedure described in Organelli et al. [15], only profiles of type 1 and 2 (for “good” and
“probably good”) were used. In addition, each data point acquired along the profile flagged as
“bad” or “probably bad” were removed. For 30% of the dataset, the quality of the profiles was
too bad (type 3) to calculate K;(490). In these cases, we used the average K;(490) of profiles,
within a radius of 100 km and a time period of 20 days (the decorrelation scale of bio-optical
properties [16]), where bbF[fOAT had changed by less than 50%. K,;(490) was then scaled to 532
nm according to [17]:

@)

K4(532) = 0.68 (K,(490) — 0.022) + 0.054 3)

2.2. Passive ocean color observations

Passive ocean color observations from the MODIS Aqua sensor were downloaded from
https://oceancolor.gsfc.nasa.gov. Monthly and 8-day level-3 products at 9 by 9 km grid resolution
were used. The particle backscattering coefficient at 443 nm (b;,(443)) was computed using
the Generalized Inherent Optical Properties inversion algorithm (GIOP) [18]. MODIS-based
by,(443) was converted to by,(532) (hereafter b%)OD ’S) using a formula similar to Eq. (1), with y
directly provided by the GIOP algorithm.


https://oceancolor.gsfc.nasa.gov
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2.3. Active CALIOP measurements

The CALIOP lidar is an active sensor producing simultaneous laser pulses at 1064 and 532
nm, with dual polarization at 532 nm (cross-polarization and co-polarization channels). The
beam is directed at a fixed angle near nadir, and the angular divergence is adjusted to produce a
beam diameter of 70 m at the Earth’s surface. The along-track pulse-to-pulse distance is 333
m and the between-track distance is 1.5° at the equator (decreasing with increasing latitudes).
CALIOQP orbit has a 16-day repeat cycle, during which world-wide vertical profiles of the elastic
backscattering are recorded. Fundamental profiles’ vertical resolution is 30 m in the atmosphere
and ~22.5 m in the water because of the 1.34 refractive index of seawater at 532 nm [19].
Level 1B Standard V4-10 CALIOP profiles from https://search.earthdata.nasa.gov/search were
used to estimate the ocean particle backscattering coefficient following the methodology described
in Behrenfeld et al. [3]. Briefly, CALIOP by, estimates were based on the cross-polarized
component of column-integrated backscatter from below the ocean surface, 3,,+. As signal level
in the ocean changes with the transmittance of the overlying atmosphere, ,,+ was derived from
the column-integrated ratio of the co-polarized and cross-polarized channels (i.e. depolarization
ratio). This ratio is independent of atmospheric transmittance and is very accurately calibrated:

Bw+ = 5T1_'B+05T )
where 67 is the total column-integrated depolarization ratio (dimensionless), which includes
surface and subsurface signals (first vertical bin below surface). The ocean surface position
was determined as the maximum total backscatter (sum of co- and cross-polarized channels)
located within 150 meters above or below the reported Global 30 Arc-Second (GTOPO30) Digital
Elevation Model (DEM) following Lu et al. [17]. B is the lidar surface backscatter (st~ 1), which
retains the transmitted laser pulse polarization plane and impacts the co-polarized channel. S;
was evaluated using co-located ocean surface wind speed estimates from ECMWF reanalysis
according to Hu et al. [20]. Then, bg;xuop at 532 nm was computed as:

BCALIOP _ 2K4(532)B,+ 1+6,
" P,(0,1)+0.98% 5,

&)

where P,(6, 1) is the scattering phase function in the backward direction due to particles. At
angle (0) of 180° and wavelength of 532 nm, P,(180, 532) is assumed to be 0.32 following Lu et
al. [21]. This value differs from the study of Behrenfeld et al. [3] where P,(0, ) was set equal to
0.16. The reason of this choice will be discussed in section 3. 0, is the particulate depolarization
ratio in water, estimated as ¢, = 2K;(532) for waters with K;(532)<0.15 m~! or 6p = 0.3 for
waters with K;(532)>0.15 m~! [3]. Usually, K;(532) is computed from collocated MODIS
observations [17,22]. Here, K;(532) was derived from float measurements (see section 2.1),
allowing CALIOP by, estimates to be independent from passive satellite observations.

Two sets of Quality Check flags, contained in lidar Level 1 data products, were applied at
single shot resolution to insure high-quality CALIOP retrievals. In addition, as the presence
of sea ice, extreme wind conditions, clouds and high aerosol loading compromise CALIOP
measurements, some quality thresholds were employed, following Behrenfeld et al. [3]. CALIOP
retrievals with 67>0.05 were removed to eliminate measurements with complete or partial sea
ice coverage within a given lidar footprint. Single-shot data under wind speeds of > 9 m s~! were
removed as well to avoid signal contamination from bubbles, foam, and whitecaps. Similarly,
data under wind speeds of < 2 m s~! were also removed to avoid potential errors from saturation
of the co-polarization channel due to strong specular reflection from the ocean surface. Finally,
following Lu et al. [17], lidar shots with column-integrated backscatter above the ocean surface
> 0.03 sr™! were removed to warrant the air column is sufficiently clear and clean. This value


https://search.earthdata.nasa.gov/search
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corresponds approximately to an aerosol optical depth of 3, a threshold used in Behrenfeld et al.

[3].

2.4. Evaluation strategy of CALIOP b, estimates

CALIOP by, estimates were evaluated by comparison with both in situ autonomous robotic
observations from BGC-Argo floats and passive ocean color data from MODIS in 2014. The
comparison zone is the North Atlantic subpolar ocean between 42° and 66° N. Comparisons
between float and MODIS estimates were also conducted. The advantage of using float data is
that matchup with CALIOP data were possible throughout the year, on a basin scale. The high
density of the float network allowed us to test three matchup configurations: (1) Single float
profiles were co-located with the nearest 9 by 9 km MODIS pixel and CALIOP shots covering the
same area. Both MODIS and CALIOP data were averaged over 16-day periods, corresponding to
CALIOP repeat cycle time. (2) Float, CALIOP and MODIS data were binned over 1° by 1° grid
boxes and 16-day periods. (3) Boxes were extended to 2° by 2° and monthly time periods.

To evaluate the performance of CALIOP retrievals, the log-difference error (A) between
estimates from each source was calculated, as described in Campbell et al. [23] and Friedrichs et
al. [24]:

Awois.cariop) = logio(bp’P"®) — logio(by " ©
A(rLoat,caLiOP) = logw(beOAT _ loglo(b,f;‘“OP o

Amobis FLoaT) = loglo(b%)OD’S) - lOglo(bflfOAT ®

The mean (M) and standard deviation (SD) of the log-difference errors, and root-mean-square
(RMS%) of the relative log-difference errors were also examined. As an example, My0pis,caLiop)
would be the mean of Awoprs,caciop). Since these indices are expressed in decades of log
and not easily translated into absolute terms, Campbell et al. [23] proposed non-dimensional
inverse-transformed values:

Fuea = 10 9
Fmin = 10M_SD (10)
Fpin = 10M75P an

Assuming an underlying normal distribution for A, F%gDIS’CALIOP), for example, would be the

MODIS ,CALIOP _ | 0Awois.catior) | Thus, if F(MODIS.CALIOP) _ 4
bp bp ’ > med ’

the median value of b%)OD IS is a factor of 2 larger than the median value of blf;‘” OP Similarly, if

’(ZL?DIS’CALIOP) = 0.5, the median value of b%ODIS is a factor of 2 smaller than the median value

median value of the ratio /' = b

of b,f;‘uop . The correlation coefficient (r) was also calculated from the log-transformed values.

3. Results and discussion

The spatio-temporal coverage of BGC-Argo profiles allowed, for the first time, year-round and
basin-wide in situ comparisons with CALIOP estimates. Over the whole basin, a minimum
of 56 profiles were acquired in December, and a maximum of 114 profiles in March, with an
average of 85 profiles per month in 2014 (Fig. 1). By contrast, the availability of passive MODIS
observations was limited in winter due to low solar elevations at these latitudes. Indeed, over 2°
by 2° boxes (i.e. ConFig. 3), no monthly MODIS data were available in January and < 20% of
pixels in February, November and December on average (Fig. 2). Data availability was maximum
in August (99% of pixels).

With CALIOP quality flags implemented (see section 2.3), by, estimates were retrieved
throughout the year, but from only a small proportion of the CALIOP shots. While good-quality
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Fig. 2. Average percent of exploitable 9 by 9 km MODIS pixels (top) and CALIOP shots
(bottom) within 2° by 2° degree boxes.

estimates were retrieved for 65% of the CALIOP shots at global scale in Behrenfeld et al. [3], we
could only use 10% of total CALIOP shots (maximum of 17% in August, Fig. 2) in the North
Atlantic subpolar ocean, using the same quality-control procedure. Indeed, when averaged over
all boxes in August, 70% of the shots were above the column-integrated backscatter threshold
(> 0.03 sr™!) due to high cloud cover and aerosol loading, 23% were out of the wind speed
limits, and 1% were flagged as bad quality data in level 1 products. After these filters were
applied, another 85% of the shots were removed due to depolarization ratios 67>0.05. At this
time and location, sea ice was absent, so a possible explanation of these high depolarization
ratios is the low signal to noise ratio of the cross-polarization channel due to strong signal
attenuation in the atmosphere. The same analysis was conducted (ConFig. 3), but using a
column-integrated backscatter threshold of 0.017 sr™! to insure perfectly clear and clean sky
conditions [17]. This more restrictive threshold reduced the final percent of CALIOP shots
used within each box (maximum of 13% in August) but allowed to select CALIOP profiles with
potentially higher signal-to-noise ratio in subsurface layers. However, the average percent of
CALIOP shots with depolarization ratio >0.05 remained high (minimum of 90% in August),
suggesting that strong signal attenuation in the atmosphere cannot explain the high depolarization
ratios observed. Daytime measurements in weakly scattering layers are strongly affected by the
ambient solar background, which also causes a substantial deterioration of the signal-to-noise
ratio [25]. Therefore, we conducted an additional analysis using only nighttime measurements.
Again, the average percent of CALIOP shots with depolarization ratio >0.05 remained high
(minimum of 80% in September), suggesting that low signal-to-noise ratio attributed to the
ambient solar background cannot explain such high depolarization ratios.

The low proportion of good-quality CALIOP data was problematic when comparing by,
estimates at fine spatio-temporal scales (i.e. ConFig. 1). Indeed, over 1002 possible matchups,
b,fAUOP estimates were retrieved for only 21 matchups. However, when CALIOP shots were
binned at broader scales, the number of matchups (i.e. boxes with co-located CALIOP and float
data) increased to 284 and 269 for ConFig. 2 and 3, respectively (Fig. 3). Figure 3 shows the
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Fig. 3. Comparison of by, estimates from three different sources: CALIOP vs. MODIS
(a, d, g), CALIOP vs. FLOAT (b, e, h), and MODIS vs. FLOAT (c, f, i). Three matchup
configurations were tested: ConFig. 1 at 9 by 9 km and 16 days (a-c), ConFig. 2 at 1° by 1°
and 16 days (d-f), ConFig. 3 at 2° by 2° and 1 month (g-i). Solid line represents perfect
agreement, and dashed lines represent A = £0.5. Colors indicate the day of year.

comparisons between each pair of by, estimates from the three different sources. For ConFig. 1,
the low number of matchups makes it difficult to assess the performances of CALIOP retrievals
against MODIS data (Fig. 3(a)) or float data (Fig. 3(b)). However, the higher number of matchups
between MODIS and float data (N = 555, Fig. 3(c)) clearly shows a good agreement between
these two estimates. Table 2 provides the performance indices of by, estimates. The mean
log-difference error between b)!°"S and bZIfOAT is Myopis.Froar) = 0.07 with a correlation
coefficient ropis,rroary = 0.82, a root mean square relative error RMS%opis,rroar) = 8.05

and a median ratio near unity (F%gDIS’FLOAT) = 1.17, ConFig. 1). At broader scales (ConFig.
2), bg;uop presents low correlation with both b%)oms (rawobis,cariopy = 0.35, Fig. 3(d)) and
bbF[fOAT (t(rroaT.caLIOP) = 0.32, Fig. 3(e)), and high RMS% values (RMS%wopis.cariop) = 12.7
and RMS%rroar,carior) = 15.1) compared to the float/MODIS relationship (rasopis,Froar) =

0.80, RMS%qropis.rLoar) = 9.24). Atmonthly and 2° by 2° grid resolution (ConFig. 3), bCALO
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shows better agreement with both and b[fLOAT. Correlation coefficient increases to 0.61
with MODIS estimates and 0.44 with float estimates and RMS% values decreases significantly
(RMS%wsopis,cariop) = 7.12 and RMS%rroat,cariop) = 13.2). bg;xuop slightly overestimates

MODIS FLOAT (MODIS,CALIOP) _ (FLOAT,CALIOP) _
bbp b, (Fe =092andF, =

MODIS
bb

and 0.58), especially for low by,
values during winter months (Figs. 3(g)—(i)). Cumulative distribution functions in Fig. 4 clearly
show this discrepancy for by, values <1 * 1073 (m~") which represent 10, 20 and 30% of the
CALIOP, MODIS and floats dataset respectively. Biases in this range of values may be related to
the inherent challenges of comparing data acquired with different instruments and associated
detection limits. The limited number of data during winter months (Figs. 1 and 2) may also affect
the signal to noise ratio within each box, as illustrated by the data dispersion in wintertime for
ConFig. 2 and 3 (see Figs. 3(e) and (h)). It is worth noting that other configurations tested in
clear sky conditions or during nighttime only did not allow improving the goodness of CALIOP
estimates (Table 2).
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Fig. 4. Cumulative distribution of by, estimates from three different sources (FLOAT,
CALIOP, MODIS) for ConFig. 1 (left), ConFig. 2 (middle) and ConFig. 3 (right). Only
matchups with estimates from all sources were kept. The dashed yellow lines represent
CALIOP estimates for a phase function Pp(ISO, 532) = 0.16, as in Behrenfeld et al. [3].

Figure 4 also shows the cumulative distribution functions of CALIOP estimates when the
scattering phase function P,(0, 1) is set equal to 0.16, as in the global scale study of Behrenfeld et
al. [3], instead of P,,(6,A) = 0.32 as used in the present study and in Lu et al. [21]. In the North
Atlantic, bbCA“ OP overestimates b’b” ODIS 4nd b,f]fOAT by a factor of 2 to 3 when P,(6,4) = 0.16.
This demonstrates the need to adapt the scattering phase function at least regionally. Indeed, for
0 >150°, P,(0, \) exhibits high variability in natural waters with respect to optical properties and
size distributions of suspended particles [26,27]. Other studies also reported the high variability
of P,(0, ) with respect to phytoplankton internal structure and shape [28,29], suggesting that
seasonal changes in the phytoplankton community structure might affect the goodness of CALIOP
estimates. However, despite the use of a constant value for P,(0, 1) and the strong spatio-temporal
variability of b7“O4T estimates (nearly 2 orders of magnitude, Fig. 4), the reasonably good
performance indices of the float/ CALIOP relationship in Config 3 suggest that seasonal dynamics
of particulate matter can be retrieved on basin scales. Dionisi et al. [6] also demonstrated that
such seasonal dynamics can be retrieved from the CALIOP total column-integrated depolarization
ratio 67, which has the advantage of being independent from P, (6, A).

In this study, we chose to use the diffuse attenuation coefficient K;(532), derived from the floats
(and not from MODIS), to compute CALIOP estimates, taking full advantage of the active sensor
(CALIOP measurements day and night, throughout the year). Therefore, a dependency exists
between CALIOP and float estimates, through K;(532). Figure 5 shows the relationship between
bg}fOAT and B, the cross-polarized component of subsurface column-integrated backscatter,
which is independent from K;(532). This relationship presents a similar correlation coefficient
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Table 2. Performance indices based on log-difference errors A between by, estimates from three
different sources (CALIOP, MODIS and FLOAT).?

N M SD RMS% r Fmed Fmin Fmax
MODIS vs. CALIOP
A(MODIS CALIOP)
Config 1 16 0.009 0.26 9.2 0.54 1.02 0.56 1.85
Config 2 223 -0.05 0.35 12.7 0.35 0.88 0.39 1.96
Config 3 219 -0.04 0.19 7.12 0.61 0.92 0.58 1.46
FLOAT vs. CALIOP
A(FLOAT,CALIOP)
Config 1 21 -0.11 0.42 14.5 0.29 0.78 0.29 2.06
Config 2 284 -0.19 0.43 15.1 0.32 0.64 0.24 1.74
Config 3 275 -0.24 0.36 13.2 0.44 0.58 0.25 1.33
Config 3 clear sky 253 -0.20 0.36 12.9 0.44 0.62 0.27 1.42
Config 3 night time 183 -0.19 0.45 15.6 0.31 0.64 0.23 2.27
MODIS vs. FLOAT
A(MODIS FLOAT)
Config 1 555 0.07 0.22 8.05 0.82 1.17 0.70 1.94
Config 2 415 0.11 0.24 9.24 0.80 1.28 0.73 2.23
Config 3 231 0.13 0.24 9.66 0.79 1.35 0.77 2.36

N is the number of matchups. M and SD are the mean and standard deviation of log-difference errors and RMSY% is the
root mean square relative log-difference errors, respectively. r is the correlation coefficient. Median and one-sigma range
of the ratio between by, estimates from different sources are given by Fined, Fmin and Fiax, respectively. Symbols A with
subscripts refer to the notation in Egs. (6)—(8).

(r = 0.38) to the one between bf}fOAT and bbC;LIOP (r = 0.44), suggesting that the dependency
mentioned earlier does not compromise the interpretation of our results.
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4. Conclusion

The recent development of the BGC-Argo float network provided a new opportunity to evaluate
CALIOP by, estimates over a complete annual cycle and on a basin scale. In the North Atlantic
subpolar ocean, retrievals of good-quality CALIOP subsurface measurements were strongly
constrained by the harsh weather conditions, thus drastically reducing the matchup possibilities
at fine spatio-temporal scales. Therefore, we cannot conclude on the quality of CALIOP by,
estimates at such scales. However, the low availability of these data reveals that any high-latitude
oceanic applications at fine spatio-temporal scales would be highly challenging, if not impossible,
with the present algorithm. At broader spatio-temporal scales, comparisons between CALIOP,
MODIS and float estimates presented relatively good correlations, given the strong variability
of year-round by, values in the study region. These results confirm the potential of spaceborne
lidar for studying the seasonal dynamics of particulate matter on basin scales. We expect that the
envisioned ocean-optimized satellite lidar will greatly improve by, estimates and extend the field
of oceanic applications [30].
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