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Method M1. Detailed description of CALIPSO data analysis and product uncertainties.
Figure M.1. Bubble depth to depolarization relationship.

Figure M.2. Histogram of the occurrences of depolarization from CALIPSO and the NRL
shipboard lidar.

Figure M.3. Histogram of the occurrences of CALIPSO bubble depth observations in the Gulf of
Alaska for one Month (December 2019).

Figure M.4. Measurement geometry of the space lidar.

Figure M.5. Ratio of the apparent bubble depth 6 measured by CALIPSO for a specific bubble
cloud to the maximum depolarization at the maximum depth.

Figure M.6. Bias between our data and the relationship of (Vagle et al. 2010).



Method M1. Detailed description of CALIPSO data analysis and product uncertainties.

(a) Analysis of CALIPSO data

In theory, the bubble clouds have a signature in the co-polarization lidar channel (Churnside 2010).
This is observed in very clean ocean water in the laboratory (Wang et al. 2022) and as a statistical
monthly average (Josset et al. 2010). However, in practice, the bubble signature is too small in the
co-polarization channel, and it is only feasible to discriminate the individual bubble clouds from
the ocean background in natural conditions with another set of information like the depolarization
(Josset et al. 2024).

The signature of the ocean bubbles in the depolarization channel is strong and unambiguous (Hu
et al. 2008, Churnside 2014, Wang et al. 2022, Josset et al. 2024). This change of depolarization
is much higher than for most features typically observed by an ocean lidar (water molecules,
phytoplankton). It has been demonstrated that phytoplankton can be detected by a space lidar
(Behrenfeld et al., 2013), so there is no conceptual difficulty in detecting underwater bubbles from
space as well.

However, the CALIPSO lidar vertical sampling resolution is relatively coarse. At the top of the
ocean, the resolution is related to the 10 MHz digitizer rate (Hunt et al. 2009) and onboard
averaging of two vertical bins (which leads to a resolution of 29.98 m in air). The ocean water
refractive index is around 1.338 at 532 nm (Quan and Fry, 1995), so the speed of light in this
medium is reduced accordingly, and the vertical sampling of the ocean's upper column is 22.4 m.
Although the deepest bubble clouds reach beyond this value (Strand et al. 2020, Derakhti et al.
2023, Josset et al. 2024), the number of occurrences of bubble clouds decreases non-linearly as a
function of their depth. Most observations are in depth ranging from 0 to 15 m (Fig. M.1).
Therefore, for most bubble clouds, the space lidar does not have a vertical resolution sufficient to
derive directly the bubble depth from the profile information.

Our estimates of bubble depth are based on our shipboard lidar field observations (Josset et al.
2024). The lidar was on the bow of the R/V Sikuliaq from 4" December 2019 to 23" December
2019. The average wind speed value was 9.7 m/s (£ 4.8 m/s), with a minimum of 0.05 and a
maximum of 26.3 m/s (with wind gusts up to 32.9 m/s). Wave heights ranged from 3 to 10 m, with
extreme wave events in the area as recorded by the surface wave instrument floats with tracking
(SWIFT) buoys (Thomson et al. 2012, 2019) up to 17 m. We collected more than 113 hours of
data at 50 Hz (around 20x10° ocean profiles) that span different wind and wave conditions. This
lidar dataset is presented in more detail in Josset et al. (2024)

The shipboard lidar can derive the bubble cloud with a high vertical resolution (14 cm), which
provides guidance for understanding coarser data. Using all the data from this unique field
experiment, we found a clear relationship between the column-integrated backscatter
depolarization from the ocean and the maximum bubble depth detected in the lidar profiles (Fig.
M.1).

The advantage of using the integrated depolarization ratio is that we do not use the vertical
information, and the column-integrated ratio of the cross-polarized to co-polarized channel is the



most accurate measurement of the CALIPSO lidar in terms of calibration. The Vertical Feature
Mask (VFM) was used to filter out scenes with liquid water clouds, ice clouds, and stratospheric
features. The VFM filtering method removes data with a low signal-to-noise ratio, even if the
calibration accuracy should be insensitive to the feature attenuation. The depolarization ratio &y is
the ratio of the perpendicular channel C, (cross-polarization) to the parallel channel (co-
polarization) Cy:

Sp=2 (1)
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This quantity exists for both the shipboard lidar and the space lidar. For this first algorithm, we
expressed the bubble depth Dy as a function of 85 through the following relationship:

Dy = —20.18(855°%%%%) + 58.47 )

The challenge is to estimate the accuracy of the relationship between the bubble depth and the
depolarization ratio for a different instrument. We anticipate the uncertainty to decrease with future
versions of the algorithm as we learn more about this new retrieval methodology and obtain more
data for validation. Two sources of uncertainty will modify the relationship between the shipboard
and space lidar. First, the laser footprint is around 80 m. Even when a bubble cloud is present, the
signal will likely include a decent amount of return from water molecules, and the depolarization
will be smaller than if only bubbles were present. Second, the amount of multiple scattering
increases the light depolarization.

CALIPSO keeps a higher amount of multiple scattered light in its receiver field of view than the
shipboard lidar and the distribution of depolarization is shifted towards higher values (Fig. M.2).
For the data in the Gulf of Alaska, the median depolarization of the shipboard observations is
0.0196 while it is 0.0329 for CALIPSO. Fig. M.2 shows the medians and the quartiles. As we can
see, 75% of the depolarization observations for the shipboard lidar are below 0.025, and for
CALIPSO, 75% are below 0.0534.

(b) Uncertainties in Satellite Retrieved Products

The sources of uncertainty for the CALIPSO bubble depth estimates include errors related to the
instrument calibration. It also includes errors associated with assumptions regarding the
similarities of measurement geometry and scattering properties between the shipboard lidar and
the space lidar.

In CALIPSO, the ratio between the parallel and perpendicular detector is internally calibrated with
a pseudo-depolarizer using a specific maneuver. Consequently, the random error in the
depolarization ratio measurements has remained at ~1% or less (Powell et al. 2009; Behrenfeld et
al. 2013). The final random noise uncertainty depends on the spatial averaging of the CALIPSO
depolarization ratio measurements. The CALIOP layer-integrated backscatter data reported in the
current study are monthly and seasonal average values within 0.5° X 0.5° pixels. For the monthly
average in the Gulf of Alaska, we represent the statistic of observations in Fig. M.3. The grid is
71x122 pixels (8591 pixels). For the 1764 pixels that contain data, the median of the counts per



pixel is 12 (minimum of 1, maximum of 168). The mapping process typically reduces the random
noise to less than 0.3%.

The bias (systematic errors) in CALIPSO depolarization ratio measurements of the bubbles is less
than 1.5% (Powell et al. 2009, Behrenfeld et al. 2013). Overall, the error related to the instrument
calibration is less than 2%.

The viewing geometry is illustrated in Fig. M.4. The shipboard lidar provides high-resolution
observations that can resolve the shape of the bubble cloud. The shape can be approximated as a
cone (Novarini et al. 1998, Josset et al. 2024). The space lidar, however, measures a cylinder of
water, and a fraction of this cylinder will contain bubbles.

What is important to define in this context is the depolarization in a bubble cloud 65, weighted by
the volume of bubbles Vg

5. = X avp(r)sr(r)dr
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The volume of the bubble cloud Vj is assumed to be a cone with a maximum depth related to the
maximum depolarization and is given by (2). The radius of this bubble cone is estimated based on
the relationship of Derakhti et al. (2023) that relates the whitecaps fraction to the bubble
penetration depth. We convert this relationship to a bubble radius Ry, as the radius of the
CALIPSO laser footprint is fixed and determines the observation geometry. In this equation, it is
assumed that the bubble cloud structure is one circle at the ocean surface.

— DB
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Through (4), we can find the apparent depolarization measured by CALIPSO for a bubble cloud
of this geometry. This is shown in Fig. M.5 (Left). Figure M.5 (Right) also illustrates the relative
value of the bubble depth if the space lidar measured this depolarization instead of the maximum
depolarization. The error is a low bias of around 20%.

(4)
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However, this determination is inconsistent with the increase of depolarization apparent in
CALIPSO observations (Fig. M.2). So far, we neglected the presence of non-bubbly water in the
laser footprint and the presence of multiple scattering. We provide partial answers on quantifying
the presence of multiple scattering in the following text, but we would need more information to
determine the theoretical expectation. However, we can determine the total bias from the
measurements themselves and quantify the impact of multiple scattering on the space lidar
observations. This discussion and the bias derivation will hopefully guide future work to better
determine the space lidar uncertainty as well as optimize future ocean lidar designs.

The apparent depolarization §, within the CALIPSO footprint is the weighted average between
the depolarization of the bubble cloud and the depolarization of the water without bubbles (&)
for a given volume of water Vj,; it can be written as:
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Equation (5) assumes that the co-polarized signal does not change in presence of bubbles. It is not
accurate (Hu et al. 2008, Josset et al. 2010), but it should be a valid approximation when the amount
of bubble is low. When there are a lot of bubbles, then §, becomes closer to §p.

Depending on the exact penetration depth of the space lidar, the theoretical uncertainty
determination will vary because the ratio of water with or without bubbles changes.

Based on measurements on the R/V Sikuliaq, when the water is clear, the NRL shipboard lidar
seems to have a penetration depth limited to around 12 m. Note that the penetration depth increased
when features are present in the water column (bubbles, phytoplankton layers, etc.), and the
maximum bubble depth measured was 30.93 m.

It is difficult to estimate how deep a space lidar like CALIPSO would penetrate in similar
circumstances because the details of the hardware matter considerably. For example, the signal
output would be identical for the shipboard lidar at 12 m and CALIPSO at 3 m when we make the
following assumptions: (i) We can neglect multiple scattering; (ii) The hardware of the shipboard
and space lidars have similar efficiency; (ii1) The only differences are the signal strength (the ship
board lidar has a higher signal by around 7 orders of magnitude) and the dynamic range (CALIPSO
has a higher dynamic range by around 3 orders of magnitude); and (iv) CALIPSO noise level is
twice the electronic noise of the shipboard lidar (when neglecting the sun noise). This
determination is approximate, and the CALIPSO penetration could be much deeper in all cases
because of multiple scattering, especially when a phytoplankton layer is present (Churnside et al.,
2013).

Theoretically, the exact amount of multiple scattering in the CALIPSO lidar underwater
measurements is challenging to evaluate. Such calculations are typically approximate, and, for a
homogeneous medium, it requires a complete knowledge of the scattering properties. The presence
of two media (water and bubbles) further complicates this determination. However, based on the
statistics of the data shown in Fig. M.2 and the difference between the CALIPSO bubble depth
and the relationship between bubble depth and wind speed derived by Vagle et al. (2010), the
bubble depth is biased by around 4.5 m. Fig. M.6 (Left) shows the estimated bias in the Gulf of
Alaska for December 2019. This bias allows us to estimate the increase in depolarization
associated with it (shown in Fig M.6 Right). This estimated increase of the depolarization due to
wide-angle multiple scattering goes from around 1.2 for the smallest bubble clouds around wind
speed of 10 m/s to around 1.9 for the largest bubble clouds. Although it is difficult to estimate
what the multiple scattering should be theoretically, these numbers are consistent with a relatively
low amount of multiple scattering when there are not many bubbles in the water and a higher
increase when there are more bubbles in the water. A doubling of the depolarization at high wind
speed seems consistent with lidar multiple scattering in dense medium (Hu et al. 2006, Hogan et
al. 2008).

In terms of random error, all the instrumental errors we discussed (2%) can be neglected. However,
the dispersion of the depolarization to depth relationship is an important source of uncertainty,
probably due to the geophysical variability of the bubble clouds. The standard deviation of the data



in Fig. M.1 has a median of 2.5 m between 0.02 and 0.038, where there is enough data to calculate
the statistic.

Overall, the error of our bubble depth estimate is 4.5 m + 2.5 m with this initial version of the
bubble depth algorithm. This is an important information, and we anticipate to be able to reduce
this error in the future.
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Figure M.1. Illustration of the relationship between integrated depolarization and the bubble depth.
The color bar shows the decimal logarithm of the number of observations.
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Figure M.2. Histogram of the occurrences of depolarization from CALIPSO (Top) and the NRL
shipboard lidar (Bottom). The blue vertical solid line is the median. The two light blue vertical
dotted lines define one standard deviation around the median.
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Figure M.3. Histogram of the occurrences of CALIPSO bubble depth observations in the Gulf of

Alaska for one Month (December 2019).
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Figure M.4. Measurement geometry of the space lidar.
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Figure M.5. Left: Neglecting multiple scattering, theoretical ratio of the bubble depolarization &g
measured by CALIPSO for a specific bubble cloud to the maximum depolarization at the
maximum depth, as a function of this maximum depth. Right: Same picture for the measured depth

as a function of the maximum depth.
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Figure M.6. Left: Bias between our data and the relationship of Vagle et al. (2010). Right: Relative
increase of apparent depolarization §4 due to the multiple scattering based on the bias shown on

the left.



