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2. Material and methods
2.0.1. Field campaign

Data were collected during the 26" Atlantic Meridional Transect (AMT26), which took place on
board the RRS James Clark Ross from September 20th (Immingham, UK) to November 4t 2016
(Port Stanley, Falkland Islands). The transect spanned approximately 100 degrees of latitude and
covered a wide range of oceanic waters ranging from oligotrophic to eutrophic (Fig. 1).

Fig. 1. AMT26 track (line) and locations of discrete validation samples (circles) superimposed
onto the October 2016 Ocean Colour-ESA Climate Change Initiative (v3.1) monthly chl
composite.

2.0.2. Experimental set up

The set up used to collect measurements is similar to the one described in previous work [9, 13]
and exploits a WETLabs hyperspectral (400-750 nm) absorption and attenuation meter (ACS) that
continuously samples water from the ship’s clean seawater supply. Every hour, for ten minutes,
an automated electrically-actuated valve diverts the sample water through a 0.2-um cartridge
filter (Cole Parmer, single open end serial nylon cartridge, 0.45/0.20 um). The 0.2-um filtered
signals are subtracted from the bulk data to derive calibration-independent particulate absorption
(ap) and beam attenuation (c),) coefficients. To derive a, and ¢, a simultaneous scattering and
residual temperature correction is applied [9, 10].

2.0.3. Measurements needed to determine ay,

To derive [a, c],, we determined the absorption and attenuation coefficients of 0.2-um filtered
water from the ship’s clean seawater supply as well as those of the ship’s ultrapure water system
(Millipore Milli-Q,s5 Plus reagent-grade water purification system equipped with UV photo-
oxidation technology that was fed with water pre-treated by reverse osmosis; final resistivity: 18.2
MQ cm™!; total organic carbon <5 ppb). To account for variations in the instrument calibration
coefficients, four ultrapure water measurements, at intervals of approximately 6 hours, were
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collected each day during the cruise. This ultrapure water was contained in an acid-washed
20 1 carboy and pumped to the ACS by means of positive pressure applied to the carboy. To
remove any remaining particles in the ultrapure water, an additional 0.2-um filter (AcroPack,
1000 capsule with Supor membrane, 0.2/0.2 um) was installed between the carboy and the ACS.
Measurements were collected as the ultrapure water flowed through the ACS for about 5 minutes.
Each ultrapure water measurement was taken just after one of the automated 0.2-um filtrations
so that quasi-simultaneous data on 0.2-um filtered seawater were available.

2.0.4. Estimation of “discrete” a, and ¢y values

The measurements provide two spectra for the both a- and c-channels: one set when the ACS
tubes are filled with 0.2-um filtered seawater, i.e. [a, c]o.2, and one set when filled with ultrapure
water, i.e. [a, c]mq. To estimate [a, c],, we first computed the difference between the measured
absorption and attenuation coefficients of the 0.2-um filtered and ultrapure water:

[a, C]y,raw =[a,clo2 - [a, C]MQ- @)

Note that we did not apply the temperature and salinity corrections recommended by the
manufacturer, because CDOM absorbs in the blue spectral region where these corrections have
relatively small spectral variations [20].

Finally, we fitted a single exponential curve with an offset [25] using a non-linear optimization
routine [25] to [a, c]y,raw in the 420-490 nm region:

[a,c]y(A) = ([a, cly.raw(440)) 50V 1 0, (8)

where S, is the spectral slope and A is the wavelength (in nm), and O is an offset (in m™!). The
fitting region was chosen to minimise interferences from Wr and to avoid wavelengths shorter
than 420 nm where the ACS intrinsic noise increases. A randomly-selected example of this fit
is presented in Fig. 2. Since we did not apply any temperature and salinity corrections, large
spectral features are evident in the [a, c]y,raw spectrum above 490 nm (black line in Fig. 2). On the
other hand, in the blue spectral region the spectrum follows the typical exponentially decreasing
shape of a,, .
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Fig. 2. Example of fitting eq. 8 to the difference between the absorption coefficients of
0.2-um filtered and ultrapure water in the 430-490 nm spectral range. The local minima
and maximum in the ag > — amq spectrum at wavelengths longer than 550 nm are due to
temperature and salinity differences between the two water samples.
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2.1. Estimation of *hourly” a, and c, values

After deriving [a, c], from discrete daily measurements of ultrapure water, we also estimated
hourly values of [a, c], by interpolating the four daily ultrapure water measurements to match the
hourly values of 0.2-um filtered seawater. The main assumption here is that the diurnal variability
of the ultrapure water signal measured by the ACS can be approximated by linearly interpolating
successive ultrapure water measurements.

To obtain hourly 0.2-um filtered water measurements we computed the median value of spectra
collected during the central part of the hourly 0.2-um filtration time (from minute 2 to minute 9
of every hour). Finally, we computed hourly estimates of [a, c]y,raw and estimated hourly spectra
of [a, c], as described in the previous section.

2.2. How many ultrapure water measurements do we need?

An important practical methodological question is: How often is a ultrapure water spectrum (and
related experiment) needed during any given cruise? While the answer may depend on how stable
the specific ACS instrument used is, we carried out a sensitivity analysis to calculate how the
uncertainty in the ultrapure water value increases with a decrease in the number of ultrapure
water samples available.

To provide an estimate of how the temporal resolution of the MQ measurements could affect
the uncertainties in the derived [a, c], values, we estimated the standard deviation of the [a, c]mq
signal during each day of the cruise. Results from this calculation provide an estimate of the
typical variability of the MQ signal (and thus of the stability of the ACS instrument) during a
single day. To estimate how stable the ACS was during sets of two days, we then increased the
interval within which we computed the standard deviation to 2 consecutive days and repeated the
calculation. We finally repeated the process, by increasing the intervals by 1 day until we reached
a final interval of 7 consecutive days.

2.3. Estimation of chlorophyll-a concentration

To compare our [a, c], measurements with published bio-optical models, we estimated the
concentration of chlorophyll-a (chl) by exploiting the peak in a, at 676 nm [9, 26,27]. This
calculation assumes a chlorophyll-specific absorption coefficient that is constant [9,26,27]. We
compared these ACS-based estimates of chl with independent and coincident determinations
of total chlorophyll-a (TChla, sum of chl-a, divinyl chl-a, and chlorophyllide-a) from high
performance liquid chromatography (from discrete samples filtered on glass fiber filters, with
filtered volumes ranging between 2 and 5 litres based on the trophic status of the sampled waters).
The median of the relative residuals (chl/TChla—1) was —0.15, and their robust standard deviation
was 0.08, indicating that the ACS-based estimates of chl were typically underestimating TChla
by about 15% and had a typical precision of about 8%. To remove this bias from our ACS-based
estimates of chl, we therefore multiplied them by a factor 1.15 and used these corrected values
for the rest of the analysis.

To obtain chl matching the a, spectra, we first removed high-frequency variability by applying
a median filter (window size 171) to the minute-binned chl values. The hourly gaps in chl during
the 0.2-um filtration times were then filled by linear interpolation of the median-filtered values.
Finally, hourly chl values were extracted to match in time the [a, c], values.

2.4. Validation

To validate our ACS-based estimates of [a, c],, we collected additional independent measurements
using a liquid waveguide capillary cell (LWCC) system.

Water samples were collected from the CTD Niskin bottles and the underway system in 0.1-1
acid-washed amber glass bottles. To minimize possible temperature artefacts in the measurements,



