Protocol: Determination of particle, ap, and non-algal particle, anap, absorption coefficients
HZG, Rüdiger Röttgers

Principal 
The absorption coefficient of particulate matter is determined by combining point-source integrating-cavity absorption meter (PSICAM) and a quantitative filter technique (QFT) measurements. The absolute coefficient of ap is determined in suspension from PSICAM measurements for the range 400 – 700 nm. QFT measurements inside an integrating sphere are used to get ap and anap (after bleaching with NaOCl) for the spectral range of 250 – 1050 nm (anap: 350-1050). Linear regression analysis of PSICAM and QFT results are used to obtain the individual amplification correction factor, .
PSICAM
Sampling 
Water samples are taken directly from Niskin bottles into 1l glas bottles and used for onboard measurements in between 5-10 min.
Measurement strategy
1. The sample’s absorption coefficient (sum of particulate and dissolved fraction), ap+g, is measured with the PSICAM against purified water
2. The sample is filtered, first through combusted GFF filters, second through washed 0.2 µm membrane filters
3. The absorption coefficient of the filtrate is measured with the PSICAM, to get ag
4. ap is calculated by subtracting ag from ap+g
Measurement procedure
1. 1-2l purified water for a reference measurement is produced shortly before measurements using a Millipore Gradient system, and filled in clean 0.5 glass bottles, a single reference is used only 2-3 times, then replaced.
2. The PSICAM is calibrated before the measurement using colored solutions of nigrosin with known absorption coefficients. The absorption coefficient of the nigrosin solution is determined in a spectrophotometer or a liquid waveguide system. 
3. The original sample is measured shortly after sampling preferably at its ambient temperature against the reference (purified water). Measurement is repeated at least three times; temperature and salinity of the sample is noted during each measurement for an automatic temperature and salinity correction of the water absorption
4. The 0.2 µm-filtrate of the sample is measured at least three times against the reference.
5. The PSICAM is calibrated again afterwards and the difference in the calibration factor is used to determine the minimum measurement accuracy. 
Correction
None, for the final results.
Optical changes by differences in temperature and salinity of sample and reference are corrected.
The PSICAM measurements are conducted with full spectral light, and a correction for chlorophyll fluorescence induced inside the PSICAM cavity is performed. 
Filtration
After the first PSICAM measurement to determine ap+g, the sample is filtered to remove particulate matter.
First, it is carefully filtered through a combusted GFF filter with a low vacuum of <<-200 mbar, if possible just by gravity.
Second, the filtrate is further filtered through a membrane filter (Millipore, GSWP, 0.2 µm) under a vacuum of -200 mbar. The filter and the vacuum glass bottle are washed, by filtering three times 100 mLs of the sample. Each time the filtrate is removed. The remaining ca. 600 ml of the sample are filtered and filled back into the glass bottle. The glass bottle was washed with purified water and 50 ml of the sample before.
Results
Absorption coefficient of the particulate and dissolved fraction.
Critical issues
1) There is a mismatch in the particle sizes with this procedure compared to the QFT measurement. Here ap is obtained by a subtraction of ag from ap+g, when ag is the <0.2 µm-filtrate! For the QFT, with the particles on a GFF filter, the particles are >~0.7 µm, and particles between 0.2 and 0.7 µm are not included. Sometimes this is significant! In coastal water it is, however, often a rather wavelength-independent effect (probably by absorption of detritus of this particle size) and would lead to a small chance in the amplification factor. Hence, it would be compensated by the approach of determining individual amplification factors.
Nevertheless, we have experience only in coastal waters.
Alternatively we can perform an additional measurement of the GFF-filtrate in the PSICAM to measure exactly the same with PSICAM and QFT.
2) Absolute accuracy of the measurement: The PSICAM calibration is critical as it determines the absolute error. When performed with a spectrophotometer in a 10 cm cuvette, the necessary absorption coefficient of the solution has to be much higher than that of the later sample. Non-linearity effects of the PSICAM then limits the accuracy to 1-2%. When using a LWCC system (liquid waveguide), which can be done onboard of ships, the solution can be prepared with absorption coefficient in the same range as the samples. The accuracy of these LWCC is, however, less good, as it needs a calibration of the effective path length, so, effective accuracy is also at least 1-2 %.
Finally, with the PSICAM ap is determined by subtraction of two measurements, so, accuracy for ap is that of the sum of both measurement, at least 2-4%. Spectrophotometric accuracy in our lab is determined with a double aperture approach and is usually below 0.1 %, for comparison.
QFT (integrating sphere approach)
The method follows the procedure outlined in Röttgers & Gehnke 2012. 
Sampling 
Water samples are taken directly from Niskin bottles into 10l PE containers
Measurement strategy
1. Exact volumes of the sample is filtered onto combusted GFF filters
2. The sample’s optical density (OD) is measured against a wetted GFF filter in a spectrophotometer when placed in the center of a large integrating sphere
3. The material on the filter is bleached using NaOCl and its OD measured against a wetted and equally bleached reference filter
4. The absorption coefficients are calculated for each filter, ignoring path length amplification
5. The path length amplification factor, , is determined for each unbleached filter by (normally linear) correlation with the PSICAM results
6.  is extrapolate to < 400 nm and >700 nm, and taken equally for the bleached filter
Filtration and storage
1. Filtration is done onto 47-mm GFF filters (Whatman), that were combusted at 500 °C for 4h
2. Several filters are prepared by filtering different volumes of the sample. Depending on the turbidity of the water, minimum volumes are 1 – 100 mLs, maximum volumes 100 – 5000 mLs. Large volumes are used to determine the NIR absorption only. The restriction is the maximum OD of 0.1 to achieve a rather constant (linear over OD scale) amplification correction factor for all wavelengths. To optimize measurement for different spectral regions (UV, VIS, and NIR) several, different volumes are collected for each sample.
3. Filtration is done on steel filtration units with a glass-made filtration base, and glass funnels. The porous glass base (filter holder) is important to allow a homogeneous distribution of the sample on the filter. The homogeneity is check regularly by eye after filtration of a large amount of sample. When inhomogeneity is clearly visible the holder/base is replaced with a new one. Other types of filter holder were tested but failed in producing a homogeneous distribution
4. Filtration is performed with mild vacuum, <200 mbar
5. Small volumes (1-5 mLs), e.g. necessary in highly turbid rivers, are filtered by dispersing the sample volume in ~100 mLs of the sample filtrate inside the glass funnel, before starting filtration, to facilitate a homogeneous distribution
6. After filtration the filter is placed in a Millipore “petrislide”, shock-frozen in liquid nitrogen, and stored at – 80 °C
7. Due to the small volumes used, the filtration/storage procedure takes only a few minutes. Large volume are used for NIR absorption measurements, here the time is less critical as photosynthetic pigments have no high absorption in the NIR
Measurements and pigment bleaching
1. The OD/absorbance measurements are performed in a dual-beam UV/VIS/IR spectrophotometer (Lambda 950, Perkin Elmer) equipped with a 150 mm integrating sphere, a photomultiplier tube (PMT), and a PbS detector for the IR. Settings are: for UV/VIS: wavelength range 250 – 850 nm, slit width: 2 nm, step width: 2 nm, integrating time: 250-350 nm: 0.2 s/nm, 350-850 nm: 0.4 s/nm; for NIR: wavelength range: 850-1050 nm, slit width: 1-7 nm, step width: 2nm, integrating time: 1 s/nm. The spectrophotometer is regularly calibrated for wavelength and slit width accuracy. Absorbance (OD) accuracy is determined in the VIS with a double aperture approach and is <0.1 % at all VIS wavelengths. The instrument is switch on 1 hour before the measurement. 
The integrating sphere’s exit ports are closed with Spectralon reflectance standard plates.
The filters are placed in the center of the sphere with a center-mount clip-style sample holder. Therefor a filter (47 mm in diameter) is cut in up to six pieces of ~1 x 2cm. (27-mm filter can be measured in one piece).
The baseline is collected and regularly (every hour) controlled when an empty, dry GFF filter is placed in the center. 
2. The sample filter is taken from the freezer, the diameter of the sample patch is measured with a caliber rule, and a sufficiently large piece is cut from the filter. The rest of the filter is immediately put back into the freezer. The cut piece is thawed for 5 minutes in a covered glass petri dish with some drops of water put at the sides of the dish to avoid drying of the filter. When too dry (checked by placing it shortly on a white tissue after this 5 min), it is placed for one minute on one or two drops of water or a 35 PSU-equivalent NaCl solution. Then the filter is placed shortly on the white tissue again to remove free water inside the filter, and afterwards placed inside the integrating sphere for measurement.
3. Reference filters are prepared by soaking GFF filters in purified water for more than 1 hour. The filter is cut in the 6 pieces, handled like a sample (point 2) and measured regularly (after each 5th sample), but at least three times.
4. The measured sample filter is place on 2 drops of a ~10% NaOCl solution in a glass petri dish, for 2-5 min. (Bleaching time is determined first by eye, and then by a measurement after two minutes to check whether 2 min bleaching is sufficient.). After the bleaching the filter is put several times on a white tissue to remove the bleach inside the filter, then it is placed for several seconds on 2 drops of a 10% H2O2 solution to oxidize the remaining bleach (see my notes on bleaching below). Then it is placed on the tissue again and measured to determine non-algal matter particulate absorption, anap. The procedure is fast, 2-5 min, and modification of the particulate material distribution on the filter is minimal.
5. Reference bleached filter are prepared accordingly from the filters soaked in purified water and measured. 
Calculation
1. For each filter the reference measurement is subtracted. Normally the reference measurements of one day are very stable, and its variations are used to determine the measurement precision for this individual set. The mean and SD of all reference measurement for unbleached and bleached filters are calculated, and this average is generally subtracted.
2. [bookmark: _GoBack]From these reference-corrected OD results the theoretical absorption coefficient is calculated using the filtration volume and the sample patch (filter free area) radius, but ignoring the path length amplification effect. When no PSICAM measurements are available, a factor of  = 4.5 is used for amplification correction, when OD < 0.1. Otherwise the amplification factor determined from (normally linear) correlation of the theoretical absorption coefficient is used for this correction.
Correction
For ap: none.
For anap: it is assumed that NIR absorption is not influenced by the bleaching procedure, and that bleaching only removes absorption by the phytoplankton pigment. Hence, a difference between ap and anap is corrected by an offset correction of anap. Typically, bleaching does either not significantly change or reduces the OD in the NIR (see figures below), only occasionally we see an increase in OD. This indicates that bleaching does actually artificially reduce the OD in the NIR. It is a general problem with bleaching that is does not only oxidize the phytoplankton pigments. 
Notes:

a.Bleaching, H2O2 treatment:
a) The NaOCl bleach absorbs UV/Vis light. Maximum absorption is at ~360 nm, but the absorption can be measured at longer wavelengths as well, with a significant influence up to 450 nm at least. 
b) Therefore the bleach is oxidized with H2O2. The reaction is fast (1-2 sec), it removes most of the bleach inside the filter. H2O2 absorbs as well in the UV, but the absorption maximum is ~310 nm, with a significant influence up to 350 nm. Therefore we consider absorption of bleached samples at <350 nm as being overestimated due to the H2O2 absorption.
c) However, H2O2 is not a good bleaching agent for the particles. I think that it does not enter living cells easily as NaOCl does. If this is true, it means H2O2 cannot destroy the NaOCl inside the cells. This can be significant for samples with a high amount of living phytoplankton, such that then bleached absorption at < 450 nm might still be influences by the bleach.
b.Determination of individual amplification:
Shown are two examples from the most recent campaign in partly very clear waters, i.e., ap < 0.03 m-1. In clear waters the PSICAM is close to its sensitivity limit. The first sample is from more turbid water with high relative concentration of non-algal matter. The second example from very clear, phytoplankton dominated water. For a better comparison on the absolute scale, the QFT-results in the correlation plots are already corrected with a beta factor of 4.5. Hence, the values shown for beta in the figure are correction factor on top of 4.5 (1 means a final beta factor 4.5; 0.8 means a final beta factor of 0.8 x 4.5 = 3.6). The first example showed a clear non-linearity of the beta factor with higher OD, however, here OD were up to 0.6. 
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