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What	
  was	
  desired	
  (Goal)	
  versus	
  “sort	
  of”	
  delivered	
  
	
  
Mul6-­‐spectral	
  (8	
  wavelengths	
  minimum	
  close	
  to	
  SeaWiFs	
  bands,	
  spectral	
  	
  requirement	
  to	
  a)	
  
examine	
  angular	
  scaPering	
  that	
  may	
  play	
  role	
  in	
  some	
  remote	
  sensing	
  valida6on,	
  b)	
  par6cle	
  
type	
  spectral	
  informa6on,	
  	
  and	
  c)	
  LIDAR	
  applica6ons)	
  

	
  -­‐	
  8	
  bands	
  (443,	
  490,	
  510,	
  532,	
  555,	
  565,	
  590,	
  620	
  nm)	
  
	
  
Deployable	
  in-­‐situ	
  (to	
  200	
  meters)or	
  laboratory	
  se[ng	
  	
  

	
  -­‐	
  Users	
  told	
  “don’t	
  submerge	
  to	
  more	
  than	
  5	
  meters	
  below	
  the	
  surface”	
  
	
  
Spanned	
  measurements	
  over	
  angular	
  range	
  of	
  0.5	
  -­‐	
  179⁰	
  with	
  0.25	
  resolu6on	
  

	
  	
  
Dynamic	
  range	
  to	
  handle	
  clean	
  ocean	
  waters	
  to	
  ‘c’	
  values	
  greater	
  than	
  20	
  m-­‐1	
  	
  (acceptance	
  
“coffee”	
  test	
  with	
  18.5	
  beam	
  aPenua6on	
  at	
  443	
  and	
  absorp6on	
  of	
  3.5	
  m-­‐1)	
  	
  

	
  -­‐	
  Calibra6on	
  issues	
  in	
  cleanest	
  water	
  due	
  to	
  “embedded”	
  coefficients	
  
	
  -­‐	
  Opera6onally	
  ‘c’	
  values	
  <	
  0.3	
  and	
  >	
  4	
  m-­‐1	
  are	
  inherently	
  difficult	
  



2000-­‐2002-­‐	
  	
  Work	
  by	
  Lee	
  et	
  al.,	
  on	
  system	
  design	
  and	
  used	
  in	
  measurements	
  of	
  bubble	
  
scaPering	
  func6on	
  (Zhang	
  and	
  Lewis)	
  
2002-­‐	
  Start	
  of	
  NRL	
  project	
  on	
  Par6cle	
  Op6cs	
  in	
  LiPoral	
  Environment	
  2002-­‐2006	
  (points	
  to	
  VSF	
  
as	
  desired	
  informa6on	
  so	
  Capital	
  Procurement	
  requested	
  	
  but	
  not	
  MVSM	
  specific)	
  
2002-­‐	
  	
  ScaPering	
  workshop	
  where	
  Ukrainian	
  VSF	
  meter	
  showed	
  some	
  differences	
  with	
  
phytoplankton	
  in	
  ini6al	
  analysis;	
  	
  Dr.	
  Pegau	
  with	
  “prototype”	
  in	
  Gulf	
  of	
  Mexico	
  
2003-­‐	
  	
  Contract	
  ini6ated	
  to	
  have	
  a	
  MVSM	
  	
  for	
  project	
  by	
  2004	
  [aner	
  negocia6ons	
  with	
  various	
  
par6es	
  a	
  bust]	
  
2004-­‐	
  	
  Prototype	
  taken	
  by	
  Lee	
  et	
  al	
  to	
  Tyrrhenienne	
  Basin,	
  Mediterranean	
  Sea	
  
2005-­‐	
  	
  Final	
  delivery	
  with	
  MVSM	
  with	
  tes6ng	
  in	
  New	
  York	
  Finger	
  lakes;	
  Dr.	
  Deric	
  Gray	
  PUSHED	
  
into	
  pit	
  of	
  the	
  MVSM	
  and	
  the	
  natural	
  name	
  of	
  “The	
  BEAST”	
  arises	
  with	
  Serial	
  number	
  666	
  
applied	
  	
  
2006-­‐	
  	
  Gulf	
  of	
  Mexico	
  (Ukrainians	
  present)	
  &	
  Monterey	
  CA;	
  Original	
  PROJECT	
  OVER;	
  Monterey	
  
data	
  seemed	
  best	
  to	
  date.	
  
2006-­‐	
  	
  EvereP,	
  WA	
  [Electro-­‐magne6c	
  field	
  discovered	
  capable	
  of	
  taking	
  out	
  T.V.	
  one	
  floor	
  
away	
  in	
  hotel]	
  
2007-­‐	
  	
  Hudson	
  River	
  Plume	
  
2008	
  –	
  Ligurian	
  Sea	
  
2012	
  &	
  13	
  –	
  East	
  Sound,	
  WA	
  (coincident	
  with	
  LIDAR	
  measurements	
  in	
  2013)	
  
2014-­‐	
  Atlan6c	
  (SABOR)…………..MASCOT	
  on	
  vessel….Some	
  leakage	
  in	
  seals	
  

General	
  History	
  



Baby	
  Beast	
  
2002-­‐	
  2004	
  

MVSM	
  progressed	
  from	
  single	
  wavelength	
  and	
  
range	
  extending	
  from	
  1.25	
  to	
  165	
  degrees	
  and	
  
benchtop	
  only	
  
	
  
	
  “Semi-­‐submersible”	
  with	
  mul6ple	
  wavelengths	
  
and	
  0.5	
  to	
  177.8	
  degrees	
  
Combined	
  with	
  LISST	
  for	
  VSF	
  measurements	
  



Photodetector (PMT) 
&

Controlling Computer

Light Source

Prism Stepper Motor

Working Volume Contained
within Light Trap

52 cm

5
7

 c
m

Spectral: 8 channels (443, 490, 510, 532, 555, 565, 590, 620 nm) 
Bandwidth: 9 nm FWHM (channel dependent) 
Pathlength: 13.3 cm 
Beam cross section: 2x2 cm, regulated 
Light source divergence: 0.08° 
Acceptance angle of photodetector: 0.1-1° 
Range of angles: (0.5° to 177.6°) 
Angular resolution: of 0.25°   

To Water Pump

Water	
  pulled	
  into	
  MVSM	
  from	
  gap	
  
between	
  body	
  of	
  sample	
  chamber	
  
and	
  top	
  

MVSM	
  (BEAST)	
  
characteris6cs	
  

Titanium	
  case	
  



General	
  Op6cal	
  Design	
  



Unique	
  Design	
  Features:	
  
•  Light	
  source	
  is	
  in	
  fixed	
  posi6on	
  
•  Rota6ng	
  prism	
  is	
  used	
  to	
  provide	
  

angular	
  scaPering	
  measurement	
  
•  Angular	
  range	
  extended	
  to	
  in	
  near	
  

forward	
  to	
  about	
  0.5°,	
  and	
  to	
  178°	
  in	
  the	
  
near	
  backward	
  direc6on	
  using	
  shadow	
  
method	
  

•  Mul6ple	
  gains	
  
•  Mul6-­‐spectral	
  

Cri$cal	
  points:	
  
•  Volume	
  for	
  each	
  angle	
  changes	
  and	
  

knowing	
  this	
  is	
  cri6cal	
  
•  Scanning	
  is	
  slow	
  and	
  con6nuous	
  sample	
  

moved	
  through	
  chamber	
  (not	
  open	
  
configura6on)	
  

•  Calibra6on	
  difficult	
  and	
  aPenua6on	
  effects	
  
at	
  high	
  ‘c’	
  difficult	
  to	
  adjust	
  for	
  

•  Spectral	
  filters	
  at	
  detector	
  level	
  so	
  
fluorescence	
  issue	
  possible	
  (white	
  halogen	
  
light	
  source)	
  

General	
  BEAST	
  configura6on	
  



Shadow	
  method	
  for	
  small	
  angle	
  scaPering	
  measurements	
  and	
  exploita6on	
  of	
  periscope	
  prism	
  

Near	
  forward:	
  	
  	
  
•  Periscope	
  prism	
  has	
  a	
  parallel	
  shin	
  so	
  prism	
  boundary	
  aligns	
  precisely	
  along	
  the	
  boundary	
  edge	
  of	
  the	
  

op6cal	
  axis.	
  
•  Direct	
  beam	
  not	
  able	
  to	
  move	
  into	
  the	
  receiving	
  objec6ve;	
  light	
  scaPered	
  ~0.5o	
  will	
  reach	
  

photomul6plier	
  without	
  interference.	
  
•  	
  Near	
  zero	
  angles	
  the	
  beam	
  edge	
  slides	
  along	
  the	
  prism	
  boundary,	
  but	
  no	
  direct	
  light	
  is	
  received.	
  	
  The	
  

amount	
  of	
  light	
  interference	
  from	
  the	
  direct	
  beam	
  is	
  decreased	
  by	
  several	
  orders	
  of	
  magnitude.	
  	
  	
  
•  Varying	
  aperture	
  to	
  narrow	
  beam	
  width	
  to	
  minimize	
  imperfect	
  collimated	
  	
  beam	
  with	
  spa6al	
  side-­‐

lobes	
  that	
  could	
  pass	
  light	
  to	
  the	
  receiving	
  objec6ve.	
  	
  
Near	
  backward:	
  	
  	
  
•  Normally	
  the	
  dimensions	
  of	
  the	
  light	
  source	
  and	
  the	
  photodetector	
  unit	
  restrict	
  measurements	
  in	
  the	
  

near-­‐backward	
  Accurate	
  determina6on	
  of	
  the	
  scaPering	
  volume	
  and	
  specular	
  reflec6on	
  required.	
  
•  Contains	
  two	
  polished	
  absorbing	
  glass	
  plates	
  fixed	
  at	
  an	
  angle	
  of	
  45°	
  to	
  the	
  primary	
  op6cal	
  axis	
  so	
  

light	
  in	
  the	
  collimated	
  beam	
  that	
  is	
  not	
  scaPered	
  moves	
  toward	
  the	
  polished	
  plates	
  and	
  is	
  fully	
  
absorbed	
  [due	
  to	
  small	
  difference	
  between	
  the	
  refrac6ve	
  index	
  of	
  glass	
  and	
  the	
  refrac6ve	
  index	
  of	
  
seawater.	
  	
  	
  

•  Only	
  a	
  small	
  frac6on	
  of	
  the	
  incident	
  light	
  is	
  reflected.	
  	
  	
  [Reflec6ons	
  reduce	
  the	
  amount	
  of	
  encumber	
  
background	
  light	
  significantly	
  (109	
  fold)].	
  



•  Scan	
  begins	
  at	
  90o	
  and	
  proceeds	
  to	
  180o	
  	
  
•  Prism	
  con6nues	
  to	
  rotate	
  through	
  its	
  360o	
  range	
  (on	
  the	
  GUI	
  
opera6ng	
  screen	
  the	
  plo[ng	
  line	
  is	
  drawn	
  in	
  backward	
  
direc6on	
  from	
  180o	
  to	
  0o)	
  

•  Gain	
  changes	
  due	
  to	
  beam	
  width	
  and	
  field	
  of	
  view	
  occur	
  at	
  
about	
  22	
  and	
  8	
  degrees	
  

•  When	
  the	
  scan	
  reaches	
  0.5o,	
  the	
  instrument	
  checks	
  its	
  zero	
  
posi6on	
  se[ng	
  and	
  gives	
  indica6on	
  of	
  its	
  “goodness”	
  or	
  “how	
  
close	
  to	
  zero	
  are	
  you	
  likely	
  to	
  be”	
  

•  System	
  rotates	
  to	
  90⁰	
  and	
  proceeds	
  with	
  next	
  scan	
  
	
  	
  	
  

Opera6onal	
  Sequence	
  



1.2.6 GUI Interface Description 

To visualize the measurement data a program has been developed using LabView 
suite. The snapshot of computer screen is show on Figure 1.6.   

 
Fig.1.6 Program SnapShot 

 
1. Array for defining of color filters sequence  
2. PMT gain for transparency measurement (measurement of direct beam intensity) 
3. Cluster of color filters description, identifying current color filter  
4. Raw Data Graph:  Log base 10 of amplitude vs. Angle 
5. Light beam intensity in small angles, peak power at prism “0” position 
6. Dark Current Cluster: parameters of approximation curve (up to down: value in 

quanta corresponding to max voltage, constant of addiction component of signal, 
exponent, error of approximation) 

7. Measurement STOP Buttons 
8. Current angle of prism position (measurement angle) 
9. Error adjustment of prism in zero direction 
10. An Information String bar where the user can enter descriptive information (Lat. 

Long., Cast #, ect…) about the collected data that will be stored along with the file. 
Note that a time stamp is automatically saved with each data file collected. 

11. 21 Clusters of errors (are defined in LabView help) 
12. Array for entering the number of iterations to conduct of a wavelength sequence 
13. Angle Position Indicator 
14. Current Iteration Indicator 
15. “0” Position Indicator 
16. Default File Path 
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  to	
  

-­‐	
  run	
  all	
  wavelengths	
  or	
  
subset	
  such	
  as	
  one	
  
-­‐control	
  number	
  of	
  cycles	
  
-­‐Monitor	
  “zero”	
  loca6on	
  
via	
  angle	
  error	
  
-­‐Visual	
  progress	
  of	
  scan	
  
-­‐	
  Input	
  “comments”	
  
during	
  scan	
  

Sonware	
  	
  GUI	
  
allows	
  for	
  
monitoring	
  the	
  
progress	
  of	
  
measurement	
  



Calibra6on	
  

“What	
  to	
  you	
  want	
  it	
  to	
  look	
  like?”	
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“Baby Beast” First Cruise------ 

Wavelengths and resolution 
  443 nm   20 nm 
  490 nm   20 nm 
  510 nm   20 nm 
  532 nm   9 nm 
  555 nm   20 nm 
  565 nm   20 nm 
  590 nm   9 nm 
  620 nm   9 nm 
Angular Range  1.25 – 165 Degrees 
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Comparison	
  with	
  Mie	
  theory	
  

4	
  µm	
  spheres	
  

log-­‐log	
  scale	
  to	
  15o	
   semi-­‐log	
  scale	
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Comparison	
  with	
  Mie	
  theory	
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443	
  nm	
  

532nm	
  

490	
  nm	
   510	
  nm	
  

555	
  nm	
   565	
  nm	
  

590	
  nm	
   620	
  nm	
  



Instrument	
  Stability	
  Over	
  Time	
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 4	
  µm	
  spheres	
  

532nm	
  
MVSM	
  has	
  been	
  surprisingly	
  
stable	
  
	
  
Only	
  lamp(s)	
  and	
  a	
  neutral	
  
density	
  filter	
  have	
  been	
  replaced	
  
	
  
Varia6on	
  over	
  6me	
  about	
  the	
  
same	
  as	
  the	
  varia6on	
  from	
  run	
  
to	
  run	
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Pool	
  Water	
  

Pool	
  Water	
  +	
  
	
  Maalox	
  

Early	
  NRL	
  Pool	
  Tests	
  

IOP	
  package	
  with	
  CTD,	
  ac-­‐9,	
  LISST	
  
(532nm),	
  MVSM,	
  Hydroscat	
  

All	
  OSHA	
  regula6ons	
  carefully	
  
followed	
  

Pool	
  Water	
   Pool	
  Water	
  +	
  Maalox	
  

b	
  (m-­‐1)	
   bb	
  (m-­‐1)	
   b	
  (m-­‐1)	
   bb	
  (m-­‐1)	
  

ac-­‐9/
Hydroscat	
  

0.15	
   0.0024	
   1.24	
   0.014	
  

MVSM	
   0.30	
   0.0027	
   1.61	
   0.017	
  

Important	
  Issues	
  iden6fied:	
  
•  backscaPering	
  coefficients	
  compare	
  well	
  

with	
  other	
  instruments	
  
•  scaPering	
  coefficients	
  larger	
  than	
  ac-­‐9	
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Overes6ma6on	
  of	
  the	
  near-­‐forward	
  scaPering	
  

Just	
  having	
  larger	
  scaPering	
  
coefficient	
  than	
  ac-­‐9	
  doesn’t	
  the	
  the	
  
MVSM	
  is	
  wrong	
  (difference	
  in	
  
acceptance	
  angle)	
  
	
  
But	
  the	
  MVSM	
  scaPering	
  
coefficients	
  also	
  larger	
  than	
  the	
  
LISST	
  aPenua6on	
  coefficient	
  
	
  
Comparisons	
  with	
  larger	
  spheres	
  
shows	
  MVSM	
  overes6mates	
  the	
  
near-­‐forward	
  VSF	
  at	
  angles	
  <	
  10o	
  



Combined	
  LISST-­‐MVSM	
  VSF	
  

Can	
  we	
  use	
  the	
  LISST	
  to	
  get	
  a	
  bePer	
  measurement	
  of	
  the	
  near-­‐forward	
  VSF	
  
and	
  combine	
  it	
  with	
  the	
  MVSM	
  (532	
  nm	
  only)?	
  
	
  
	
  
LISST	
  Calibra6on	
  Procedure:	
  
•  Start	
  with	
  the	
  procedure	
  outlined	
  in	
  the	
  Sequoia	
  applica6on	
  notes	
  (Yogi’s	
  

method)	
  
•  constant	
  coefficient	
  across	
  the	
  ring	
  detector	
  based	
  on	
  physical	
  

parameters	
  of	
  instrument	
  
•  only	
  applicable	
  to	
  670	
  nm	
  	
  

•  Make	
  measurements	
  with	
  sequence	
  of	
  spheres	
  of	
  different	
  sizes	
  	
  
•  Calculate	
  coefficients	
  for	
  each	
  detector	
  ring	
  (similar	
  to	
  Slade	
  and	
  Boss)	
  
•  Test	
  with	
  solu6ons	
  of	
  Maalox	
  and/or	
  Arizona	
  Road	
  Dust	
  
•  Choose	
  calibra6on	
  coefficients	
  from	
  different	
  methods	
  based	
  on	
  results	
  

from	
  test	
  solu6ons	
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Merging	
  the	
  LISST	
  and	
  MVSM	
  VSFs	
  
•  Remove	
  the	
  MVSM	
  VSF	
  at	
  angles	
  <	
  13o	
  
•  Replace	
  with	
  LISST	
  VSF	
  

4	
  µm	
  spheres	
   40	
  µm	
  spheres	
  



Combined	
  LISST-­‐MVSM	
  VSF	
  with	
  Field	
  Data	
  
In	
  the	
  field:	
  
•  MVSM	
  is	
  typically	
  deployed	
  near	
  the	
  surface:	
  1-­‐2	
  meters	
  
•  LISST	
  is	
  either	
  co-­‐deployed	
  with	
  the	
  MVSM	
  or	
  profiled	
  

separately	
  	
  
•  LISST	
  VSF	
  data	
  from	
  the	
  same	
  depth	
  merged	
  with	
  MVSM	
  

•  Typically	
  drop	
  last	
  two	
  angles	
  from	
  LISST	
  due	
  to	
  ambient	
  
light	
  contamina6on	
  	
  

LISST	
  profiles	
  near	
  the	
  surface	
   LISST	
  +	
  MVSM	
  at	
  1.5	
  m	
  



Examples	
  of	
  Combined	
  LISST-­‐MVSM	
  VSF	
  
with	
  Field	
  Data	
  

Chesapeake	
  Bay	
   Monterey	
  Bay	
  –	
  Dinoflagellate	
  bloom	
  

Monterey	
  Bay	
  –	
  Clear	
  water	
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Individual	
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Individual	
  VSFs	
  from	
  
different	
  instruments	
  
compare	
  well….	
  
	
  
…even	
  in	
  ridiculously	
  high	
  
concentra6ons	
  
	
  
cp(532nm)	
  ~	
  30	
  m-­‐1	
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Fig. 3. Intercomparison between different instruments measuring
scattering properties. (a) The comparisons of bnw(532) estimated
from the ac-s and LISST-MVSM. Two scattering corrections were
progressively applied to (1) anw(532) to correct for scattering at
angles from 41� to 180� that ac-s a-meter could not measure and
(2) the LISST-MVSM based bnw(532) with integration only down
to 0.93� to match the acceptance angle of ac-s c-meter. Open cir-
cles: neither correction was applied; grey circles: the 1st correction;
black circles: both corrections. (b) The comparison of the LISST-
MVSM �(�, ✓ ) with ECO-VSF data measured at 150� at 532 nm
and with HydroScat-6 at 140� for three wavelengths of 442, 510
and 590 nm. For comparison with HydroScat-6 data, the spectral
VSF values at the corresponding wavelengths were used.

affected, and sometimes dominated, by turbulence due to
small scale temperature and salinity fluctuations (Bogucki
et al., 1998). Second, because the VSF is weighted by a
sine function of the scattering angle during the computation
of bnw, the error associated with this omission is small,
often less than the instrument uncertainty. For example, the
underestimation ranged from 1% if the VSFs were assumed
to be flat at the missing forward angles (a typical behavior
based on Mie predictions) to 2% if the VSFs were assumed
to increase following a power law (to approximate the influ-
ence of turbulence; Bogucki et al., 1998). For comparison,
the measurement uncertainty for the ac-s is ⇠ 0.005m�1

(Twardowski et al., 1999), or about 0.2 to 0.5% in our case,
⇠ 6% for the LISST (Slade and Boss, 2006), and ⇠ 5% for
the MVSM (Berthon et al., 2007).

As shown in Fig. 3a (open circles), the two datasets are
highly correlated (Pearson correlation coefficient r = 0.93).
However, the values of b

0
nw(532) obtained from the ac-s are

systematically less than those from the VSFs by an average
of 27% (mean percentage difference, MPD), which is greater
than the inherent instrument uncertainties. This underesti-
mation of the scattering coefficient by the ac-s is expected
(McKee et al., 2008; Leymarie et al., 2010) for two reasons:
(1) the effect of the acceptance angle of an ac-s, which, at
about 0.9�, is more than ten times larger than the ✓min used
in estimating bnw from the VSF; and (2) the ac-s a-meter
cannot measure scattering at angles larger than ⇠ 41� (the
critical angle for total internal reflection for the submerged
flow tube). UsingMonte Carlo simulations based on Fournier
and Forand particle phase functions (Fournier and Forand,
1994), McKee et al. (2008) estimate that these effects, if un-
corrected, could lead to underestimates of⇠ 67% or more in
bnw. These are about twice as large as the error we observed
in Fig. 3a, probably because of the significant differences be-
tween the Fournier and Forand phase functions used in the
simulation and the VSFs we measured (results not shown).
To further evaluate the effect of scattering on a-meter and
c-meter measurements, we progressively applied two correc-
tions: (1) the proportional scattering error correction was ap-
plied to a0

nw following Zaneveld et al. (1994) with 715 nm as
the reference wavelength, and 2) setting ✓min to 0.93� while
computing bnw from the VSF to correct for the effect of the
c-meter acceptance angle (Boss et al., 2009). Applying the
first correction (grey circles in Fig. 3a), as is typically done
with ac-s data, reduced the MPD by nearly 50%. Applying
both corrections (black circles in Fig. 3a) significantly im-
proved the comparison by decreasing the MPD to 3%, which
is well within the instrument uncertainty range. Since the 1st

correction is routinely applied to the ac measurements, we
estimated that the typical ac-s estimates of the scattering co-
efficient (grey circles in Fig. 3a) would have to be multiplied
by ⇠ 1.20 to match the estimates based on the extended an-
gular measurement of the VSF.
The VSF measurements by the ECO-VSF (150� at

532 nm) and the Hydroscat-6 (140� at 442, 510 and 590 nm)
were compared with the LISST-MVSM (Fig. 3b). The mea-
surements from the three instruments were highly correlated
(r = 0.94 or better) and agreed with each other within 5%.
Only a few studies have been conducted to evaluate the

optical closure of IOPs or to compare results from different
instruments (Pegau et al., 1995; Kirk and Oliver, 1995;
Chang and Whitmire, 2009; Whitmire et al., 2010; Twar-
dowski et al., 2007; Boss et al., 2004). For example, Pegau
et al. (1995) found that estimates of the scattering coefficient
at Lake Pend Oreille, Idaho, from an ac-9 meter and from
Petzold’s (Petzold, 1972) General Angle Scattering Meter
(GASM) did not agree with each other consistently. They
attributed this intermittent lack of closure to the method for
determining the scattering coefficient for the GASM, which
only measures scattering from 10 to 170�. On the other

Biogeosciences, 10, 6029–6043, 2013 www.biogeosciences.net/10/6029/2013/

The	
  integrated	
  scaPering	
  
coefficient	
  from	
  the	
  combined	
  
LISST+MVSM	
  VSF	
  is	
  lower	
  
than	
  the	
  aPenua6on	
  
coefficient	
  	
  
	
  
ScaPering	
  coefficients	
  are	
  
larger	
  than	
  the	
  ac-­‐meter	
  
values,	
  but	
  comparable	
  when	
  
corrected	
  for	
  acceptance	
  
angle	
  	
  
	
  
BackscaPering	
  coefficients	
  
compare	
  very	
  well	
  with	
  other	
  
instruments	
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Phase	
  func6ons	
  from	
  coastal	
  
waters	
  
•  Monterey	
  Bay	
  
•  Chesapeake	
  Bay	
  
•  Mobile	
  Bay	
  
	
  
Wide	
  variety	
  of	
  par6cle	
  types:	
  
•  terrigenous	
  
•  diatoms	
  
•  dinoflagellates	
  

Remarkably	
  consistent	
  across	
  
different	
  water	
  types	
  



BackscaPering	
  VSF	
  and	
  Chi	
  factors	
  

 
Fig. 1. (a) The backward portion of VSFs measured in Chesapeake Bay (CB), Mobile Bay 
(MB, Alabama), Monterey Bay (MT, California) and the LEO-15 site. (b) The Ȥ factor 
estimated for the VSFs shown in (a). The three values are, respectively, the angle at which Ȥ 
exhibits the minimum variability, the mean value of Ȥ at this angle, and its coefficient of 
variation (std/mean). 

2. Small and large particles 

The technical details of the inversion method have already been reported [18, 24]. Briefly, a 
measured VSF is partitioned using an optimization technique into contributions by different 
particle species, each of which is represented by a unique combination of log-normal size 
distribution and composition (we use refractive index as a proxy for composition). The Log-
normal function closely represents size distribution of particles resulting from natural 
processes of breakage [29], coagulation [30], or cell division [31]. Particles are simulated 
using asymmetrical hexagonal shape instead of spheres (an extreme shape having the smallest 
surface-area/volume). The inversion method has been tested in studies of natural bubble 
population [25, 26], phytoplankton and non-algal particles [27], particulate organic and 
inorganic matter [28] and bulk particulate size distributions [18] that are consistent with 
independent estimates. In this study, we will further group different particle species into two 
distinctive groups; small particles, representing those with sizes < 0.2 µm and large particles. 
There are two reasons for this approach: (1) marine particles are often operationally 
partitioned into dissolved (small) and particulate (large) particles via filtration; and (2) small 
and large particles exhibit distinctive shapes in VSFs. With this approach, we have 
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β θ β θ β θ= +

= +
 (2) 

where subscript s and l denote small and large particles, respectively. An example of such 
partitioning of VSFs is shown in Fig. 2. Note that VSFs for large particles have strong 
forward scattering as compared to small particles. 

From Eq. (2), it follows 
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where [ ]0,1y∈ . The variability of Ȥs(ș) and Ȥl(ș) was further examined for each of the four 
experiment sites in Fig. 3. Several features can be discerned clearly. First, Ȥ varies but the 
general angular shapes are similar within each particle group. Second, the general shapes of Ȥ 
differ significantly between the two particle groups. Third, the Ȥ factor shows minimum 
variability at angles about 120° for both groups, even though the exact values of Ȥs(ș*) and 
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  varia6on	
  

Angular	
  shape	
  is	
  rela6vely	
  
flat	
  and	
  “feature-­‐less”	
  in	
  
backward	
  direc6on	
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  different	
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Spectral	
  Variability	
  of	
  the	
  Phase	
  Func6on	
  	
  

The	
  MVSM	
  does	
  show	
  a	
  slight	
  
decrease	
  in	
  bb/b	
  ra6o	
  with	
  
increasing	
  wavelength	
  	
  
	
  
It	
  is	
  very	
  consistent	
  across	
  
different	
  water	
  types	
  
	
  
BUT	
  the	
  uncertainty	
  of	
  the	
  
scaPering	
  coefficient	
  does	
  cast	
  a	
  
long	
  shadow	
  over	
  the	
  results	
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BEAST	
  vs.	
  Killer	
  Daphnia	
  is	
  not	
  
something	
  to	
  mess	
  around	
  with	
  


