Inversion of Light Scattering Measurements to Obtain Biogeochemical Parameters
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INTRODUCTION

Renewed emphasis has been placed recently on the measurement of the volume scattering function, its moments, and its spectrum in natural waters.  It is thus useful to review the methods of inversion of this data to obtain information regarding the nature of the particles. There is a very large literature on scattering inversions, so that this extended abstract cannot be complete. We have chosen to highlight a number of issues that could be addressed in the next few years using newly available instrumentation.

The interaction of an electromagnetic wave and a particle depends on the electromagnetic properties of the particle.  For simple particles such as homogeneous spheres, these properties can be summarized by the size and complex index of refraction (m = n – in’).  For more irregular particles, such as phytoplankton, in principle a complete description of the structure of the particle is necessary, that is internal complex index of refraction distribution and shape. Bulk measurements such as those obtained with light scattering, attenuation or absorption instrumentation linearly sum the properties of the individual particles if their concentration is not too high. It is obvious that inversion can at best reproduce the parameters that went into the original measurement.  Therefore inversion of bulk inherent optical properties (IOP, Fig. 1; see also Mobley, 1994 for a review; see Table 1 for references) cannot produce more than the parameters mentioned above.  As will be further discussed below, researchers nonetheless have presented inversions to obtain Particulate Organic Carbon (POC), Total Suspended Mass (TSM), etc.  The derivation of these parameters therefore depend on secondary (often empirical) relationships with the particulate size, shape, and index of refraction characteristics.

Inversion of light scattering by a collection of natural particles to obtain the details of all the particles is clearly not possible as the number of particulate parameters will always exceed the number of measured scattering parameters. Such an exact inversion is possible however, if the number of parameters is small.  Polystyrene beads can be obtained commercially that have a very narrow, known size distribution and a known index of refraction.  For a collection of this kind of particle nearly exact inversions are possible.  The fact that that is possible is no guarantee that the same inversion method will be correct for mixtures of far more complex natural particles.

THE FORWARD PROBLEM

Mie (1908) first gave the solution to Maxwell's equations for a plane electromagnetic wave interacting with a homogeneous sphere. In the past several decades, solutions have also been found for other shapes, such as cylinders, concentric spheres, etc. In addition, T-matrix and other approximate methods allow the calculation of volume scattering functions for more complex particles (Mishchenko et al. 2000). An extremely useful approximation is the anomalous diffraction theory (Fig.2, Shifrin, 1988; van de Hulst, 1957). For an excellent library and commentary on the various forward solutions see the web site of Flatau (scatterlib section in http://atol.ucsd.edu/~pflatau/).

The IOP of natural particles can thus be approximated by means of theoretical calculations.  It will always be necessary to estimate the size, shape, and m distribution of the particles that are assumed to contribute to the solution. The inversion will not be better than the errors induced by this estimation.  The simpler the estimation, for example single parameter particle size distribution (PSD) and index of refraction, in general, the better the inversion converges to a solution. Such a convergence does not imply that the solution is correct.  Multiple input parameters generally allow for a better match of measured and modeled optical parameters.  Inversions using more parameters tend to have a shallow solution space, i.e., there are many possible solutions that minimize the difference between the measured and modeled parameters. 

All methods of inversion therefore include a set of assumptions regarding the electromagnetic description of the particles.  This is called regularization. We will discuss a number of solutions and look at how recent measurements and inversions fall within the overall scheme.  For example, the usual assumption of homogeneous spheres and hyperbolic or Junge size distributions (Bader, 1970) allows one to obtain mathematical solutions from a number of optical measurements, such as forward light scattering, the ratio of the back scattering to total scattering, and the light scattering spectrum. The accuracy of the solution then depends on the accuracy of the regularization assumptions.  We will discuss a number of recent approaches to inversion and discuss their accuracy in light of recent calculations of scattering by inhomogeneous and non-spherical particles.

ONE PARAMETER INVERSIONS

Inversions for a single parameter imply that the other parameters are known or are assumed to not contribute to the solution.  Clearly such simple inversions deal with the assumption of a single parameter size distribution and a single index of refraction for the collection of particles.  We will start with inversions for the size distribution.  

Shifrin (1988) describes the method of small angles. Small angle scattering is dominated by diffraction.  Diffraction by large particles (d / >>1, i.e. the particles are much larger than the wavelength of light) into small angles is independent of n.  Therefore, the size distribution of the larger particles can be inverted from knowledge of the small angle scattering.  Since oceanic particle collections typically contain large concentrations of particles d and  are nearly equal, the small angle method is only applicable in oceanic settings for the derivation of the PSD of the large particle fraction.

Another inversion is based on the potentially simple connection between the slope of the PSD and the shape of the beam attenuation spectrum (a recent analysis is given in Boss et al., 2001). Forward models for the inversion are based on Junge size distributions and a single index of refraction. Fig. 3 shows results of Mie theory calculations for this relationship. The relationship depends on the limits of integration for the particle size. In the ocean this relationship was first evaluated observationally by Kitchen et al. (1982), who showed that the slope of the beam attenuation spectrum (including CDOM) was not highly correlated with chlorophyll to total suspended volume ratios (a proxy for the index of refraction), but was correlated with the slope of the size distribution. Closure between the in-situ beam attenuation spectrum and Coulter measurements of PSD of discrete water samples was obtained by Boss et al. (2001).  Most recently, Oubelkheir (2002) showed that patterns of the slope of the PSD and c() showed similar diel patterns. This relationship deserves further investigation. Errors due to the size distribution not being Junge shaped and inhomogeneous particles must be evaluated. 

If one were to assume that the PSD was known, either by independent measurement or from c(), then in the simple inversion, the only unknown is the index of refraction. PSDs can be determined approximately from a number of devices.  The most prevalent is the Coulter Counter, which measures the change in resistivity when a particle passes through a narrow orifice in an electric field.  Such devices were used extensively in the past (Brown and Gordon,1974;  Kitchen et al,1978) and continue to be used.  From the equations in Fig. 2, it can be deduced that if the size distribution is known (or assumed), n can be determined by iteration. Brown and Gordon (1974) and Bricaud et al. (1983) describe examples of this approach.  Iteration using Mie theory or anomalous diffraction has the advantage that an actual measured size distribution can be used. The only error then comes from the assumption that the particles are homogeneous and all have the same index of refraction. In addition, Bricaud et al. (1983) looked at cultures with narrow size distributions.  The iterative approach is particularly well suited to this situation as potential errors in the size distribution do not propagate into the determination of n.  If the PSD is obtained from inversion of c(), a further error is introduced. The latter approach is a two parameter inversion described below.

Shifrin (1988) describes the method of fluctuations.  In this method it is assumed that there are few enough particles in the beam of a beam transmissometer to cause statistical fluctuations in the transmitted light.  Because of this requirement the method applies primarily to large particles.  The method gives the mean size and concentration of these particles.  The smaller particles are present in large enough numbers so that their signal is a steady background.  It would thus, in theory be possible to get the size distribution of the smaller particles from the attenuation spectrum and the size distribution of the larger particles from the temporal fluctuations of the signal.  As far as we know this has not yet been done. 

The real part of the index of refraction can also be determined directly by immersion (Bryant et al. 1969, cited in Bricaud and Morel, 1986).  In this method, the index of the suspending fluid of the particles is varied until a minimum in the light scattering is observed.  Morel points out that this leads to an n dominated by the outer shell, which is not the average n of the entire particle.  On the other hand this n may be the one that is appropriate for scattering calculations.

TWO PARAMETER INVERSIONS

One can define the optical properties of collections of particles using only two parameters. This is done by using Mie theory for homogeneous spheres, and assuming a one parameter particle size distribution such as the Junge distribution. The two parameters are then the slope of the Junge distribution and the m of the particles.  If the particles are assumed to be non-absorbing (n’ = 0), the problem is further simplified.  We will leave till later the question as to how correct the assumptions are.  With these two parameters one can then calculate all VSF characteristics.  It is then possible to invert two VSF related parameters to get the Junge slope and index of refraction.  It is advantageous to find two VSF parameters that are nearly orthogonal, that is, one is largely a function of the index of refraction, and the other is largely a function of the Junge slope.  

Morel (1973) used Mie theory to examine a number of parameters. Morel (1973) showed two parameter plots for (/b(/b, (/b, and (/b (Fig. 4). These show the gradual transition from the dominant dependence of the forward scattering on the Junge slope, to the larger influence of n for the larger angles. Based on this it stands to reason to use a combination of forward scattering and backward scattering to obtain the two particle parameters. These included various /b as well as /. Morel chose (/(to be indicative of the near-forward shape of the VSF and (/( for the larger angle shape of the VSF (Fig. 5).  Morel showed that the (/(ratio is more dependent on the index of refraction and (/(is more dependent on the Junge slope for lower indices of refraction.  He then used measurements of these parameters from various locations to determine bounds on the range of Junge slopes and n that could be found in the ocean regions examined (Fig. 6). By using ratios of values of the VSF, it is not necessary to obtain absolute calibration of the meter.  With the advent of new VSF meters this approach should be re-examined.

Nearly thirty years later, Twardowski et al. (2001) used a similar approach to obtain the same particle parameters.  The parameters used are the slope of the attenuation spectrum and the ratio of the backscattering coefficient to total scattering,  EQ \o(~  ,bbp). The slope of the attenuation spectrum is a proxy for the Junge slope of the PSD (see above).  The curves obtained from Mie theory together with data from the Gulf of California are shown in Fig. 7.  Profiles of particulate parameters obtained from optical measurements are shown in Fig. 8. It is interesting to note that while Morel estimates values for (m in Figs. 4 and 5) from 3.8 to 4.4, Twardowski et al. estimate values for from 3.5 to 4. This difference may reflect different influences from different size particles with the two methods.  Morel obtains a range for the real part of the index of refraction from 1.03 to 1.06 in waters predominantly case I, while Twardowski et al. obtain values ranging from 1.04 to 1.18 in both case I and case II waters (Figs. 7, 8).  It will be interesting to use complete experimental data sets including the PSD for validation to study these differences in derived values.

Two parameter inversions can also be carried out using flow cytometers (Ackleson and Spinrad, 1988; Green, 2002).  Flow cytometers measure two scattering parameters with broad angular subtends; one in the forward direction and one sideways.  Flow cytometers measure individual particles. If the weighting functions of such measurements can be accurately determined, inversions for the size and index of the individual particles can be determined.

MULTIPLE PARAMETER INVERSIONS

This method was called the fitting method by Shifrin (1988).  In this method, one fits the VSF over as large a range of angles as possible.  As discussed before in the small angle approximation, the small angles fit should provide information on the large particles are assumed to be non-absorbing (n’ = 0), the problem is further simplified.  We will leave till later the question as to how correct the assumptions are.  With these two parameters one can then calculate all VSF characteristics.  It is then possible to invert two VSF related parameters to get the Junge slope and index of refraction.  It is advantageous to find two VSF parameters that are nearly orthogonal, that is, one is largely a function of the index of refraction, and the other is largely a function of the Junge slope.  

Morel (1973) used Mie theory to examine a number of parameters. Morel (1973) showed two parameter plots for (/b(/b, (/b, and (/b (Fig. 4). These show the gradual transition from the dominant dependence of the forward scattering on the Junge slope, to the larger influence of n for the larger angles. Based on this it stands to reason to use a combination of forward scattering and backward scattering to obtain the two particle parameters. These included various /b as well as /. Morel chose (/(to be indicative of the near-forward shape of the VSF and (/( for the larger angle shape of the VSF (Fig. 5).  Morel showed that the (/(ratio is more dependent on the index of refraction and (/(is more dependent on the Junge slope for lower indices of refraction.  He then used measurements of these parameters from various locations to determine bounds on the range of Junge slopes and n that could be found in the ocean regions examined (Fig. 6). By using ratios of values of the VSF, it is not necessary to obtain absolute calibration of the meter.  With the advent of new VSF meters this approach should be re-examined.

Nearly thirty years later, Twardowski et al. (2001) used a similar approach to obtain the same particle parameters.  The parameters used are the slope of the attenuation spectrum and the ratio of the backscattering coefficient to total scattering,  EQ \o(~  ,bbp). The slope of the attenuation spectrum is a proxy for the Junge slope of the PSD (see above).  The curves obtained from Mie theory together with data from the Gulf of California are shown in Fig. 7.  Profiles of particulate parameters obtained from optical measurements are shown in Fig. 8. It is interesting to note that while Morel estimates values for (m in Figs. 4 and 5) from 3.8 to 4.4, Twardowski et al. estimate values for from 3.5 to 4. This difference may reflect different influences from different size particles with the two methods.  Morel obtains a range for the real part of the index of refraction from 1.03 to 1.06 in waters predominantly case I, while Twardowski et al. obtain values ranging from 1.04 to 1.18 in both case I and case II waters (Figs. 7, 8).  It will be interesting to use complete experimental data sets including the PSD for validation to study these differences in derived values.

Two parameter inversions can also be carried out using flow cytometers (Ackleson and Spinrad, 1988; Green, 2002).  Flow cytometers measure two scattering parameters with broad angular subtends; one in the forward direction and one sideways.  Flow cytometers measure individual particles. If the weighting functions of such measurements can be accurately determined, inversions for the size and index of the individual particles can be determined.

MULTIPLE PARAMETER INVERSIONS

This method was called the fitting method by Shifrin (1988).  In this method, one fits the VSF over as large a range of angles as possible.  As discussed before in the small angle approximation, the small angles fit should provide information on the large particles, and the large angles provide information on the smaller particles. Typically one varies size distributions and indices until a reasonable fit to experimental data is obtained (Kullenberg, 1970; Brown and Gordon, 1974).  A systematic approach was described by Zaneveld et al. (1974).  They used Mie theory to obtain VSFs for five n and eight Junge slopes.  They used a minimization scheme to obtain the best fit to VSF data obtained by Kullenberg (1970).  It was found that usually the best fit to experimental data was obtained by a combination of particles consisting of a low n component (1.02 or 1.05) with a small Junge slope (3.1 to 3.3) and a component with an n of 1.15 and Junge slopes of 4.4 to 5.0. This unsurprising result indicates that large, low index, organic particles mostly determine the forward scattering, and small inorganic or detrital particles with high indices determine the scattering at larger angles.  Clearly this kind of inversion can be no better than the accuracy of the components. There is no certainty that components of the type assumed actually exist. However these methods show that single index, single Junge slope models cannot give as good a fit to the VSF as more complex models.

More complicated methods such as that given by Shifrin and Zolotov (1997) use an iterative method for inverting simultaneous data for the aerosol spectral attenuation and small-angle phase function into the aerosol particle size distribution (APSD).  This method is applicable to oceanic situations as well. The inversion of the small-angle phase function could not be applied directly to the whole system, because the presence of small particles distorted the picture of the small-angle scattering. Recourse was made to an iterative procedure. The smaller-sized APSD was determined from inverting the aerosol spectral attenuation coefficient. The phase function for this part was calculated and eliminated from the total phase function, after which the large-particle part of APSD was determined by inversion. The procedure was repeated until the desired accuracy was achieved. It was shown that, given certain conditions, this inversion method was capable of retrieving an APSD for a radius interval of 0.2-30 (m with a mean relative error of less than 10 % and a maximum deviation not exceeding 20 %.
A novel approach to inversion of VSFs is given in Shifrin and Zolotov (2002a,b,c). The method of mean ordinates was developed for inverting scarce or incomplete light scattering data, such as lidar observations of attenuation and/or backscattering at one or two wavelengths. In inversion methods where look-up tables are used, the criterion for choosing the solution is the closeness of a model to the measured value. In case of low-accuracy data, this can result in gross inversion errors. Based on a priori information of atmospheric aerosols in a given region, the parameterization of APSD was performed and the limits of aerosol parameter variations were established. All possible parameter combinations were used for constructing aerosol models for which attenuation and backscattering coefficients were calculated. The models that yielded the extinction and backscattering coinciding, within preset limits, with those obtained from experiment were considered as acceptable solutions. The mean over all acceptable solutions was calculated. The acceptable solution found to be the closest to this mean was considered as the most probable solution to the problem of inverting lidar data into APSD. The method of mean ordinates was tested in many numerical experiments and by using experimental data obtained in the Shoreline Environment Aerosol Studies 2000. The method proved its feasibility of ensuring the retrieval accuracy comparable to that of direct APSD measurements. 

In nearly all inversion models cited above, Mie theory or anomalous diffraction of homogeneous spheres is used to develop models of collections of particles.  Recently, some studies have been carried out on light scattering by collections of spheroids (Herring, 2002; MacCallum, 2002).  These studies show that compared to spheres with equal volumes, spheroids have maximum scattering deviations of about 30%. For a collection of spheroids the deviation will be smaller. Scattering by three layered spheres (Kitchen and Zaneveld, 1992, 1995) is difficult to compare to homogeneous spheres, as one cannot easily assign an "average" index of refraction. An average index by volume makes most sense biologically, but optically the outer shell, especially if it is hard, may dominate. It can be said in general that high index outer shells make particles scatter more like high index particles.  The optical average index will thus not equal the volumetric average index.  Inversion will produce a value closer to the optical average, as this is what causes the similarity in light scattering features. 

Since it takes six parameters to describe the structure of a three layered sphere, inversion for a collection of such spheres is not likely.  The effect of inversion using incorrect models is difficult to assess in general terms, as scattering by inhomogeneous non-spherical particles can be larger or smaller than spheres of equal volume and volume average index.  Errors in scattering models will manifest themselves upon inversion as errors in size distributions and average indices of refraction.  Inversions of natural particle collections will thus always remain quasi-qualitative. It has been long recognized however (Parsons, 1969), that even approximate information on particles can be extremely useful in understanding community structure. Such information has also been used to study particle dynamics (Boss et al., 2001; Twardowski et al., 2001). 

BIOGEOCHEMICAL PARAMETERS

If the nature of the particles (i.e., size, shape, and internal m distribution) is approximately constant, the total number of particles becomes proportional to scattering at any angle, provided multiple scattering does not occur.  Parameters such as TSM and POC are then proportional to the scattering observation. POC is often cited as being correlated with scattering or attenuation measurements (e.g., Bishop, 1999; Mishonov et al., 2000) and with reflectance measurements (Stramski et al., 1999). Clearly this dependence is primarily a function of particle concentration and secondarily a function of the size and index of the particles.  Without further specific information, the slope of correlations of POC and c can be attributed to either PSD changes or index changes.  The slope of the correlation is determined by the nature of the particles. Examples are shown in Figs. 9 for TSM and Figs. 10 and 11 for POC.

We have briefly (and by no means exhaustively) described above a number of approaches toward inversion of VSF data.  The methods all have in common that the best one can achieve is to obtain the PSD and bulk n.  These parameters alone can say much about the nature of the particles.  Size, while seemingly an obvious parameter, becomes far more difficult to define for non-spherical objects.  Particle volume is more clearly defined and this is measured by resistive pulse counters.  Even volume becomes more difficult to define for particle aggregates.  The response of resistive pulse counters to aggregates that contain large proportions of water is difficult to predict. Nonetheless, much can be potentially learned from the inversions. What is needed is a renewed emphasis on validation of the inversions.
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Figure 1.   The Inherent Optical Properties.  Subscripts p, diss, and wat represent particles, dissolved material, and water, respectively.
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