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1. INTRODUCTION

General knowledge of the radiance distribution within and leaving a water body is a
prerequisite for the solution of many problems in underwater visibility, “ocean color” remote
sensing, biological primary productivity, and mixed-layer thermodynamics. Moreover,
because radiance is the fundamental radiometric quantity, all other quantities of interest to
optical oceanographers—various irradiances, diffuse attenuation functions, reflectances and
the like—can be computed from their definitions once the radiance is known.

HYDROLIGHT is a radiative transfer numerical model that computes radiance distributions
and derived quantities for natural water bodies. In brief, this model solves the time-
independent radiative transfer equation to obtain the radiance distribution within and leaving
any plane-parallel water body. Input to the model consists of the absorbing and scattering
properties of the water body, the nature of the wind-blown sea surface and of the bottom of
the water column, and the sun and sky radiance incident on the sea surface. Output consists
of archival printout and of files of digital data, from which numerical, graphical or spreadsheet
analyses can be performed.

The model is designed to solve a wide range of problems in optical oceanography and
limnology. The input absorbing and scattering properties of the water body can vary arbitrarily
with depth and wavelength. These inherent optical properties (IOPs) can be obtained from
actual measurements or from analytical models. Analytical models of the IOPs can build up
the total IOPs from contributions by any number of individual components. The input sky
radiance distribution can be completely arbitrary in the directional and wavelength distribution
of the direct solar and diffuse sky light. In its most general solution mode, HYDROLIGHT
includes the effects of inelastic scatter by chlorophyll fluorescence, by colored dissolved
organic matter (CDOM) fluorescence, and by Raman scattering by the water itself. The model
also can simulate internal layers of bioluminescing microorganisms.

This Users' Guide for Version 5 of the HYDROLIGHT model assumes that the reader is
familiar with the basic terminology and notation of optical oceanography. If this is not the
case, then the reader should first consult the review paper by Mobley (1995) or one of the
books by Kirk (1994); Spinrad, Carder, and Perry (1994); or Mobley (1994). The Users’
Guide gives a general overview of the capabilities of HYDROLIGHT, describes in detail how
to run the model, and shows example output. The Users' Guide is independent of any other
publication and should be adequate for users who wish to run HYDROLIGHT as a "black box"
model or with minor modifications, such as adding routines to read in the user’s data on a
special format or adding additional output of interest to the user.
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The separate Technical Documentation volume provides additional information and
references for the IOP models, sky models, default data sets, etc. used in HYDROLIGHT. The
formats for input and output data files are also given there. The text Light and Water:
Radiative Transfer in Natural Waters (Mobley, 1994) describes in considerable detail the
mathematical methods employed in HYDROLIGHT. That book is the primary technical
documentation for the HYDROLIGHT model. The source code itself is documented by
references to the equations of Light and Water.

The HYDROLIGHT source code is written entirely in FORTRAN, in order to make it easily
portable to almost any computer with a FORTRAN 90 compiler'. All input and output files
are written as ASCII files, to assure easy transfer of files between computers with different
operating systems. In order to simplify running HYDROLIGHT, a “front-end” program is
provided for running HYDROLIGHT in its standard mode (the usual way of running
HyDROLIGHT, which will account for the vast majority of runs made by most users). The front
end is a graphical User Interface (UI) that runs only on computers running the Microsoft”
Windows® 95, 98 or Windows NT® operating systems.

Due to the increased number of user options for specifying the water body of interest, a
text-based “question-and-answer” front-end program (as was provided with versions 4.0 and
4.1)1s NOT currently provided for HYyDROLIGHT 5. The Ul front end program is provided only
to make HYDROLIGHT more user friendly; it is not actually necessary to run either front-end
program in order to run HYDROLIGHT itself. As with previous versions, users can create or
modify the needed input files with a text editor and then submit HYDROLIGHT runs from a
DOS command window. This procedure can be used to run HYDROLIGHT 5 on UNIX systems.
However users are cautioned that manual modification of the input files is tricky due to the
increased size and complexity of the input file, and is thus not recommended. This
independence of HYDROLIGHT from the front-end program makes it possible to couple
HYDROLIGHT with other models, as for example in coupled biological-optical-physical
ecosystem models.

Throughout this report, the names of mathematical variables are written in italics, e.g., U,

z, or zeta. The names of computer programs, directories, and files are written in a sans serif

1. Although it is popular to deride FORTRAN as an ancient language no longer spoken in
computer science departments, the fact remains that FORTRAN is, and likely will remain, the
best language for doing numerical computations such as solving differential equations—which
is what HYDROLIGHT does for 90% of its run time. We make no apology for keeping
HYDROLIGHT in FORTRAN.



font, e.g., abcase.f or Pupcast2.txt. Path names are written using the DOS format with a
backstroke, e.g., ..\data\phasefun\avgpart.dpf. User input to and output from programs is
show in Courier. Options on Graphical User Interfaces are shown in SMALL CAPS.

Some of the figures in this Users’ Guide were generated in color but printed in black and
white. The color figures can be seen on the pdf version of the Users” Guide, which is found
in the documents directory on the CD.

1.1 Philosophical Comments, Warnings, and Excuses

1t is important to understand that the HYDROLIGHT model per se is a radiative transfer
model, not a model of oceanic optical properties. You, the user, must supply the inherent
optical properties and boundary conditions to the HYDROLIGHT core code. (Indeed, the
HYDROLIGHT model is not even restricted to the oceanic setting, although that is our interest
here. If you supply HYDROLIGHT with the optical properties of orange paint, for example,
HyDpROLIGHT will happily solve for the radiance distribution within and leaving the paint.)
This requirement for user input gives HYDROLIGHT great power—it can simulate any water
body and each user can run the model for exactly the conditions of interest—but also requires
considerable forethought and effort on the user’s part, in order to specify IOPs and boundary
conditions that correctly describe the water body of interest. Some users of previous versions
have not understood their role in providing input to HYDROLIGHT, so let us say the following
for emphasis:

HyYDROLIGHT does not know the inherent optical properties, or the chlorophyll profile,
or the depth, or anything else about the water body you are interested in. You must provide
this information to HYDROLIGHT. The various IOP models, phase functions, chlorophyll
data sets, ac-9 data sets, etc. that come with HYDROLIGHT are examples of how to provide
IOP and other information to HYDROLIGHT. You will need to replace these example
routines and data sets with your own, in order to simulate the water body of interest to you.

HYDROLIGHT computes the radiance and other output (for a given set of input) more
accurately than can be measured with standard instrumentation. However, as with any model,
HYDROLIGHT’s output is only as good as the input provided by the user. If you are using a
simple “case 1" water model for the absorption and scattering coefficients, guessing the phase
function, and using the mid-ocean atmospheric parameters in the sky radiance model,
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you should not be surprised (and are not allowed to complain) if the HyDROLIGHT-predicted
water-leaving radiances differ significantly from what you measured in your experiment in
case 2 coastal waters. Likewise, if you give HYDROLIGHT a file with thousands of ac-9 data
points generated by sampling at 6 Hz during a depth profile, HYyDROLIGHT will do its best to
solve the radiative transfer equation with exactly the absorption and scattering profile you have
given it. The result may be numerically disastrous if the ac-9 profile looks like random
instrumental noise superimposed on a smoother signal, as illustrated in Fig. 1.

It is your job to clean up noisy data, smoothing and massaging as much as your conscience
and scientific expertise allow, before using it as input to HYDROLIGHT. HYDROLIGHT is
reasonably robust in checking for bad input, but there is still great opportunity for entering
unphysical input and getting unphysical output.

HYDROLIGHT has been a work in progress since Curtis Mobley first started working out
the numerical algorithms as a postdoc in 1979, and it will continue to be so. The invariant
imbedding algorithms at the core of HYDROLIGHT are mature and well debugged after many
years of use. However, some features of the graphical User Interface (UI) and IOP model
options are new with version 5 and may evolve quickly as feedback is received from the users
of version 5.

Version 4 was created in response to users’ requests for a more user-friendly code, built
with more powerful user options, and for a code that would run on inexpensive personal
computers (as opposed to mainframes or UNIX workstations). Rather than just develop a PC
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version of HYDROLIGHT version 3, major modifications were made to the code to develop a
greatly improved version of HYDROLIGHT. Similarly, version 4.1 represented significant
improvement in the package as a whole compared to version 4.0. Version 4.2 contained a few
more improvements over 4.1 including an option to output the radiance into a separate file,
specify non-Lambertian bottom reflectances, as well as a few cosmetic changes. Version 4.3
had additional improvements, including a more efficient scattering phase function selection
when the backscatter fraction varies with depth.

Version 5 of HYDROLIGHT represents a substantial improvement over HYDROLIGHT 4.
Most notably, version 5 includes ECOLIGHT , a ultra-fast version of HYDROLIGHT that solves
the azimuthally-averaged problem. It is very useful when all the user wants to know is the
remote-sensed reflectance, irradiances, or upwelling zenith radiance. Because of the inclusion
of ECOLIGHT, the directory structure of HYDROLIGHT 5 is significantly different that in
versions 4.x. HYDROLIGHT 5 also supports runs into the IR and UV (250nm to 1000nm) with
extended IOP data files. Users will also notice that in most cases, the code will not require
recompiling between runs. The code will only recompile when it is required to, for example,
if a user-defined IOP model or concentration function, or bioluminescenc is included in the
run.

To avoid the considerable expense required in supporting various compilers, Sequoia
Scientific, Inc. had a licensing agreement with Lahey Computer Systems, Inc. that allowed a
subset of the Lahey FORTRAN 90 version 4.5 compiler to be bundled with version 4.0 of
HyprOLIGHT. Those Lahey files did not contain all of the features of the complete Lahey
FORTRAN 90 software system. Beginning with HYDROLIGHT version 4.1, Lahey’s Fortran
95 Express compiler (LF95 Express) is provided (on request) as a complete, stand-alone
software package. LF95 Express is a fully optimizing Fortran 77/90/95 compiler.
HYDROLIGHT is designed to be run with LF95 Express (although the core code remains Fortran
77), which improves HYDROLIGHT run times by as much as 30 percent in some situations
(compared to LF90 v. 4.5). Note also that licenced users of HYDROLIGHT are now eligible for
compiler support directly from Lahey for the LF95 Express product.



2. OVERVIEW OF HYDROLIGHT

This section gives brief descriptions of how HYDROLIGHT can be used, of what
assumptions are build into the code, of what input is required, and of what output can be
obtained from a HYDROLIGHT run.

2.1 Ways in Which HYDROLIGHT Can Be Used

Previous versions of HYDROLIGHT have been used in a variety of studies ranging from bio-
optical oceanography to remote sensing. Some of the ways in which HYDROLIGHT can be used

are as follows:

® HYDROLIGHT can be run with modeled input values to generate in-water light fields,
which in turn become the input to models of primary productivity or mixed-layer
dynamics. Such information is fundamental to the coupling of physical, biological, and
optical feedback models.

® HYDROLIGHT can be run with the IOPs of different water types to simulate in-water
light fields for the purpose of selecting or designing instruments for use in various

water types. Such information can aid in the planning of field experiments.

® HYDROLIGHT can be run with assumed water inherent optical properties as input, in
order to obtain estimates of the signals that would be received by various types or
configurations of remote sensors, when flown over different water bodies and under
different environmental conditions. Such information can guide the planning of
specific operations.

® HYDROLIGHT can be used to isolate and remove unwanted contributions to remotely
sensed signatures. Consider the common remote-sensing problem of extracting
information about a water body from a downward-looking imaging spectrometer. The
detected radiance contains both the water-leaving radiance (the signal, which contains
information about the water body itself) and sky radiance reflected upward by the sea
surface (the noise). HYDROLIGHT separately computes each of these contributions to
the radiance heading upward from the sea surface and thus provides the information
necessary to correct the detected signature for surface reflection effects.
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® When analyzing experimental data, HYDROLIGHT can be run repeatedly with different
water optical properties and boundary conditions to see how particular features of the
data are related to various physical processes or features in the water body (such as
substance concentrations or external environmental conditions). Such simulations can

be valuable in formulating hypotheses about the causes of various features in the data.

® HYDROLIGHT can be used to simulate optical signatures for the purpose of evaluating
proposed remote-sensing algorithms for their applicability to different environments

or for examining the sensitivity of algorithms to simulated noise in the signature.

® HYDROLIGHT can be used to characterize the background environment in an image.
When attempting to extract information about an object in the scene, all of the radiance
from the natural environment may be considered noise, with the radiance from the
object being the signal. The model can then be used to compute and remove the
environmental contribution to the image.

® HYDROLIGHT can be run with historical (climatological) or modeled input data to
provide estimates about the marine optical environment during times when remotely
or in-situ sensed data are not available.

Such information can be provided in many forms: water-leaving radiances for remote-
sensing applications, in-water apparent optical properties (such as K functions) for Lidar
bathymetry applications, or ambient light field data as may be relevant to underwater visibility
applications.

2.2 The Physical Model

Many problems of interest in optical oceanography and remote sensing can be solved using
time-independent radiative transfer theory applied to plane-parallel geometries. The
consideration of time-independent, plane-parallel problems is not as restrictive as it might
seem on first glance. For example, although the oceans are horizontally inhomogeneous, the
horizontal scales of significant optical variability (typically tens of meters to kilometers) are
usually much greater than the vertical scales (centimeters to tens of meters). In this case we
can think of the ocean as consisting of optically independent "patches" of water, for which
each patch can be well modeled as a horizontally homogeneous water body whose optical



properties vary only with depth. (This is a one-dimensional geometry, with the one dimension
being depth). We can then independently apply a one-dimensional radiative transfer model
at the center of each patch in order to simulate the entire, horizontally inhomogeneous water
body. In the analysis of imaging spectrometer data, one might even apply such a model to the
water patch associated with each pixel in the image.

Such a piecewise simulation is justified so long as the horizontal size of each water patch
is at least several photon mean free paths. This is usually the case. In the open ocean, photon
mean free paths (the inverse of the beam attenuation coefficient) are never more than 50 m (at
blue wavelengths, and much less at other wavelengths) in even the clearest waters; horizontal
variability in such waters is often on scales of kilometers. In coastal waters subject to river
runoff, sediment resuspension, and variable shallow bottom topography, optical properties and
boundary conditions can change horizontally on scales of meters to tens of meters. However,
such waters tend to be rather turbid and have photon mean free paths of tens of centimeters to
a few meters. In either case, the use of a one-dimensional radiative transfer model is justified.
The use of time-independent radiative transfer is valid whenever the time scales for changes
in environmental conditions (typically seconds to seasons) are much greater than the time
required for the light field to assume a steady state within the water body after a change in the
optical properties or boundary conditions (milliseconds). Solving a sequence of time-
independent, one-dimension radiative transfer problems in order to simulate a changing (in
both time and space) water body is computationally much faster than solving one large time-
dependent, three-dimensional problem.

Other physical considerations also dictate the generality required in an oceanic radiative
transfer model. High absorption by water itself means that little light penetrates the ocean
outside of the near-ultraviolet to near-infrared region from 350 to 800 nm. For the purpose of
computing energy transfer through the air-water surface, it is often sufficient to account for
capillary waves on the sea surface while neglecting the larger gravity waves. Multiple
scattering is almost always important, but polarization may be neglected for many applications.
Inelastic scattering processes such as Raman scatter by the water itself and fluorescence by
chlorophyll and CDOM can in some circumstances make significant contributions to the light
field.

The HYDROLIGHT physical model, which addresses the above considerations, can be

summarized as follows:



time-independent

horizontally homogeneous IOPs and boundary conditions
arbitrary depth dependence of IOPs

wavelengths between 350 and 800 nm

capillary-wave air-water surface

finite or infinitely deep (non-Lambertian) bottom
includes all orders of multiple scattering

includes Raman scatter by water

includes fluorescence by chlorophyll and CDOM
includes internal sources such as bioluminescence

does not include polarization

does not include gravity waves or whitecaps
2.3 The Mathematical Model

The fundamental quantity that describes the time-independent, one-dimensional light field
in the ocean is the spectral radiance L(z,0,¢p,1), with units of W m? sr' nm™. The spectral
radiance completely determines the depth (z), directional (0,), and wavelength (1) behavior
ofthe light field. Therefore, all other quantities of interest, such as various irradiances, diffuse
attenuation functions (K-functions), and reflectances, can be computed from their definitions
once the spectral radiance is known. In order to predict the spectral radiance, HYDROLIGHT
solves the integro-differential radiative transfer equation (RTE) along with its boundary
conditions. Because of their mathematical complexity, these equations must be solved
numerically for any realistic situation (see, for example, Chapter 8 of Light and Water).

Any radiance sensor actually measures an average of L(z,0,¢,A) taken over some finite
solid angle AQ, which is determined by the field of view of the instrument, and over some
finite bandwidth AA, which is determined by the wavelength response of the instrument.
Likewise, in order to solve the RTE numerically, we discretize it by averaging over direction
and wavelength. In the HYDROLIGHT model, this directional averaging is performed by first
partitioning the set of all directions (0,¢), 0 < 0 < 180°, 0 < ¢ < 360°, into regions bounded
by lines of constant O and constant ¢, plus two polar caps. These quadrilateral regions and

polar caps are collectively called "quads." The individual quads Q,, are labeled by discrete

indicesu=1,2,..,Mandv=1, 2, ..., N to show their 0 and ¢ positions, respectively. The
standard (default) quad layout is shown in Figure 2. In this layout, which has M =20 and N

=24, the polar caps have a 5°half angle and the 0 boundaries lic at 5, 15, 25, ...,75, 85, 90, 95,



105, ..., 175 degrees. For mathematical reasons there is no quad centered on the “equator” at
0 =90°. However, the radiances computed for the 85°-90° and 90°-95° quads can be averaged
to give the “horizontal” radiance at a nominal angle of 0 =90°. Thus the standard quad layout
essentially gives 10° resolution in 0 and 15° in ¢.

Figure 2. The HYDROLIGHT standard quad
layout, which has a nominal angular
resolution of AO = 10° and A¢ = 15°.

Similarly, the wavelength region of interest is partitioned into a number of contiguous
wavelength bands of width Akj, j=1,2,..,J. The A)\,j need not be the same size for different
j values.

The fundamental quantities computed by the HYDROLIGHT model are then the quad- and
band-averaged radiances at any selected set of depths z,, k=1, 2, ..., K:

. 1 .
Lku,vy) = A0 AL A, Qf Afk 'L(zk,O,(I),A) sin® dO do da. .

In addition to the radiances within the water, HYDROLIGHT computes the upwelling
radiance in all directions (all quads) just above the sea surface. This upwelling radiance
includes both the water-leaving radiance and that part of the incident direct and diffuse sky
radiance that is reflected upward by the wind-blown sea surface. The water-leaving and
reflected-sky radiances are computed separately in order to isolate the water-leaving radiance,
which is the quantity of interest in many remote sensing applications. The development of the
quad- and band-averaged versions of the RTE and of the associated boundary conditions is
given in full in Light and Water.
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It must be noted that the quads “homogenize” the radiance within each quad, much like a
frosted-glass window does. Thus, in the quad layout of Fig. 2, it is not possible to resolve the
difference in the radiance for polar angles 0 = 26° and 0 = 34°, because they both lie in the
same quad extending from 0 = 25° and 6 = 35°. However, there is a difference in 0 = 34° and
0 =36°, because those angles lie in different quads and thus are represented by different quad-
averaged radiances. If it is necessary to have greater angular resolution in the radiance
distribution, a different quad layout can be created by the user as described in the Technical
Documentation. Note, however, that the computer storage and run time are proportional to the
square of the number of quads, so increasing the angular resolution comes with a considerable

computational cost.

2.4 The Coordinate System

HYDROLIGHT uses an x-y-z cartesian coordinate system with +x in the downwind direction
and +z downward. Directions are specified via the polar angle 0 and azimuthal angle ¢, with
0 = 0 being straight down and ¢ = 0 being downwind. In radiative transfer theory, direction
(0,) always refers to the direction the photons are traveling; the corresponding radiance is
L(0,0). Experimentalists, however, like to use (0,) to denote the direction they are pointing
their radiometer. The radiance measured by a radiometer pointing in direction (0,¢) is L(180-
0, 180+¢). Depending on which convention we choose for HYDROLIGHT output, either the
theoreticians or the experimentalists will be unhappy.

In the HYDROLIGHT printout, we adopt the following convention, which is illustrated in
Fig. 3. Direction (0,0) refers to the direction an instrument is pointing. However, 0 is
measured either from the nadir direction (the +z direction) or from the zenith direction (the -z
direction), for instruments pointing downward or upward, respectively. When the instrument
is pointing downward, we add a subscript “u” for “upward” to the radiance to remind us that
we are referring to the upwelling radiance, i.e., to photons traveling upward. When the
instrument is pointing upward, we add a subscript “d” to the radiance to remind us that we are
referring to downwelling radiance, i.e., to photons traveling downward. Thus the theoreticians'
radiance L(0,¢) is denoted L,(0,0) in the printout, and the theoreticians' radiance L(180-
0,180+¢) is denoted L (0,p). This u,d subscript convention is commonly used in optical
oceanography. For example, £, denotes the downwelling plane irradiance, which is measured
by a cosine collector pointing upward. Likewise, in the printout, the horizontal radiance of
photons traveling in the (0=90,¢$=180) direction is denoted by L,(¢=0).

11
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Fig 3. Coordinate system and notation conventions for radiance as used in HYDROLIGHT
printout.

In the printout, a depth of z = 0 denotes a position within the water, just beneath the mean
sea surface. A depth of z=a or “in air” denotes a position in the air, just above the mean sea
surface. Thus the radiance L (z=0,0,d) denotes the upwelling radiance just beneath the sea
surface, and L (z=a,0,¢) denotes the fotal upwelling radiance in the air. The total upwelling
radiance in the air is the sum of the water-leaving radiance, L,(0,$), plus the downwelling sky
and sun radiance that is reflected upward by the sea surface itself (the sun glint), L,,,(0,).
The sky radiance seen when looking in the (0,¢) direction is L, (6,$). These quantities are
illustrated in Fig. 4.

Lsky(ﬁi@ Lreﬂ( 0’@ Lw( d @ Lu( g @

. 7 5 I
g . /4 //7
, \ , ,
. ,
\ ,
’ \ ’ .
0 N \ . .
g N \ ‘ g
, “oa , ,
N , ,

°,
s
,

air

z=1

water

Fig. 4. Illustration of the various radiances just above the sea surface.
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The standard version of HYDROLIGHT uses azimuthally averaged sea-surface wave slope
statistics, in which case the azimuthal angle of the sun relative to the downwind direction, ¢,,
is irrelevant, and ¢, is set to 0, as shown in Fig. 2. The sun's polar angle 0, is always measured
from the zenith, as is customary. Thus the sun's radiance would be L (z=a,0,p=0) =
L,(0,$=0).

It should be kept in mind that any radiance labeled for convenience by exact depth,
direction, and wavelength values (z,0,§,A) represents the radiance at the exact depth z (not a
value averaged over a finite depth interval), but which is directionally averaged over the quad
containing direction (0,$) and which is wavelength averaged over the wavelength band
containing the nominal wavelength A. (Radiances computed when selecting the “single
wavelength” option can be thought of as being band averaged over a 1 nm wide band.)
Radiances are thus quad- and band-averaged spectral radiances with units of W m? sr”' nm™,
not band integrated values. Likewise, irradiances are spectral values with units of W m? nm™.

Finally, radiative transfer theory is formulated in terms of energy units, not quanta. In the
HYDROLIGHT output, the spectral scalar irradiance E,(z,A) with units of W m™ nm™ is also
converted to quanta units of mol photons m™ at the very end of the calculations for the
convenience of photobiologists, and the corresponding PAR profile is computed.

2.5 Input

In order to run HYDROLIGHT to predict the spectral radiance distribution within and leaving
a particular body of water during particular environmental (sky and surface wave) conditions,
the user supplies the core model with the following information (via direct input or via user-
written subroutines or user-supplied data files):

® The inherent optical properties of the water body. These optical properties are the
absorption and scattering coefficients and the scattering phase function (which are
equivalent to the volume scattering function, the beam attenuation coefficient, and the
albedo of single scattering). These properties must be specified as functions of depth

and wavelength.

® The state of the wind-blown sea surface. Version 4.0 and later of HYDROLIGHT
models the sea surface using the Cox-Munk capillary wave slope statistics, which
adequately describe the optical reflection and transmission properties of the sea surface
for moderate wind speeds and solar angles away from the horizon. In this case, only
the wind speed needs to be specified.
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® The sky spectral radiance distribution. This radiance distribution (including
background sky, clouds, and the sun) can be obtained from semi-empirical models that
are built into HYDROLIGHT, from observation, or from a separate user-supplied
atmospheric radiative transfer model (such as MODTRAN)).

® The nature of the bottom boundary. The bottom boundary is described in terms of
a bi-directional reflectance distribution function (BRDF). For finite-depth bottoms, the
BRDF is computed from the given irradiance reflectance of the bottom, if the bottom is a
Lambertian surface, or from a user-supplied BRDF, which can be non-Lambertian. For
infinitely deep water, the inherent optical properties of the water body below the region of
interest are used to compute the needed (non-Lambertian) BRDF that describes the
reflectance properties of the water below the region of interest.

The absorption and scattering properties of the water body can be provided to the
HYDROLIGHT model in various ways. For example, if actual measurements of total absorption
are available at selected depths z and wavelengths A, then these values can be read from a file
provided at run time. An interpolation scheme can be used to define absorption values for
those z and A values not contained in the data set. In the absence of actual measurements, the
total absorption of the water body can be modeled in terms of contributions by any number of
components. Thus the total absorption can be built up as the absorption by water itself, plus
the absorption by chlorophyll-bearing microbial particles, plus that by CDOM, by detritus, by
mineral particles, and so on. In order to specify the absorption by chlorophyll-bearing
particles, for example, you can specify the chlorophyll profile of the water column and then
use a bio-optical model to convert the chlorophyll concentration to the needed absorption
coefficient. The chlorophyll profile also provides information needed for the computation of
chlorophyll fluorescence effects. Each individual absorption component has its own depth and
wavelength dependence. Similar modeling can be used for scattering.

Phase function information is often provided by using a Rayleigh-like phase function for
scattering by the water itself, by using either a Petzold-like phase function or a phase function
selected to have a given backscattering ratio for scattering by particles, and by assuming that
dissolved substances like CDOM do not scatter. The individual-component phase functions
are weighted by the respective scattering coefficients and summed in order to obtain the total
phase function.

HyYDROLIGHT also requires the downwelling radiance incident onto the sea surface as input.
The HYDROLIGHT model does not carry out any radiative transfer calculations for the
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atmosphere per se. However, the sky radiance for either cloud-free or overcast skies can be
estimated from simple analytical models or from semi-empirical models; such models are
provided as a part of the HYDROLIGHT code. Alternatively, if the sky radiance is actually
measured, that data can be used as input to HYDROLIGHT via a user-written subroutine. It is
also possible to run an independent atmospheric radiative transfer model such as MODTRAN
(Acharya, et al., 1998) in order to generate the sky radiance coming from each quad of the sky
hemisphere, and then give the MODTRAN-generated values to HYDROLIGHT as input.

For finite-depth water columns, the bottom boundary BRDF is usually computed from the
specified irradiance reflectance of the bottom and the assumption that the bottom is a
Lambertian reflector. In general, the bottom reflectance is a function of wavelength and
depends on the type of bottom—gray mud, ooid sand, seagrass, etc. For infinitely deep water
columns, the (non-Lambertian) BRDF is computed using the IOPs at the deepest depth where
output is requested in the simulation at hand. For a remote sensing simulation concerned only
with the water-leaving radiance, it is usually sufficient to solve the radiative transfer equation
only for the upper two “diffuse attenuation depths” [a depth of 2/K,(1)], because almost all
light leaving the water surface comes from this near-surface region. In this case, the bottom
boundary condition can be taken to describe an optically infinitely deep layer of water below
the depth corresponding to two diffuse attenuation depths. In a biological study of primary
productivity, it might be necessary to solve for the radiance down to five (or more) optical
depths, in which case the bottom boundary condition would be applied at that depth. In such
cases HYDROLIGHT computes the needed bottom boundary information from the inherent
optical properties at the deepest depth of interest.

2.6 Output

Output from HYDROLIGHT consists of both “printout” (an ASCII file formatted for viewing
with a text editor or for hardcopy printing) and files of digital data. The default printout gives
a moderate amount of information to document the input to the run and to show the quantities
of interest to most oceanographers (such as various irradiances, reflectances, mean cosines,
irradiance K-functions, and zenith and nadir radiances). The printout is useful for taking a
quick look at the results of a run, or for cutting and pasting a particular part of the output into
another document or spreadsheet. Optionally, the printout can give the full radiance
distribution (separated into direct and diffuse components), radiance K-functions, elastic-
scatter path functions, and the like. The printout is easily tailored to the user’s requirements.
Section 7.1 describes the printout in more detail.
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A file of digital data contains the complete output from the run, including the full radiance
distribution as a function of depth, direction, and wavelength. This file is generally used as
input to plotting routines to obtain graphical output of various quantities as functions of depth,
direction, or wavelength. Routines for graphical output are not a part of the HYDROLIGHT code
because of the wide variety of graphics packages in use and because different users generally
want different kinds of plots. However, a few plotting routines written in the IDL language
are included with HYDROLIGHT as a convenience for users who have that popular software
package. The digital output file is formatted to facilitate the opening of the file by IDL (which
stores arrays by rows, rather than by columns as in FORTRAN). Section 7.3 comments further
on the use of IDL in plotting HYDROLIGHT output.

Two other files of digital output are formatted for use within Microsoft EXCEL"
spreadsheets. One file is formatted to facilitate the analysis of data one wavelength at a time.
For example, you might want to plot various irradiances as a function of depth at one
wavelength. The other file is formatted to facilitate the analysis of one variable at a time, as
a function of depth and wavelength. For example, you might want to plot the absorption
coefficient as a function of depth and wavelength. EXCEL macros are provided to open these
files within EXCEL and automatically generate spreadsheets containing the quantities of interest
to most oceanographers. Section 7.2 describes how to convert the HYDROLIGHT output files

into EXCEL spreadsheets.
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3. INSTALLING HYDROLIGHT

This Chapter gives the details of how to install the HYDROLIGHT code on your Windows-
based computer.

3.1 Computer Requirements

The HYDROLIGHT source code is written entirely in standard FORTRAN in order to make
the code as portable as possible. Previous versions of HYDROLIGHT have been run on a variety
of computers including CDC and Cray mainframes; Sun, Silicon Graphics, and DEC UNIX
workstations; IBM and IBM-clone Personal Computers (PCs) with 486 and Pentium processors
running Microsoft Windows 3.1 95, 98, and NT, and Apple Power Macintoshes.

Although the core code of HYDROLIGHT can run on a wide range of computers, Version 5
is currently supported only on PCs running the Microsoft Windows 95, 98, or NT operating
system due to the complexity of the new input and subsequent dependence on the Ul to set up
runs (which only runs on Windows 95/98/NT). A PC/Windows platform for HYDROLIGHT is
also strongly recommended for several reasons:

® The HYDROLIGHT software system (optionally) includes a FULL version of the Lahey
FORTRAN 95 Express compiler, which is designed for Pentium (or compatible)
processors and Microsoft Windows operating systems.

® EXCEL spreadsheets software is usually found on PCs with Windows 95/98/NT.

® Related software, such as the IDL graphics package, is much less expensive for PCs
than for mainframes or UNIX workstations.

The HYDROLIGHT package of source code and data files requires about 50 Mbytes of hard-
drive storage as distributed. The Lahey compiler, as optionally distributed with HYDROLIGHT,
requires additional memory. After compilation on the user’s computer, the executable file for
the main code is approximately one Mbyte. The minimum required amount of random access
memory (RAM) is not large. However, compilation (and perhaps also run) times can be very
slow if insufficient RAM forces extensive swapping. Experience shows that 30 Mbytes of
RAM is normally more than enough for satisfactory compilation and running of HYDROLIGHT.
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The digital output files can be 10 Mbytes or larger for runs requesting output at many depths
and wavelengths. Thus, disk storage can be consumed quickly in a series of simulations
requesting extensive output (e.g. for high-resolution graphics). Moreover, some of the internal
scratch files used during the solution of the radiative transfer equation can be many tens of
Mbytes if many depths and wavelengths are included in the run. Thus at least 100 Mbytes of
free hard-drive space and 32MB of RAM is recommended for running HYDROLIGHT.

The Ul is designed for optimum use on monitors with 1024 x 768 pixels. Lower-resolution
monitors cause some of the Ul forms to display as larger than the monitor screen. Higher-
resolution monitors make the UI forms appear smaller than intended, which makes the forms
harder to read.

The UI front-end program issues commands to invoke the compiler and linker. It is
generally necessary to recompile a few subroutines for each run. In previous versions of
HYDROLIGHT, information such as which IOP and sky models are being used was imbedded
for each run into at least ten core routines during compilation via “include files”. In Version
4.1, the include statements in core routines were replaced with calls to generic subroutines and
the include files (all except dimens.inc) have been replaced with a single FORTRAN source
code file, iroot.for, which contains definitions for all those generic subroutines. In Version 5,
the code was rewritten such that only runs that called user-defined subroutines would require
the code to recompile. This includes runs that use a user-defined IOP model, specify
component concentrations with function calls, or include bioluminescence. For these cases,
the file iroot.for is written by the Ul into the HES\code\batch directory and is necessary to
completely specify the run.

The commands necessary for invoking the compiler are different for different brands of
compilers, and even for different versions of the same compiler. Because the Lahey compiler
is available (at the licensee’s request) with HYDROLIGHT, no support is given for other
FORTRAN compilers.

3.2 Installation on Microsoft Windows Operating Systems

This section describes how to install HYDROLIGHT on a PC running the Microsoft Windows
operating system. It is assumed that you will be running HYDROLIGHT with the Lahey LF95
Express compiler that comes with HYDROLIGHT.

The HYDROLIGHT software package is distributed as one (uncompressed) directory named
HES5 (with subdirectories as seen in Fig. 3) on a CD. To install the code on your PC, do the
following:
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Step 1. Install Lahey’s LF95 Express compiler in accordance with the installation instructions
provided with that software. With version 4.1, the compiler is no longer provided as a
subdirectory, but rather the full version of the LF95 Express compiler is provided (which
includes Lahey’s customer support of the LF95 Express product).

Step 2. Insert the HYDROLIGHT CD into its drive. The installation program should start
automatically. Ifit does not, go to START =* RUN and run setup.exe from the CD (e.g., if the
CD is in drive D you would type “d: \setup.exe” at the run prompt).

Step 3. You will be asked to select the folder (e.g., ¢:\ or c:\Program Files) into which HES
will be installed. A new folder HES will be created and placed in the folder you selected
UNLESS you select a folder named HES (in which case that HES folder will be overwritten).
You will also be asked to read the license agreement. The installer provided will take care of
all aspects of the installation including: copying the files, updating and registering any system
files needed by HYDROLIGHT, removing the read-only flags from the HES files, and creating
shortcuts for HES in both the START =» PROGRAMS window and on the desktop. If you have
any trouble with the installation, please refer to the Technical Documentation FAQ section.

3.3 Uninstalling HYDROLIGHT

You may on occasion need to uninstall HYyDROLIGHT, for example when moving the code
from an old computer to a new one. Also, if you need to reinstall HYDROLIGHT for some
reason, you should first uninstall the old version. Because the installation software updates the
Windows registry files when HYDROLIGHT is installed, it is important to uninstall the code

properly. This is done as follows:

€0 to MY COMPUTER =» CONTROL PANEL = ADD/REMOVE PROGRAMS
select HYDROLIGHT and click on ADD/REMOVE
follow the directions to remove all (system) files associated with HYDROLIGHT

This operation will remove certain system files, the executable file for the UI (file
HES5WInFE.exe), and update the registry, but it will leave the HYDROLIGHT icon on the
desktop and, more importantly, the HES directory and all of'its contents (including output from
previous runs) will be left intact. You can remove the HES directory and all of its contents by
opening WINDOWS EXPLORER, clicking in the HES directory, clicking on DELETE, and following

19



the instructions to delete everything. Be sure you have saved any needed output from previous
HYDROLIGHT runs before deleting the HES directory! Finally, the HYDROLIGHT icon can be
dragged from the desktop to the trash bin. Removal of the LF95 Express compiler must be

performed as a separate software removal.
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4. HYDROLIGHT ORGANIZATION

This section describes how the HYDROLIGHT code is organized. The different types of
routines and data files are described, and the file-naming conventions and directory structure
are established.

4.1 The HYDROLIGHT Software Package

The HYDROLIGHT package consists of many different main programs, subroutines, and data
files. The different routines and files can be classified as follows:

® Core FORTRAN main programs and subroutines. Each of these routines is flagged
in the source code by a statement of the form “Core routine on file filename.f” where
“filename” is the name of the file containing the routine. These core routines include
both HYDROLIGHT-specific routines and various public-domain subroutines taken from
sources such as LAPACK (Linear Algebra PACKage) and BLAS (Basic Linear
Algebra Subroutines; see Dongarra and Grosse, 1987). The public-code routines are
used by the HYDROLIGHT-specific routines for mathematical tasks such as matrix
inversion, eigenvector-eigenvalue analysis, and solving differential equations. Only the
most sophisticated users would even contemplate tampering with any of these highly

mathematical core routines.

e Example user-supplied subroutines. Each of these routines is flagged in the source
code by a statement of the form “Example user-supplied ... routine on file filename.f”
The ellipsis describes the type of routine, e.g. “sky radiance” or “absorption and
scattering.” The routines defining the abconst, abcase1, abcase2, etc. IOP models
are all examples of a user-supplied absorption and scattering routine. These
standardized subroutines are provided with the HYDROLIGHT code and can be used as
is, or can be modified as desired to alter the input to HYDROLIGHT. These examples
illustrate how the template routines can be expanded to provide routines for IOP input,
sky input, etc.

® Data files. These files provide input such as chlorophyll- or mass-specific absorption
and scattering spectra for use in IOP models, scattering phase functions, sea-surface
reflectance and transmission properties for different wind speeds, bottom reflectances,
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and atmospheric properties used by the default sky irradiance models. The distributed
files will be sufficient for many users. However, users can add to this collection by
putting their own data onto various “HYDROLIGHT standard formats” or by making
“specialized” runs (for example, to add additional phase functions) as described in the

Technical Documentation.

® Templates for creating user-supplied subroutines and data files. Each of these routines
is flagged in the source code by a statement of the form “Template for user-supplied ...
routines.” The ellipsis describes the type of routine, e.g. “sky radiance” or “absorption and
scattering.” These templates show the required formats for various routines that provide
the core program with information about the absorbing and scattering properties of the
particular water body being simulated, about the sky radiance distribution, and the like.
Some users want to write their own versions of such routines in order, for example, to read
in their own measured absorption and scattering profiles or to insert their own analytical
models of the inherent optical properties. This can be done by inserting the desired
FORTRAN code into the corresponding template.

e Example simulations. The input, run script, and output files for a few typical
HYDROLIGHT simulations are given for reference. Users should reproduce these
simulations on their own computers after installation, in order to verify that HYDROLIGHT

is running properly on their computer.

® Plotting routines written in IDL (Interactive Data Language; IDL® is a product of
Research Systems, Inc.). These routines are, strictly speaking, not a part of the
HYDROLIGHT code. A small collection of example IDL routines is included for the
convenience of users who have the IDL software package. Users may wish to discard these
routines and use other software for graphical analysis of the HYDROLIGHT digital output.

The FORTRAN routines of the HYDROLIGHT code are grouped into three parts found on
directories maincode, surfcode, and discpf. These routines carry out both “standard” and
“special” runs. Inversion 5 of HYDROLIGHT, each of these code groups also has an ECOLIGHT
version included.

Standard runs are those that result in a solution of the radiative transfer equation. The
routines for performing standard runs are found in the code directory. The code routines use
the available collection of phase-function, sea-surface, and other data files along with the user
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input provided at run time to solve the radiative transfer problem defined by the input.
Standard runs are often made in a series, with only minor changes in the input for each run
(e.g., a change in the solar zenith angle or in the chlorphyll profile, with all other input being
held constant from one run to the next). Standard runs will constitute almost all of the
HYDROLIGHT runs made by most users.

Special runs are those that are made for adding a new phase function or a new wind speed
to the available collection of data files. Special runs are made only once for a given phase
function or wind speed. The routines in directory discpf are used to prepare a scattering phase
function for use by the HYDROLIGHT main code. (This preparation is called discretizing the
phase function.) These calculations need to be done only once for a given phase function and
quad partition. The use of the routines in discpf is described in the Technical Documentation.

The routines in directory surfcode perform the calculations associated with the air-water
surface boundary. These surface calculations depend only on the wind speed and on the quad
layout; they are independent of the sky radiance distribution and of the water inherent optical
properties. Therefore, the surface calculations need to be performed only once for a given
wind speed and quad layout. The results are saved (in directory data\surfaces as the files
named surfwind.U, where U is the wind speed in m/s) for repeated use by the main code,
which performs the remainder of the computations. Only users who need wind speeds geater
than 15 m/s or who want to customize the quad layout will ever need to run the surface
routines. The use of the routines in surfcode is described in the Technical Documentation.

Note that if you wish to change quad partitioning from the default shown in Figure 2, all

phase functions and surface files must be recreated via special runs.

4.2 File Naming Conventions

Although it is claimed that Windows 98 and NT allow the use of long directory and file
names, this is true only if you stay in the point-and-click world. Unfortunately, the command
window of Windows 98/XP, for example, is still DOS 6.2. This means that names longer than
8 characters get truncated when you are working in a command window, which is where
HYDROLIGHT compiles and runs. To allow users to include data files with long file names (up
to 32 characters) a special subroutine (IOshorten.f90) was added to allow HYDROLIGHT to
interface with Windows and look up the 8.3 format DOS filename. Thus if you tell the
frontend program that your ac-9 data is on a file named mygreatac9data.txt, the file name is
truncated to mygrea~1.txt by the operating system (where the number after the tilde is set by
the system), yet HYDROLIGHT will still be able to find the right file.
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Part of the input to a HYDROLIGHT run is a single-word “root” name that is used to
construct the names of all input and output files associated with that run. Thus, after running
the front-end program, the input to HYyDROLIGHT will be found on a file named Iroot.txt, where
“root” has been replaced by the chosen identifying name, e.g. lupcast2.txt if root = upcast2.
After the run finishes, the printout will be found on file Proot.txt (e.g., Pupcast2.txt), and so
on. The following input file is created for every HYDROLIGHT run:

Iroot.txt the file containing the Input specifying the run (see the Technical
Documentation for a detailed description of this input). Written by the Ul
to the run\batch directory.

This input file is the same for either a HYDROLIGHT or ECOLIGHT run! If the run calls a user-
defined IOP model, includes bioluminescence, or calls a user-defined function to deinie any
of the component concentrations, a run-specific version of the HYDROLIGHT code will
automatically be compiled and the following additional input file will be generated:

Root.for the file containing subroutines that call the appropriate IOP and sky models
specified for this run, including the sky parameters. Written by the UI to the
code\batch directory.

These two files contain all of the information specific to each run. In the run directory, there
are two executables named run_HL.exe and run_EL.exe along with a list of runs to be made,
named runlist.txt.

When you make a HYDROLIGHT run, you execute run_HL.exe (by choosing “run
HYDROLIGHT now” from the Ul double clicking run_HL.exe, or by going to start->run-
>run_EL.exe) which reads the file runlist.txt containing a list of Iroot.txt filenames that are
part of the current “batch” (may only contain one). The runs listed in runlist.txt are submitted
by run_HL.exe sequentially to HyDROLIGHT. Thus, you can always re-run a case made earlier
and you can build up batches of previously defined runs by simply adding their lroot.txt
filenames to the runlist.txt file in the run directory. The new executable run_XX.exe does
the following:

1. takes care of submitting runs in a batch (even if the “batch” only has one run),

2. **only if necessary** copies the run-specific FORTRAN file from the code\batch

directory into the code directory as incfiles_user.for, and compiles a new executable,
mainHL_user.exe
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3 sends the run names to spawnHL_X.bat (in the code directory) to be run, and

4. Waits for the run to finish before starting the process for the next run listed in runlist.txt

and repeating steps 2-4 until all runs are completed.

Step 2 only occurs if a suer-defined subroutine needs to be compiled. For the vase majority
of users, HYDROLIGHT will never need to recompile. For this reason, most runs are handled
by the executable mainHL_stnd.exe and utility spawnHL_stnd.bat. If the code is
recompiled, the run will create and use the executable mainHL_user.exe and utility
spawnHL_user.bat. These issues are handled automatically by run_HL.exe.

When you make an ECOLIGHT run, you execute run_EL.exe (by choosing “run
ECOLIGHT now” from the Ul, double clicking run_EL.exe, or by going to start->run-
>run_EL.exe). It reads the same file as HYDROLIGHT but submits runs to and executables
. In this way, once you have defined a run, you can choose to run it under HYDROLIGHT or
ECOLIGHT at any time without re-running the Ul or changing your input. If fact, from the final
screen of the UL, you can submit the run to both HYDROLIGHT and ECOLIGHT for a side-to-side
comparison.

After the run finishes, the printout for each run will be found on file Proot.txt (e.g.,
Pupcast2.txt), and so on. HYDROLIGHT output is written to the output\Hydrolight directory
and ECOLIGHT output is written to the output\Ecolight directory. The following output files
can be created for each run by checking the appropriate boxes on the OUTPUT OPTIONS form
of the UI:

Droot.txt the file containing the full Digital output from the run (usually used as input
to a graphics package). Written to the digital directory.

Eroot.txt the file containing the irradiance and PAR printout from the run. Written
to the printout directory.

Lroot.txt the file containing the full radiance printout from the run. Written to the
printout directory.

Mroot.txt the file containing the Multi-wavelength-format output for postprocessing
with excel. Written to the excel directory.

Proot.txt the file containing the Printout from the run (usually used for a “quick
look™ at the output). Written to the printout directory.
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Sroot.txt the file containing the Single-wavelength-format output for postprocessing
with EXCEL. Written to the excel directory.

On the final form of the UI, users have the option of selecting how much output is
generated for their run. For example, a user who does not process output in EXCEL may elect
not to generate the Sroot.txt and Mroot.txt files.

4.3 Directory Structure

The HYDROLIGHT package is installed by default on the user’s computer as a main
directory named HES. On a PC, this directory might have the full path name c:\HE5 or
c:\Program Files\OceanOptics\HES5, depending on how the user likes to organize his or her
computer system. You can, if desired, rename the main directory (for example, if you wish to
have more than one copy of HYDROLIGHT installed for work on different projects, or if
different users are working on the same computer and each has his or her own copy of
HYDROLIGHT.) In any case, the HYDROLIGHT code uses path names relative to the main
directory (which is referenced as “..” in either DOS, or the Windows operating systems), so
that the actual name of the main directory does not matter. The main HES directory has a
number of subdirectories whose names must not be changed. All of the computations within
a HYDROLIGHT run are done within the subdirectories. Figures 5 (a) and (b) show the layout
and names of the subdirectories. Figure 5(a) shows the directory used in a standard run while
Figure 5(b) shows the complete structure of the HYDROLIGHT software package.
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Figure 5(a). The HES directories used in standard runs.
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Figure 5(b). The complete HES directory structure. The heavy boxes show the directories
involved in HYDROLIGHT standard runs. The light boxes show directories used in special runs.
The dotted boxes show directories containing files that may be of interest to some users, but
which are not required for HYDROLIGHT runs.
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The contents of the various directories are as follows:

code contains the executables and FORTRAN source code for the HYDROLIGHT standard

data

runs.

batch

Ecolight

Hydrolight

is the directory where the UI writes the