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ABSTRACT

This paper presents an underwater image formation model in-

corporating scatter and spectral absorption curves of pure wa-

ter and three other particle classes; phytoplankton, non-algal

particles and colored dissolved organic matter. We also de-

scribe an algorithm allowing to derive these depth dependent

curves from a sequence of RGB images of a known target.

Underwater images generated using the model closely resem-

ble the experimental ones acquired in a variety of conditions.

Similarly, the estimated absorption curves, and relative parti-

cle concentrations agree with common sense expectations.

Index Terms— Absorption spectrum, underwater imag-

ing, image formation models, scatter, phytoplankton, non-

algal particles, colored dissolved organic matter

1. INTRODUCTION

In the past few years inexpensive and ruggedized cameras

have gained immense popularity. As a consequence users

started to acquire images in harsh environments, traditionally

requiring specialized and expensive equipment. Social media

websites became inundated with images captured in the air,

mud, and very often underwater. This last category of images

has become especially popular, despite the inherent difficul-

ties in acquiring high quality, sharp pictures with vivid colors.

The problem of color correction of underwater images is

not unknown to the community. For example [1] provides an

interesting overview of the recently developed methods. They

range from relatively simple color balancing approaches to

probabilistic modeling of color change phenomena. Despite

well developed models [2] most of the algorithms operate in

the RGB camera space and relatively little work is done in

the spectral domain [3]. Even if such analyses are conducted,

the spectral curves are used uniquely for color correction pur-

poses [4].

The main focus of the paper is to present a mathematical

model for spectral analysis of water properties, rather than

a color correction algorithm in the RGB space. The bene-

fit of such an approach is twofold. First, with spectral esti-

mates in place, novel color correction algorithms can be im-

plemented [5]. Second, these estimates can be used to analyze

the chemical composition of water and detect presence or ab-

sence of certain classes of particles. The proposed model pro-

duces renderings of underwater images that are visually sim-

ilar to experimentally acquired data. Predicted water com-

position, and consequently its spectral characteristics, is in

agreement with common sense expectations, however a more

rigorous validation still needs to be performed.

2. IMAGE FORMATION MODEL

Usually, image formation in air and across short distances is

described with a simple linear model [6]. The model relates

the irradiance at the sensor m with the illuminant I0(λ) and

the scene reflectance r(λ)

m = g

∫
s(λ)r(λ)I0(λ)dλ. (1)

The constant g jointly represents a large number of camera

settings that effectively influence the gain, for example: expo-

sure duration, ISO sensitivity and the f-number. The function

s(λ) characterizes the spectral responsivity of the sensor and

other elements on the optical path: the lens, the near-infrared

filter and the color filter array.

The above model is much less appropriate for long dis-

tance imaging, or when images are acquired in other media,

specifically underwater [3, 7]. Under these conditions image

formation models distinguish between two types of light rays.

Direct rays originate from a light source; are attenuated as

they propagate through the medium, and after reflection from

the target arrive at the sensor. Scattered rays on the other hand

are reflected towards the camera directly by the medium and

do not interact with the imaged object. An image formation

model including both types of rays and, for computational

convenience, discretizing the continuous integration into N
wavebands, can be presented as

m = gΔλ

(
N∑
i=1

siriId,i +

N∑
i=1

siIs,i

)
(2)

where Id,i and Is,i represent the direct and scattered illumi-

nant components in the ith spectral channel respectively and

Δλ is the wavelength discretization step.
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Fig. 1. Sample particle absorption curves normalized to unit

surface area [10].

2.1. Attenuation

Attenuation of light in a medium is governed by the well

known Beer-Lambert’s law [8]

Id,i = I0,ie
−αT,id (3)

where I0,i is the incident light intensity, αT,i is the total spec-

tral absorption coefficient of the medium and Id,i is the inten-

sity of light after traveling distance d in the medium. In all

cases the subscript i refers to the ith spectral band.

The literature on the physical properties of sea water

describes four major classes of compounds contributing to

the total absorption coefficient, αT : phytoplankton, α1, non-

algal particles (NAP), α2, colored dissolved organic matter

(CDOM), α3 and pure water, αW [9]. Figure 1 presents sam-

ple absorption curves of individual components; their effect

on the total absorption coefficient is additive, i.e

αT = αW +

3∑
k=1

αk (4)

Figure 2 shows spectral absorption curves for different

species of phytoplankton. Observe that all curves share com-

mon features, for example smoothness and peaks at about 450
and 675 nm. It is therefore fair to assume that these curves can

be represented in a low dimensional space. Such a compact

representation can be obtained using small number of linear

basis functions

αT = αW +

3∑
k=1

Bkck (5)

where, for the kth particle class, Bk represents a matrix of

basis functions and ck is the corresponding vector of basis

function weights. The spectral absorption coefficient of pure

water, αW exhibits very little variability and therefore can be

treated as a constant vector rather than a dependent variable

[11, 12].

2.2. Scatter

Scatter involves complex interactions between the medium

and the illuminant. A variety of scatter models have been
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Fig. 2. Example absorption curves for a variety of plankton

species [13].

proposed in the literature differing in their complexity and

the number of free parameters [7, 8]. Since the scattered light

does not interact with the scene, it will be assumed that the

combined effect of Is,i and the camera responsivities si can

be collapsed into a constant offset of an affine model, bs [14].

2.3. Simplified model

Incorporating the attenuation and scatter models into (2), the

image formation model at depth dj can be represented by

mj = gΔλ

N∑
i=1

siriI0,ie
−αT,idj + bsj . (6)

In the above equation I0,i represents the surface illuminant

power in the ith spectral band. Similarly, αT,i is the total

absorption coefficient in the ith band and bsj represents the

offset due to scatter at depth j.

Rather than treating the entire water column of thickness

dj uniformly, it can be further subdivided into layers Δdl
thick, each characterized by its own set of absorption coef-

ficients αT,l. Such a formulation allows for depth dependent

variability of particle concentration. In this case the total at-

tenuation at depth dj can be expressed as

e−αT dj = e−
∑j

l=1 αT,lΔdl Δdl = dl − dl−1, d0 = 0.

Incorporating this absorption coefficient decomposition in the

image formation model (6) the response in the qth camera

channel to a tth reflectance target at jth depth can be ex-

pressed as

mj,t,q = gΔλ

N∑
i=1

sq,irt,iI0,ie
−∑j

l=1 αl,iΔdl + bsj,q (7)

αl,i = αW,i +
3∑

k=1

bTk,ick,l

where bTk,i is the ith row of the basis function matrix for the

kth particle class. The function (7) is not convex in all its pa-

rameters, i.e. surface illuminant I0, absorption basis weights

ck,l and the scatter term bsj,q . However, given the surface il-

luminant I0, mj,t,q becomes an affine function of bsj,q and a

convex, non-increasing function of ck,l’s.
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3. MODEL ESTIMATION

In order to make the model estimation tractable it is neces-

sary to know the spectrum of the surface illuminant I0,i. As

demonstrated in [15, 16] the spectra of natural illuminants can

be compactly represented with a small number of basis func-

tions and therefore can be reliably recovered from RGB im-

ages using a variety of computational techniques [17, 18].

Once the I0,i’s are known, the estimation step consists in

finding the spectral absorption weights ck,l as well as scatter

offset terms bsj using values captured by the camera m̂j,t,q .

These weights can be found by solving the following mini-

mization problem

minimize
ck,l,bsj

∑
j,t,q |m̂j,t,q −mj,t,q|γ + δR(ck,l)

s.t. Bkck,l ≥ 0 ∀k,l
bj ≥ 0 ∀j

(8)

where m̂j,t,q represents the camera measurement of the tth
target reflectance in the qth channel at the jth depth and mj,t,q

are the values predicted by the model (7). The additional con-

straints arise from the non-negativity of the spectral absorp-

tion coefficients and scatter.

The functionR(ck,l) introduces a depth dependent rough-

ness penalty on the estimated coefficients. It is a weighted to-

tal variation penalty since it should account for samples taken

at non-uniform depth intervals. An example function which

heavily penalizes differences between coefficients at similar

depths, and allows for large variations when the depth differ-

ence is large is

R(ck,l) =

3∑
k=1

J∑
l=2

1

(dl − dl−1)τ
|ck,l − ck,l−1| , (9)

with J being the total number of depth levels. As the param-

eter τ is increased the depth smoothness constraint becomes

more and more local.

The fact that (7) is a smooth, convex, non-increasing func-

tion function of the parameters, makes the norm expression in

the objective a quasiconvex function, provided γ ≥ 1. Conse-

quently the original problem (8) can be solved using convex

optimization techniques.

The solution is found using an iterative algorithm and a

first order Taylor series expansion of (7). When this expan-

sion is substituted into (8) a norm of an affine function objec-

tive is obtained. The minimizer of this new objective function

is then used as the approximation center for Taylor series ex-

pansion at the next iteration of the algorithm.

4. RESULTS

The image formation model was tested using a custom made

rig consisting of an XRITE (Macbeth) color checker, a Canon

SX260HS point and shoot camera in an underwater casing

and a depth gauge. All the elements of the rig were attached to

a rigid frame, fixing the camera to target distance to about 1m

throughout the duration of the experiment. The color target

was encased in polycarbonate to protect against the sea water.

The original camera’s firmware was replaced with CHDK1,

which gives users access to raw image data.

The data was acquired in the vicinity of Stanford’s Hop-

kins Marine Station in the waters of Monterey Bay in Cali-

fornia, USA. During each acquisition the camera was set in

the time lapse photography mode and the rig was slowly low-

ered to the depth of about 20 meters. The camera operated in

the aperture priority configuration, the firmware dynamically

controlled the exposure duration and the ISO to account for

the varying lighting. For further analysis two data sets were

selected. One set containing 24 images was collected in very

murky water, typical to that area. The second dive was con-

ducted in exceptionally clear water and produced 13 images.

Pixels from every patch were manually segmented to avoid

reflections and water bubbles. For a given patch, at a given

depth all segmented pixels were then averaged, producing a

single triplet of values corresponding to camera red, green

and blue channel responses.

4.1. Model accuracy

The correctness of the proposed model was evaluated by ana-

lyzing the relative error between the modeled response at op-

timal parameter values and the value acquired by the camera.

The relative error approach allows to disregard the decrease

of light intensity with depth and simultaneously analyze the

data acquired at different depths. The average relative pre-

diction errors are 18% and 15% for murky and clear water

respectively. These values are comparable to the errors in the

surface illuminant estimation with a linear model and three

basis functions (20% and 10% respectively). Despite the rel-

ative error values, the measured and predicted images are vi-

sually identical. Figure 3 presents pairs of images for the two

dives acquired at approximately 10 meters. The visual results

are complemented in Fig. 4 by a scatter plot of modeled vs.

acquired camera responses for these two image pairs.

4.2. Absorption and scatter

The algorithm for basis function weights computation was

implemented in MATLAB and used the CVX convex opti-

mization toolbox [19]. The objective function used γ = 1 and

τ = 2, these settings reduce the sensitivity for outliers and

make the smoothness constraint more local. Finally the trade-

off parameter δ was set so that at the optimal point the rough-

ness and model had about equal contributions to the objec-

tive. The iterative algorithm typically converged within five

iterations. The plankton basis functions were derived from

the numerical data presented in [9, 13, 20] using principal

1Canon Hack Development Kit, http://www.chdk.wikia.com
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(a) Murky, captured (b) Murky, modeled

(c) Clear, captured (d) Clear, modeled

Fig. 3. Murky and clear water images at approximately 10

meters (best viewed in color).
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Fig. 4. Prediction scatter plot for data presented in Fig. 3

component analysis (PCA). Only two bases had their corre-

sponding eigenvalues significantly larger than the remaining

ones. The absorbance functions for non-algal particles and

colored dissolved organic matter is usually modeled as expo-

nentials with varying rates of decay [20]. For this reason both

NAP and CDOM bases consisted of a single vector only. In

total, at each depth four spectral parameters and three scatter

parameters needed to be estimated.

Figure 5 shows examples of estimated absorption spectra

for the two dives at about 10 meters. As expected, the murky

water with highly greenish tint is quite rich in particle matter

that strongly attenuates short wavelengths. On the other hand

the clear water appears to have little particles as most of the

absorption is attributed to pure water.

While the absorption curve of each of the particle class is

highly correlated with its concentration, it is hard to determine

its exact value if more than a single basis function is used.

We propose to use a relative metric M to indicate how much

each of the particle class contributes to the total absorption at

a particular depth. This metric is the ratio between the area

under the absorption curve of particle k divided by the area
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Fig. 5. Total absorption spectra at approx. 10 meters.
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Fig. 6. Water composition depth profiles, aera charts of rela-

tive particle contribution to total absorption.

under the total absorption curve

Mk(dj) =

∑N
i=1 αk,i(dj)∑N
i=1 αT,i(dj)

. (10)

Figure 6 presents the depth profiles of the parameter Mk for

the two dives. Results highly agree with common sense ex-

pectations. The data from the clear water dive show very

little presence of particulate matter and the most absorption

phenomena are attributed to water. Interesting results can be

observed in the case of the murky data. The profiles show

increased plankton concentration close to the surface.This re-

sults is consistent with the well-known fat that phytoplankton

is primarily composed of chlorophyl, which in turn requires

light for photosynthesis. At deeper layers, the attenuation

seems to be primarily related to other matter.

5. CONCLUSIONS

This paper describes an algorithm that uses RGB images and

a reference target to analyze the spectral properties of water.

Estimated absorption curves can be used for color balancing

algorithms or, as presented here, to determine the presence of

a variety particles in water. Algorithmic predictions of the un-

derwater RGB images agree with the acquired data, however

quantitative analysis still needs to be performed. Similarly,

the accuracy of the proposed method could be increased by

incorporating a scatter model which is also related to pres-

ence or absence of components in water.
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