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We propose an algorithm to retrieve the global features of the spectral dependence of the ultraviolet (UV)
irradiance from integrated, broadband UV measurements performed with a set of photodiodes with different
UV filters. This fit, when applied to ground based measurements and compared to the incident Solar spectral
irradiance on the top of the atmosphere, may be used to extract the spectral dependence of the UV opacity and
the most relevant parameters characterizing the scattering with atmospheric aerosol (Angstrom exponent, etc)
as well as the biological effective doses. In this way, using a set of photodiodes instead of a spectrophotometer,
one may get spectral information within very low mass, package and weight constraints, which is particular
useful for space missions. We consider its application for the rover-based exploration of the Martian ground
which is subjected to daily and seasonal opacity variations. c© 2007 Optical Society of America
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The ultraviolet (UV) radiative transfer problem in the
Martian atmosphere is dominated by multiple scattering
and absorption of photons with the micron-sized aerosols
that are suspended in the thin atmosphere. Satellite and
Martian-ground-based spectral measurements of ultra-
violet (UV) radiation are important to retrieve accu-
rate information of the atmospheric aerosols, in par-
ticular on aerosol size distribution, aerosol load, dust
and cloud dynamics, and ozone content which in turn
serves as a proxy for Mars atmospheric water vapor as
well as to get a solid understanding of the UV radiation
levels for chemical and biological implications. However
any measuring device for outer Earth monitorization (ei-
ther for satellites, landers or rover based measurements)
is strongly limited by the mass, power, envelope and
data allocation restrictions characteristic of the scientific
payload of any space mission. With the rapid growth
of optoelectronics technologies, photodiodes have been
widely used in optical measuring systems, color measure-
ment and analysis systems, etc. They have the advan-
tage of being cheap, small in size and light (about 5 g
weight and dimensions of less than 1 cm). The photodi-
ode package may include a filter that selects which pho-
tons wavelength of the incident irradiance are allowed
to pass and get to the photodiode detector. The disad-
vantage of this system is that the photodiode gives an
integrated measurement over a certain bandwidth, in-
stead of the spectral information which is often desired
but which would require the use of an spectrophotome-

ter (between 200 g and 1 kg weight and dimensions of
the order of tenths of cm). This is a general problem
in space mission instrumentation when weight, packag-
ing, energy and data budget are severely constraint and
adapted algorithms need to be implemented to extract
scientifically relevant information from light and small
sensors, such as thermopiles, instead of the spectral in-
formation of infrared spectrophotometers.1

In this letter we describe a general purpose algorithm
to retrieve the global features of the spectral dependency
of the UV irradiance in the 200 - 400 nm range, using
the integrated signal of 5 different UV broadband pho-
todiodes. Although this algorithm is of particular inter-
est for the future ground-based exploration of Mars, it
may be of general interest for other situations where low
cost (in terms of mass, weight etc) spectral UV irradi-
ance measurements are required. To date there are no
in-situ measurements of the UV levels on the Martian
ground surface. However the future Mars Science Labo-
ratory (MSL) mission to Mars, NASA 2009, will include
a light UV photodiode suite in the Rover Environmen-
tal Monitoring Station (REMS) sensor which will mon-
itor the daily and seasonal variations of the UV ground
level irradiance. The 5 photodiodes are here named UV-
C (208-280 nm), UV-B (280-320 nm) and UV-A (320-
400 nm), UV-D (245-290 nm) and UV-E (310-335 nm),
and have similar wavelength ranges to those that shall
be implemented in REMS. In REMS there will be an
extra UV photodiode measuring the whole UV interval
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(200-400 nm) which may be used for redundancy checks.
To illustrate the way the algorithm works, we use

a numerically obtained UV spectral irradiance, from a
Radiative Transfer Code,2 for a realistic operation sce-
nario. We consider the UV radiative transfer problem for
the Martian atmosphere,3 including the latest results on
dust and cloud vertical distribution and Angstrom ex-
ponent O3 measurements from SPICAM on board of
Mars Express satellite, and the measured visible opac-
ities of the ground-based MER rovers as well as the UV
ground albedo as seen by Mars Express aerosol UV scat-
tering properties and the known solar incident irradiance
at the top of the atmosphere (TOA), Isolar(λ),4 assum-
ing, without loss of generality, equatorial latitudes and
Mars at mean Mars-Sun distance (1.52 AU, for instance
when it is close to the vernal equinox). Solving the Ra-
diative Transfer Equation, with a fine layering multiple
stream technique to accurately describe the influence of
the aerosol vertical distribution one can estimate, among
other things, the resulting UV direct Idir and diffuse
Idiff spectral irradiance at the ground as would be meas-
ured on the Martian surface, at mid-latitudes or close to
equatorial locations by future landers or rovers such as
MSL.3

The Martian atmosphere changes strongly with season
and geographical location. As the CO2 polar caps sub-
lime and condense the atmospheric pressure varies be-
tween 6 and 10 mbar. In addition this thin atmosphere
is ”loaded” with aerosols. The characteristic Martian
micron-sized red dust is blown into the sky by winds
(dust devils, dust plumes) and dust storms. In partic-
ular, after a dust storm the atmosphere is loaded with
dust at planetary scales. The aerosol content is generally

described by the opacity τ(λ) = − ln Idir(λ)
Isolar(λ) at a given

wavelength. This expression describes the exponential
reduction of the incident radiation at TOA propagat-
ing through the atmosphere until it reaches the ground.
Here Isolar(λ) is the incident radiation at TOA and Idir

is the direct component of irradiance only, i.e. the solar
radiation arriving to the ground in the direction of the
Sun. Monitoring the daily and seasonal variations of this
function one can describe the dust circulation and set-
tling processes and estimate the absorption properties
of dust. The spectral dependence of the aerosol optical
depth can be characterized by the Angstrom’s turbidity
expression τ = β/λα, where α is the so-called Angstrom
exponent and is related to the aerosol size and β is the
turbidity parameter and defines the aerosol optical depth
at 1 µm.5, 6 Thus, knowing the spectral dependence of
the opacity and extracting α one can estimate the aver-
age size of the dust in suspension. In Fig. 1 we show the
incident solar irradiance on top Isolar(λ), and the direct
irradiance Idir(λ) as would be measured in-situ at noon,
when the atmospheric pressure is 6 mb, the O3 level is 3
µm-atm, in a ”clear” dust scenario.3

However, as mentioned above, this spectrally resolved
measurements will not be available. We will know in-
stead the integral outputs from 5 photodiodes, in our
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Fig. 1. Incident solar irradiance on top of the Martian
atmosphere Isolar(λ), and direct irradiance Idir(λ) as
would be measured in-situ at noon, see text for details.

particular test case: Ck =
∫ λk

λk−1

I(λ)dλ, k = 2, 3, 4

with λ1 = 208 nm 1 , λ2 = 280 nm, λ3 = 320
nm and λ4 = 400nm, together with A =

∫ µ2

µ1

I(λ)dλ,

B =
∫ µ4

µ3

I(λ)dλ, and µ1 = 245 nm, µ1 = 290 nm,

µ1 = 310 nm, µ1 = 355 nm 2. We want to recover a prim-

itive function f(λ) =
∫ λ

λ1

I(x)dx, satisfying the following

conditions f(λ1) = 0, f(λk) = Ck with k = 2, 3, 4 and
f(µ2)−f(µ1) = A, f(µ4)−f(µ3) = B. In this interpola-
tion problem we will construct a polynomial P (λ) of 5th
degree (since we have 6 conditions) that satisfies them
and such that the function I(λ) can be approximated
by its derivative Q(λ) = dP (λ)/dλ Let P be P (λ) =
a(λ−λ1)

5+b(λ−λ1)
4+c(λ−λ1)

3+d(λ−λ1)
2+e(λ−λ1)

and Q(λ) = 5a(λ − λ1)
4 + 4b(λ − λ1)

3 + 3c(λ − λ1)
2 +

2d(λ − λ1) + e. The unknown coefficients are obtained
from:
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were the matrix M is given by
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1The UV irradiance below 208 nm is strongly absorbed by the
atmospheric CO2.

2In general, the sensor integral measurements will be an inte-
gral of the convoluted function I(λ) = I∗(λ)f(λ), where I∗(λ) is
the incident radiation on top of the filter and f(λ) is a previously
callibrated and thus known (filter+detector) response function. As
we we will later show, our interpolation algorithm allows us to re-
trieve the function I(λ). Therefore, knowing the function f(λ) we
can easily recover the original I∗(λ). Here for simplicity and with-
out loss of generality we assume f(λ) = 1 within the photodiode
interval and 0 outside.

2



with l = (λ2 − λ1), m = (λ3 − λ1),n = (λ4 − λ1),
o = (µ2 − λ1), p = (µ1 − λ1), q = (µ4 − λ1) and
r = (µ3−λ1). As it will be later shown, and for the pho-
todiode ranges chosen, this approximation works well on
the higher range of the UV interval. We combine it with
a rational interpolation which works well on the lower
range of the UV interval, namely S(λ) = P1(λ)/P2(λ)
such that I(λ) is approximated by R(λ) = dS(λ)/dλ.
Having 6 conditions to be satisfied, we must impose that
the degrees of the polynomial functions P1 and P2 should
sum 4 (and none of the polynomials shall be equal to
zero).7 If we ignore the rational functions that have a
singularity in the range [λ1, λ4] and those that become
negative, the only option is that of P1 being a poly-
nomial of degree 1 and P2 a polynomial of degree 3.
We proceed as before, imposing the conditions to be ful-
filled and solving for the coefficients of the polynomials.
In Fig. 2-above we show the approximation to Idir(λ)
which is obtained from R(λ) for λ < 300 nm and Q(λ)
for λ > 300 nm. This interpolation deviates strongly on
the UV-A range. We can use a linear combination of the
two functions aQ(λ) + bR(λ) such that a + b = 1 and a
is taken such as to minimize the integral over the range
[λ1, λ4] of the square of the fit. This is shown in 2-below
for a = 0.77. The approximated function is indeed a
soft interpolation of the direct spectral irradiance on the
ground, where the characteristic peaks of the solar emis-
sion are softened and only the general trend is preserved.

This interpolated spectral irradiance is sufficiently
good to obtain for instance the opacity and its spec-
tral dependence, which as mentioned above, is one of
the most relevant parameters to characterize the at-
mospheric dynamics. Next we apply the same proce-
dure to obtain the interpolated functions of the incom-
ing solar spectral irradiance Isolar(λ), which is a priori
known, and obtain the approximated functions Qtop(λ)
and Rtop(λ), which are ”softened” versions of the inci-
dent solar irradiance. By doing this we can obtain the ap-
proximation of the opacity by either interpolating func-
tion − lnQtop(λ)/Q(λ) or − lnRtop(λ)/R(λ) and com-
pare with the ”real” opacity − ln Isolar(λ)/Idir(λ). As it
is shown in Fig. 3 one approximation is better for one
range and the other one for the other, but the result is
coincident in the intermediate range and good enough to
extract in addition to the spectral opacity other scien-
tifically relevant parameters such as the Angstrom coef-
ficient α, which in this case turns out to be α ≈ 1. The
difference in the 250 nm range is the signature of ozone
absorption.

Finally, the total irradiance, incident on a normal sur-
face is Itotal = Idir + Idiff , where Idiff is the irradiance
that has been scattered either by Rayleigh scattering
with atmospheric molecules or Mie scattering with at-
mospheric aerosols. Using the same Radiative Transfer
model, we have estimated the total irradiance incident
on a normal surface, as would be measured by the pho-
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Fig. 2. Above: The interpolating polynomial Q(λ) fits
best the ”real ” signal Idir(λ) in the interval 300-400 nm,
whereas the rational function R(λ) fits best the ”real”
signal Idir(λ) in the interval 200-300 nm. Below: The
linear combination aQ(λ)+bR(λ) with a+b = 1 and a =
0.77 is indeed a soft interpolation of the direct spectral
irradiance on the ground.

todiodes 3. This global irradiance is, for instance, par-
ticularly relevant to estimate the biological impact that
this UV irradiance will have on an specific target. The
degree of absorption of radiation by important biological
macromolecules, tissues or organisms, is wavelength de-
pendent and as a result, the interfering effect of UV radi-
ation is wavelength specific. The instantaneous (per sec-
ond) biologically weighted dose D =

∫

Itotal(λ)B(λ)dλ
is calculated from the convolution of the global irradi-
ance Itotal(λ) incident on a surface with the Biological
Action Spectrum B(λ). In general, B(λ) characterizes
the sensitivity or biological response of an organism or
biological structure (such as the one for DNA, or uracil,
or specific proteins, or skin etc) to UV radiation. For
instance the CIE action spectrum is a model for the
susceptibility of the Caucasian skin to sunburn,8 which
was adopted as a standard by the Commission Interna-
tionale de l’clairage (International Commission on Illu-
mination): B(λ) = 1 λ < 298nm, B(λ) = 100.094(298−λ)

3The direct and diffuse component are distinguished by pro-
gramming a direct Sun obscuration.
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Fig. 3. Spectral dependence of the opacity. Comparison
of the retrieved τ(λ) from the interpolated signal with
the ”real” one. The difference in the 250 nm range is the
signature of ozone absorption.

298nm < λ < 328nm, B(λ) = 100.015(139−λ) 328nm <
λ < 400nm. The multiplication of the irradiance with
the CIE action spectrum gives the effective erythemal
irradiance and its integral over the UV spectral range
the widely used UV Index (UVI). In Fig. 4 we show the
total irradiance, its interpolating function as retrieved
from the 5 photodiodes and the multiplication of the in-
terpolation by the CIE action spectrum, the area below
the effective erythemal irradiance spectrum is the UVI.
The value of the UVI would be of the order 2.76 for the
interpolating function and 2.88 for the ”real” total irra-
diance, which, for this particular scenario, corresponds to
a maximum ”safe” exposition-time of 167/(UV I) ≈ 60
minutes on the surface of Mars.
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Fig. 4. Total (direct plus diffuse) UV irradiance on the
Martian surface and retrieved interpolated function con-
voluted with the CIE action spectrum.

In this work we have shown how to obtain the spec-
tral irradiance, including the general spectral features,
from integrated broadband UV photodiode measure-
ments. This interpolation is sufficiently good to describe
aerosol opacity, aerosol Angstrom exponent (and thus

aerosol size) and to evaluate biological relevant doses.
Other features, such as ozone absorption, that require
more spectral detail, need further refined algorithms.
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