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Abstract

A correct interpretation of diffuse solar radiation measurements made by Differential Optical Absorption Spectroscopy (DOAS)

remote sensors require the use of radiative transfer models of the atmosphere.

The simplest models consider radiation scattering in the atmosphere as a single scattering process. More realistic atmospheric

models are those which consider multiple scattering and their application is useful and essential for the analysis of zenith and

off-axis measurements regarding the lowest layers of the atmosphere, such as the boundary layer. These are characterized by the

highest values of air density and quantities of particles and aerosols acting as scattering nuclei.

A new atmospheric model, PROcessing of Multi-Scattered Atmospheric Radiation (PROMSAR), which includes multiple Ray-

leigh and Mie scattering, has recently been developed at ISAC-CNR. It is based on a backward Monte Carlo technique which is very

suitable for studying the various interactions taking place in a complex and non-homogeneous system like the terrestrial atmo-

sphere. PROMSAR code calculates the mean path of the radiation within each layer in which the atmosphere is sub-divided taking

into account the large variety of processes that solar radiation undergoes during propagation through the atmosphere. This quantity

is then employed to work out the Air Mass Factor (AMF) of several trace gases, to simulate in zenith and off-axis configurations

their slant column amounts and to calculate the weighting functions from which informations about the gas vertical distribution is

obtained using inversion methods.

Results from the model, simulations and comparisons with actual slant column measurements are presented and discussed.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

DOAS methodology using the sun as source of radi-

ation has proven to be one of the major tools for the
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determination of the slant columns of several atmo-

spheric trace gases (Noxon, 1975; Platt et al., 1997;

Platt, 1999; Solomon et al., 1987). A DOAS spectrome-

ter directed along the line of sight (LOS) in zenith or off-
axis directions observes the optical density of trace gas

absorption bands via the scattering of sunlight at differ-

ent layers of the atmosphere. DOAS methodology is

based on the application of the Bougert–Beer–Lambert

law which can be written as follows as applied to the

atmosphere:
ved.
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Ik ¼ Ikð0Þ � exp �
Z
SqðSZA;kÞ

rkg � qgðsÞ � ds
" #

¼ Ikð0Þ � expð�DÞ; ð1Þ

where Ik(0) denotes the initial intensity emitted by the

source of radiation, Ik is the intensity of the radiation

after it passes through a layer of thickness s, while the

species to be measured is present at the concentration
qg. The quantity rkg denotes the gas absorption cross

section at wavelength k, Sq(SZA,k) is the atmospheric

radiation path and D is the optical density of a layer

of a given species.

From the optical density D estimated from measure-

ments, the gas slant column SCg(SZA,k) can be com-

puted by applying the DOAS methodology as shown

in Eqs. (2) and (3)

ln
Ikð0Þ
Ik

� �
¼ rkg �

Z
SqðSZA;kÞ

qgðsÞ � ds; ð2Þ

SCgðSZA; kÞ ¼
Z
SqðSZA;kÞ

qgðsÞ � ds. ð3Þ

The quantities rkg, Ik(0), Ik, qg, s, Sq(SZA,k) in the

Eqs. (2) and (3) have the same meaning as defined in

Eq. (1). The slant column is a function of the solar zenith

angle (SZA), the wavelength of radiation (k) and the

detector line of sight (LOS). It also depends on the verti-

cal structure of the atmosphere. A new quantity must be

introduced to compare measurements under different
viewing geometries, which is the vertically integrated

trace gas concentration (vertical column). Modelling

the physical process of radiation transport through radi-

ative transfer models of the atmosphere allows determi-

nation of the AMF of atmospheric trace gases, which

is used to relate the slant column of a trace gas to its ver-

tical column. The AMF can be written as follows:

AMFgðSZA; kÞ ¼ SCgðSZA; kÞ
VCg

; ð4Þ

where VCg is the vertical column amount of the species.

The AMF is a function of solar zenith angle and wave-

length and depends to some extent on the assumptions

of the relative vertical trace gas profiles and air density

(Marquard and Platt, 1997; Solomon et al., 1987). By

using AMF computed by models, not only could the

vertical column of a trace gas be retrieved but also the
weighting functions, W zi , from which information about

the gas vertical distribution is obtained using inversion

methods:

Wzi ¼
oSCgðSZA; kÞ

oqgzi

. ð5Þ

PROMSAR is a new radiative transfer model (Palaz-

zi, 2003) based on a backward Monte Carlo technique
that considers multiple scattering for the evaluation of

scattered radiation measurements. This ensures a more
realistic description of the radiation transport in the

atmosphere than that given by single scattering models

(Giovanelli et al., 1989, 1990, 1992). Consequently, it al-

lows for a more accurate interpretation of zenith sky

and off-axis measurements from DOAS spectrometers

measuring diffuse UV–visible solar radiation.
In this actual form the PROMSAR RTM does not

take into account the refraction. The main quantity

computed by PROMSAR is the mean path of photons

through the atmosphere layer by layer. This is very

important because the ability to correctly compute

AMFs depends on how well the optical path of light col-

lected by the receiver is understood and computed by

models. Once the photon path inside each layer has been
computed, it is used to work out the AMF of a trace gas

whose vertical profile is requested. It is then used to sim-

ulate its slant column amount and compute the weight-

ing functions from which information about the vertical

profile of the absorber in atmosphere is obtained using

inversion methods (McKenzie et al., 1991; Preston et al.,

1998; Petritoli, 1998; Petritoli et al., 2002, 2004). The

trace gas slant column computed by PROMSAR is
given by the equation:

SCðSZA; kÞ ¼
XL

l¼1

DSmultðl; SZA; kÞ � qgðlÞ; ð6Þ

where qg is the gas concentration in units of molec/cm3

which is assumed to be constant in each layer and DSmult

is the mean photon path into the lth layer computed by

PROMSAR in units of cm (the subscript ‘‘mult’’ indi-
cates ‘‘multiple scattering’’). This changes according to

SZA, k, and the vertical structure of the atmosphere.

L indicates the layer at the top of atmosphere.

The air mass factor can be computed by the model

and is defined as:

AMFðSZA; kÞ ¼
PL

l¼1DSmultðl; SZA; kÞ � qgðlÞ
Dz �

PL
l¼1qgðlÞ

; ð7Þ

where qg and DSmult have the same meaning as defined

in Eq. (6) and Dz represents the altitude step.
2. The PROMSAR code for the Monte Carlo simulation
of radiation transport in the atmosphere

2.1. Model description

PROMSAR is a backward Monte Carlo code for

atmospheric radiative transfer. It is suitable for the

ultraviolet–visible region of the electromagnetic spec-

trum in which the radiation source is considered to be
a parallel flux incident on the upper boundary with a gi-

ven direction. In what follows we refer to the solar radi-

ation as the source impinging on the top boundary and

to the atmosphere as the medium even though the
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algorithm can have more general applications. The

atmosphere is modelled with a spherical 2D multi-layer

user defined geometry in which the optical parameters

(e.g., the extinction coefficients and the phase functions)

can vary from layer to layer.

The model has been partially validated by compari-
son with other radiative transfer models (Palazzi, 2003;

Palazzi et al., 2004). Data available in the report of

Hendrick et al., 2003, have also been used to perform

this validation.

Since Monte Carlo methods rest on the fact that radi-

ation is made up of small packets of energy referred to as

photons, the propagation of solar radiation can be trea-

ted on the same basis as the transport of particles, that is,
by the use of probabilistic methods. Monte Carlo meth-

ods are generally known for being easier to implement

compared to other computational methods for atmo-

spheric radiative transfer such as the discrete ordinate

method implemented in the DISORT model (Stamnes

et al., 1988) or the method of finite differences used in

the GOMETRAN RTM (Rosanov et al., 1998). The

Monte Carlo approach consists of using probabilistic
concepts and methods to simulate the trajectories of indi-

vidual photons in the atmosphere. A statistical weight is

assigned to each photon and reduced at each interaction.

A photon history is terminated when the statistical

weight falls below a specified threshold value (WTr).

This method is met on the linking up of a series of

probability functions (Roberti, 1997, and references

therein) from which the variables of interest for the sim-
ulation are randomly sampled (see Sections 2.1.1, 2.1.2).

The Monte Carlo method is well adapted to situations

involving atmospheres whose properties change with

altitude and for phase functions that are highly

anisotropic.

In the backward Monte Carlo scheme implemented

in PROMSAR the procedure for each photon is initi-

ated by releasing the photon from the spectrometer.
This is the point where it is to be collected and with a

direction opposite to that in which the photon would

physically propagate and coinciding with the spectrom-

eter LOS. In the backward Monte Carlo scheme, the

first collision is the last in the temporal physical se-

quence. As demonstrated by Collins et al. (1972), utiliza-

tion of a backward Monte Carlo approach eliminates

certain problems involved in a forward Monte Carlo
approach.

The real disadvantages of every Monte Carlo method

are a lower accuracy and a longer computational time.

Together with the photon weight threshold, the deter-

mining parameter to obtain statistically significant re-

sults is the number of photon used in the simulation,

N (Roberti, 1997). However in a number of situations

if biasing schemes are not used, the computational time
can increase disproportionately despite an optimal

choice for N and WTr. As a result most of the existing
Monte Carlo methods rely on variance reducing

schemes to reduce computational time and keep the sta-

tistical oscillations relatively small (Roberti, 1997). The

reducing variance scheme implemented in PROMSAR

code is known as forced collision technique. This means

that a collision is forced before the photon escapes the
atmosphere.

2.1.1. Optical distance between collisions

Two methods are used to sample the distances be-

tween the receiver and the nth collision point as well

as the successive collisions that occur along the photon�s
backward path (free optical path). If the photon ex-

tended path intersects the surface, the free optical path
is sampled from the distribution:

s ¼ � lnð1� rÞ; ð8Þ

where r is a random number sampled from a uniform

distribution between [0, 1]. If s is greater than the optical

distance along the path from the actual position of the

photon to the ground surface, a reflection is forced.
The statistical weight is then multiplied by the albedo

for the ground surface. If s is less than the optical dis-

tance to the ground surface, a collision is considered

to occur at the altitude where the sampled free optical

path equals the optical distance. The photon is forced

to scatter at this point and the photon weight is multi-

plied by the ratio between the scattering coefficient

and the sum of the scattering and absorption coefficients
(see Section 2.1.1) evaluated for the collision altitude.

If the photon extended path do not intersect the

ground surface, a collision is forced before the photon

escapes the atmosphere by selecting s from the truncated

exponential distribution (Collins et al., 1972), so that,

s ¼ � lnf1� r½1� expð�smaxÞ�g; ð9Þ

where r is a random number sampled from a uniform

distribution between [0, 1] and smax is the optical dis-

tance along the path to the upper bound of atmosphere.

This can be computed through the knowledge of the aer-
osol and molecules scattering coefficient for each layer

supplied by the MODRAN code libraries. In this case,

the biasing forced collision technique has been used in

the sampling of the free optical path in order to reduce

the computational time and keeping the statistical oscil-

lations relatively small. When the collision is forced to

occur before the photon escapes the atmosphere, the

photon statistical weight before collision, wn�1, is ad-
justed to remove the bias introduced by forcing the col-

lision, as in the following expression:

wn ¼ wn�1 � ½1� expð�smaxÞ�. ð10Þ

It should be noted that the factor [1 � exp(�smax)] is

always less than unity and should produce a smaller var-

iance than that produced when using unforced sampling
as in Eq. (8).
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After the distance covered before collision is calcu-

lated, one of the three following scenarios can occur.

1. The photon will cross a layer before interaction with

the medium so that it enters another layer with

unchanged direction. A new free optical path will
be calculated taking into account the distance already

travelled.

2. If a collision occurs then a scattering event will be

forced to happen. The corresponding bias is removed

by the multiplication of the photon weight with the

factor (1 � WABS). This represents the probability

of photon survival and WABS is the fraction of the

photon weight corresponding to its absorption by
molecules in the current position of the photon.

3. If the trajectory of the photon meets the surface then

a reflection will be forced to happen. The photon sta-

tistical weight is then multiplied by the surface albedo

at the point of reflection.

The procedure above is repeated until the photon

weight becomes smaller than the threshold value and
the photon is eliminated.

2.1.2. Selection of scattering event

For each collision, the type of scattering, be it Ray-

leigh or Mie, is determined at random from a knowledge

of the ratio of the Rayleigh (Mie) scattering coefficient to

the sum of the Rayleigh and Mie scattering coefficients

(total scattering coefficient) at the collision altitude. If

r 6
XMS

XASþXMS
; ð11Þ

the scattered component is a molecule and Rayleigh

scattering has occurred, otherwise Mie scattering has oc-

curred as the scattered component is an aerosol. In Eq.
(11), r is a random number sampled from a uniform dis-

tribution between [0, 1], XMS is the scattering coefficient

for molecules (Rayleigh scattering coefficient) and XAS

is the aerosol scattering coefficient (Mie scattering

coefficient).

Due to the fact that the scattering of an individual

photon is a stochastic process with the Rayleigh or

Mie phase function being the probability function for
scattering at a given angle, the scattering angle, hscat,
can be obtained by randomly sampling its cosine, cos(hs-
cat) from the appropriate phase function (Rayleigh or

Mie phase functions), being careful to reduce as much

as possible the time needed for extracting such a value.

2.2. The atmospheric scenarios

An input data library is assumed to be read by

PROMSAR to build-up the appropriate probability dis-

tributions. For this purpose the radiance-transmittance

MODTRAN code (Berk et al., 1999) has been conve-
niently adapted as a source of the input data library

so as to exploit the rich of informations of the code as

it has a large variety of atmospheric situations.

A wide range of atmospheric scenarios and therefore

climatologic choices are available in MODTRAN. It

makes provision for six reference atmospheres (tropical
model, mid-latitude summer model, mid-latitude winter

model, sub-arctic summer model, sub-arctic winter mod-

el, Standard US 1976 model) with each defined by tem-

perature, pressure, molecular density and mixing ratios

of major radiating atmospheric gases all as a function

of altitude. The altitude increments are 1 km between

0 and 25 km, 2.5 km between 25 and 50 km and 5 km

between 50 and 120 km. MODTRAN also allows the
user to define an atmospheric profile with any specified

set of parameters. The values corresponding to the phys-

ical quantities of interest are assigned to the lower and

the upper height of every layer located between two alti-

tude increments. Representatives of atmospheric aero-

sol, cloud and rain models are provided within the

MODTRAN code with options to replace them with

user-modelled or measured values. With regard to aero-
sol, the variation of their optical properties with altitude

is modelled by dividing the atmosphere into four regions

of height each having a different type of aerosol. These

regions are the boundary or mixing layer (0–2 km), the

upper troposphere (2–10 km), the lower stratosphere

(10–30 km), and the upper atmosphere (30–100 km). A

different atmospheric model with differing wavelength

dependencies is used for each of the four altitude re-
gions. The MODTRAN package includes several

parameters to define aerosol profiles in the atmosphere.

The most important of these parameters are the type of

aerosol and the visibility. There are several types of aer-

osol available based on common aerosol mixtures that

are found in most terrestrial conditions. These generate

the following aerosol models: rural, urban, maritime,

tropospheric, fog, wind dependent desert. The second
important aerosol parameter, visibility, is used to define

the amount of the aerosol in the atmosphere.

The data supplied by MODTRAN code have been

adapted to built up a series of input data libraries for

different aerosols, seasonal and latitude models to be

read and processed by PROMSAR. Each of these input

libraries contain the number of atmospheric layers and

the values of the altitude increments for every atmo-
spheric layer. It also contains the Mie phase functions,

the aerosol scattering and absorption coefficients, the

absorption and scattering coefficients of the gas com-

pounds and the refraction indexes.

Moreover, certain parameters that are not included in

the input library describing the atmospheric scenario can

be set out by the user at the beginning of the simulation.

These include the number of photons to be processed, the
altitude where the instrument is placed (as it is possible to

simulate a ground-based spectrometer or a spectrometer
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installed on board an aircraft) and its line of sight, the

photon weight threshold, the range of solar zenith angles

and the surface albedo value. The user can also define the

atmospheric layering, the upper limit of atmosphere, the

number of layers and the altitude increments regardless

of the MODTRAN code atmospheric grid.
Fig. 2. NO2 air mass factors (AMFs) in the left axis and slant columns

(SCs) in the right axis. This is simulated by PROMSAR for a zenith-

sky (LOS = 0�) and off-axis (LOS = 85�) looking spectrometer placed

at ground level and plotted as a function of solar zenith angle (from

20� to 95�). The atmospheric model is the urban extinction model with

visibility = 5 km and k = 440 nm.

Fig. 3. Paths of solar radiation into 1-km-thick atmospheric layers

(from the ground till 6 km) for SZA = 78�, 80�, 82� and for two

different spectrometer�s viewing geometries: LOS = 0� and LOS = 85�.
3. Results and discussion

3.1. Zenith and off-axis viewing geometries

In this section, some simulations of PROMSAR code

in an urban aerosol model are presented and discussed.
Due to the flexibility of MODTRAN, for a given

atmospheric model PROMSAR works out the mean

path of radiation layer by layer within the user defined

grid and uses it to calculate the air mass factor and

the slant column of an atmospheric gas. The trace gas

vertical profile must be known a priori in order to com-

pute the AMF and SC.

In this paper the gas of interest is nitrogen dioxide,
NO2, whose vertical profile, as displayed in Fig. 1, has

been obtained by adding to the gas mid-latitude climato-

logical concentration values a mean concentration of

10 ppb (corresponding to a value of about 2.65E + 11

molec/cm3) in the first two kilometres (boundary layer).

Two simulations have been executed which differ from

each other only by the different viewing geometry set

for the ground-based spectrometer. The first is the ze-
nith-sky looking configuration (LOS = 0�) and the sec-

ond is the off-axis configuration in which the

spectrometer collects light in a direction that is not ver-

tical. In this case a line of sight of 85� (LOS = 85�) has
been set. The simulations have been performed using

the MODTRAN urban extinction model with a visibil-

ity value of 5 km and a wavelength of 440 nm. The sur-

face albedo value has been set at 0.3 and the relative
azimuth angle is 0�. The values of the air mass factors

and slant columns of NO2 calculated by PROMSAR

can be obtained in Fig. 2. It can be observed in Fig. 2
Fig. 1. NO2 atmospheric vertical profile. The stratospheric bulk at

25 km corresponds to a concentration of 3.34E + 09 molec/cm3. A

mean concentration of 10 ppb has been added in the first 2 km

corresponding to a value of about 2.65E + 11 molec/cm3.
that the values of AMF and SC computed when

LOS = 85� are higher than that computed when

LOS = 0�. This is due to the fact that the path of radia-

tion through the atmosphere and especially through the

first atmospheric layers is longer for an off-axis observa-
tion. The photon path computed by PROMSAR layer

by layer within the first five kilometres is displayed in

Fig. 3 for three solar zenith angles around 80� and for

the two lines of sight used in the simulation. As men-

tioned, Fig. 3 indicates that for the same SZA the pho-

ton path computed by PROMSAR for LOS = 85� are

higher than that computed for LOS = 0�, in agreement

with observations made in Fig. 2. A sloping collecting
direction makes an atmospheric layer geometrically

and optically thicker than a zenith sky direction. This

means that the probability of interaction between the so-

lar radiation and the atmospheric components increases

as well as the path crossed by the radiation in that layer.

3.2. The dependence of the computed photon path on the

atmospheric model

Some calculations of the photon paths computed by

PROMSAR within each atmospheric layer are presented



Fig. 5. Aerosol absorption coefficients (XAA) versus the altitude for

the rural model and the urban model taken from MODTRAN.
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in order to point out their dependence on the atmo-

spheric models used in the simulation. The different mod-

els are distinguished from each other and for the kind of

extinction and the visibility value used, both determined

by the aerosol properties (see Section 2.2). The paths of

each photon in every km-thick layer for SZA = 30� are
displayed in Fig. 4 for two different atmospheric models:

the rural and urban models.

The rural model is intended to represent the aerosol

conditions one finds in the continental areas where the

atmosphere is not directly influenced by urban and/or

industrial aerosols sources. For this scenario the aero-

sols are assumed to be composed of 70% water-soluble

substance (ammonium, calcium sulphate and organic
compounds) and 30% dust-like aerosols. For an urban

area the rural aerosol background is modified by the

addition of aerosols from combustion products and

industrial sources. The urban aerosol model was there-

fore taken to be a mixture of the rural aerosol and car-

bonaceous aerosols.

It can be observed in Fig. 4 that the photon paths

computed for the rural model are higher than those
for the urban model except for higher altitudes where

the curves blend gradually to the same value. The reason

for the difference at low altitudes is that the urban aero-

sol absorbs much more than the rural leading to a re-

duced path length in the urban model. Fig. 5 shows

the aerosol absorption coefficients (XAA) as a function

of the altitude.

It can also be seen in Fig. 4 that the value of the
atmospheric paths increases with the altitude over about

the first few kilometres until reaching a maximum. It

then decreases and stabilizes to a constant value. This

trend strongly depends on the fact that a zenith-sky

looking geometry has been set so that the photons are

released by the spectrometer (backward Monte Carlo

scheme) along the vertical. In any case this is not an arti-

ficial effect due to the backward approach as it is what is
expected of light in order to be detected by the instru-
Fig. 4. Paths of solar radiation into 1-km-thick atmospheric layers for

SZA = 30� with the ground-based spectrometer in zenith sky geometry.

Two different input atmospheric models have been read and processed

by PROMSAR: the ‘‘rural extinction model, visibility = 23 km,

k = 440 nm’’ and the ‘‘urban extinction model, visibility = 5 km,

k = 440 nm’’.
ment. When simulating a zenith-sky measurement one

must consider that the distance covered by the photon

along the vertical direction before suffering its first scat-

tering, which usually happens within the first few kilo-

metres from the surface, is the shortest it could cover

in any other off-axis direction.

Information about the distance covered by photons
in every atmospheric layer has been used to compute,

according to Eqs. (6) and (7), NO2 slant columns and

air mass factors for the two atmospheric models men-

tioned above. The curves of SC and AMF displayed in

Figs. 6 and 7, respectively, show that the values com-

puted with the rural model are higher than those of

the urban model.

The gas vertical profile used in these simulations is
the same as that shown in Fig. 1. This is not a secondary

aspect to be considered because using a different vertical

profile of the absorber would result in different values of

both the AMF and SC. Figs. 6 and 7 show that the

atmospheric model implemented in the code greatly

influences the NO2 slant column and the air mass factor.

This dependence is exaggerated by the trace gas vertical

profile used in the simulation. The curves of the AMF
and SC shown in Figs. 6 and 7 for to the different

models would not have been so distinct from each other
Fig. 6. NO2 slant columns computed for two different models of

atmosphere, as a function of solar zenith angle.



Fig. 7. NO2 air mass factors computed for two different models of

atmosphere, as a function of solar zenith angle.
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considering just the climatologic profile of NO2 which is

not characterized by the bulk in the first 2 km.

3.3. A first comparison between the model and the real

data

The Gas Analyser Spectrometer Correlating Optical
Differences (GASCOD) UV/Vis spectrometer (Evange-

listi et al., 1996) installed at ISAC-CNR in Bologna

(44.3�N, 11.2�E, 42 m asl), collects zenith scattered solar

radiation with a narrow field of view (<1�) to measure

NO2 slant column values during sunrise and sunset

using DOAS techniques.

In Fig. 8, the NO2 slant column measured by GAS-

COD on 19 July 2003 is compared with that simulated
Fig. 8. Comparison between three NO2 slant columns simulated by

PROMSAR and the NO2 slant column measured at ISAC-CNR

(Bologna) on 19/07/2003. The spectrometer GASCOD looking at

zenith was located on the roof of the ISAC institute at 42 m of altitude.

In A, the interval of solar zenith angles ranges from 20� to 80�, in B

from 80� to 95�.
by PROMSAR with the urban aerosol model. The

NO2 vertical profiles used by PROMSAR code for the

simulation were obtained by adding to the mid-latitude

climatological concentration values a mean concentra-

tion of 1, 4 and 8 ppb in the first 500 m from the ground

level. These profiles were selected based on the fact that
several episodes of high NO2 concentrations in the low-

est troposphere have been observed in campaigns per-

formed in this area in 2003 and that led to the

conclusion that the NO2 mixing layer extends at most

up to 500 m (Petritoli et al., 2004).

Fig. 8 clearly shows that the slant column simulated

by PROMSAR using the gas profile labelled ‘‘NO2

4 ppb 0.5 km’’ (bold solid line) represents very well the
curve obtained from real measurements (circles) whereas

the slant columns obtained using the other two profiles

either underestimated or overestimated the measured

slant columns in the whole range of solar zenith angles.

Critically analysing graph A, however, it will be noticed

that some of the actual measured values fit well to the

slant column computed with the gas profile ‘‘NO2

1 ppb 0.5 km’’. This suggests that in the SZA range be-
tween 25� and 60� the gas concentration leading to the

measured slant column should be between 1 and

4 ppb. This preliminary retrieval is confirmed by the in

situ measurements carried out by the Regional Agency

for Environmental Protection (ARPA) of Emilia Ro-

magna. The concentration values of NO2 measured on

19 July 2003 during the afternoon in the suburban sta-

tions ranged from 2 to 10 ppb.
4. Conclusions

PROMSAR is a radiative transfer model for the

interpretation of DOAS measurements in the atmo-

sphere. It is based on the Monte Carlo approach which

is particularly useful by taking into account multiple
scattering processes. In this model, a technique such as

the forced collision has been employed for reducing

the statistical variance in order to improve computation

efficiency.

In this paper, we have presented some applications of

the model and a first comparison between a measured

NO2 slant column and that simulated by PROMSAR.

We have verified the sensitivity of PROMSAR in dif-
ferent spectrometer viewing configurations and have

concluded that an off-axis line of sight gives longer pho-

ton paths in the atmosphere and therefore results in the

trace gas air mass factor and slant columns been higher

than a zenith sky line of sight.

The possibility of considering a wide variety of atmo-

spheric environments in defining the atmospheric

scenario due to the flexibility of MODTRAN is one of
the main advantages of PROMSAR. In this paper, we

have tested PROMSAR with the rural and urban
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atmospheric models and for two different values of vis-

ibility. We have proved that the photon paths into every

atmospheric layer and the NO2 slant columns as well as

the air mass factors are higher when the rural model is

implemented in PROMSAR.

Finally, we have presented the first comparison be-
tween a set of slant column values simulated by PROM-

SAR with different nitrogen dioxide vertical profiles and

a real slant column measured at ISAC-CNR on 19 July

2003 with the spectrometer GASCOD installed on the

roof of ISAC-CNR institute.

The good agreement between the measured and sim-

ulated curves informs us, within the limits of experimen-

tal measurements, which was the vertical nitrogen
dioxide profile present in the atmosphere at the instant

in which measurements were performed.

A very important aspect not to be underestimated in

the use of PROMSAR code is the possibility of creating

a real database containing the computed mean path of

radiation into every atmospheric layer for a given set

of solar zenith angles, spectrometer lines of sigh, and

for a given atmosphere. This database can be used in
air mass factor calculation or simulating a slant column

and also when the inverse algorithms for the retrieval of

the vertical profile of a given trace gas are used.
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