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The main objective was to develop a procedure based on differential 

optical absorption spectroscopy (DOAS) to measure atmospheric total column of 

ozone, using the automated instrument developed at the University of North 

Texas (UNT) by Nebgen in 2006. This project also explored the ability of this 

instrument to provide measurements of atmospheric total column nitrogen 

dioxide. The instrument is located on top of UNT’s Environmental Education, 

Science and Technology Building. It employs a low cost spectrometer coupled 

with fiber optics, which are aimed at the sun to collect solar radiation.  

Measurements taken throughout the day with this instrument exhibited a large 

variability. 

The DOAS procedure derives total column ozone from the analysis of 

daily DOAS Langley plots.  This plot relates the measured differential column to 

the airmass factor.  The use of such plots is conditioned by the time the 

concentration of ozone remains constant.  Observations of ozone are typically 

conducted throughout the day. 

Observations of total column ozone were conducted for 5 months.  Values 

were derived from both DOAS and Nebgen’s procedure and compared to 



satellite data. Although differences observed from both procedures to satellite 

data were similar, the variability found in measurements was reduced from 70 

Dobson units, with Nebgen’s procedure, to 4 Dobson units, with the DOAS 

procedure. 

A methodology to measure atmospheric nitrogen dioxide using DOAS was 

also investigated.  Although a similar approach to ozone measurements could be 

applied, it was found that such measurements were limited by the amount of 

solar radiation collected by the instrument. Observations of nitrogen dioxide are 

typically conducted near sunrise or sunset, when solar radiation experiences 

most of the atmospheric absorption. 
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INTRODUCTION 

In the last decade, our understanding of atmospheric dynamics and the 

effects of pollution on climate has greatly improved thanks to the implementation 

of grid-based computer models and geospatial technology, including 

geographical information systems.  The ability of the models to forecast 

atmospheric variables, like ozone concentration is related to the quality of their 

input data, which usually consists of a set of measured atmospheric parameters, 

including pressure, temperature, humidity and concentration of atmospheric 

constituents, for each element of the gridded model.  While satellite data offer a 

cheap and reliable source for gridded modeling, they lack good temporal 

resolution.  At the other extreme, sounding data (obtained with a weather 

balloon) would be the preferable choice. However these datasets are too 

expensive.  A network of ground based instruments offer an intermediate 

solution, nonetheless their cost is still considered high when compared to a 

satellite solution. 

The research presented here continues the work of Gilbert Nebgen at the 

University of North Texas, who developed a low cost instrument for measuring 

total column (TC) ozone. This instrument employs a spectrometer coupled with 

fiber optics, which are aimed at the Sun to collect solar radiation. Daily ozone 

measurements are obtained by measuring ultraviolet radiation at three different 

wavelengths, and solving the Beer Lambert law for gas concentration.  
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Measurements taken on the same day with this instrument exhibit a large 

variability. 

To reduce the variability observed to acceptable levels, a new procedure 

based on differential optical absorption spectroscopy (DOAS) is proposed here.  

In addition this work investigates expanding the ability of the instrument to detect 

nitrogen dioxide with no increase in the cost of its production. 

Observations of total column ozone were conducted for five months. These 

values were derived from both DOAS and Nebgen’s procedure, and compared to 

satellite data. Although, differences observed from both procedures to satellite 

data were similar, the standard deviation of the measurements was reduced from 

70 Dobson units with Nebgen’s procedure, to 4 Dobson units with the DOAS 

procedure. 

Ozone and nitrogen dioxide are present in the Earth’s upper atmosphere, 

and both are closely related to life on Earth. Ozone regulates the amount of 

ultraviolet radiation reaching the ground; ultraviolet radiation is harmful to living 

organisms. Nitrous oxide, the main source of nitrogen dioxide, arises from soils 

primarily as a consequence of two biological processes: nitrification and de-

nitrification. Nitrogen dioxide is the main sink of stratospheric ozone. 

This document is organized as follows: Chapter 2 summarizes the studies 

of ozone and nitrogen dioxide in the upper atmosphere; Chapter 3 presents the 

theoretical aspects of optical absorption spectroscopy; Chapter 4 describes the 

operation of the spectrometer used in this instrument; Chapter 5 describes the 
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implementation of the DOAS analysis; Chapter 6 proposes a methodology to 

conduct the atmospheric measurements of ozone and nitrogen dioxide, and 

presents the observations of TC ozone derived from DOAS, during a 5 month 

period.  Chapter 7 presents the conclusions and proposes some enhancements 

to Nebgen’s instrument. Finally, the appendix presents a glossary of terms for 

easy reference and the programming scripts developed. 

Objectives 

The main objective for this research was to develop a procedure based on 

DOAS to measure the atmospheric concentration of ozone, using the automated 

instrument for TC ozone developed at the University of North Texas by Nebgen 

(2006).  This project explored the ability of this instrument to provide low-cost 

long-term measures of ozone and nitrogen dioxide concentrations in Denton, 

Texas. The new procedure was implemented without interfering with the existing 

procedure, developed by Nebgen for the TC ozone instrument.  This instrument 

is located on top of UNT’s Environmental Education, Science and Technology 

Building (EESAT). 

Specific objectives were: 1) Develop a new procedure based on the DOAS 

technique; 2) Adapt the new procedure to the architecture of the TC ozone 

instrument; 3) Estimate the measurement error of the new procedure; 4) 

Compare TC ozone derived from both procedures, 5) Publish data on-line from 

both procedures, using the Texas environmental observatory (TEO) site 

(www.teo.unt.edu).  
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OZONE AND NITROGEN DIOXIDE IN THE STRATOSPHERE 

Ozone is a minor constituent of Earth’s atmosphere that plays a 

fundamental role in regulating the amount of ultraviolet (UV) radiation that 

reaches the surface of Earth.  The region of Earth’s upper atmosphere where 

ozone can be found is named the ozone layer.  The absorption of UV radiation by 

ozone produces a source of heat that warms the upper atmosphere.  This layer is 

also known as the stratosphere and, in contrast with the troposphere, in this layer 

air temperature increases with increasing altitude. Under normal conditions, the 

ozone layer is found at altitudes of about 10 to 50 km; maximum concentration 

depends on latitude, peaking at 25 km for the mid-latitudes.  This layer acts as a 

shield protecting living organisms from biologically damaging UV radiation. 

Nitrogen dioxide is present in Earth’s atmosphere in two different layers 

(Brewer et al. 1973): one located in the troposphere near the ground, and the 

other in the stratosphere.  Nitrogen dioxide is the main natural sink of 

stratospheric ozone (Crutzen 1970).  Through the nitrogen cycle, life on Earth 

controls the natural level of ozone in the stratosphere (Johnston 1992). These 

reactions and relationships is explained in detail later. 

This chapter presents, in brief, the history behind the studies of ozone and 

nitrogen dioxide, the photochemical principles that explain their presence in the 

Earth’s atmosphere, and their natural variability observed from systematic 

measurements. 
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Brief History of Ozone Observations 

At the beginning of the 19th century, scientists suspected that the presence 

of an unknown substance in Earth’s atmosphere was the cause of a sharp cut 

off, at around 300 nm, observed in all measured stellar spectra (Craig 1950).  A 

spectrum is defined as the distribution of electromagnetic radiation according to 

emitted energy. By studying the absorption spectrum of ozone, Fabry and 

Buisson (1921) showed that this substance was ozone (Sanders et al. 1950). 

The next step towards understanding the presence of ozone in the 

atmosphere was taken by Dobson, who developed a precision technique to 

measure the total amount of ozone contained in a column above the observer.  

He also established a monitoring network of stations around the world.  With this 

network Dobson was able to observe the day to day, seasonal and latitudinal 

variations of ozone.  Dobson concluded that the total amount of ozone increases 

from the tropics, where it reaches a minimum value, towards the poles (Craig 

1950).  Dobson also found that ozone varies seasonally with a maximum in the 

spring and a minimum in the fall.  Dobson observed that there is a large day to 

day variation around the monthly means, which is related with the situation of the 

surface pressure systems.  He also observed that large amounts of ozone were 

found in the rear of cyclones and ahead of anticyclones (Craig 1950). 

The next important step was achieved by Götz who developed the Umkehr 

method to determine the height and distribution of total ozone in the upper 

atmosphere.  The Umkehr method measures scattered sunlight at two 
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wavelengths when the Sun is low in the horizon. It relates changes in the amount 

of ultraviolet (UV) radiation scattering to the vertical concentration of ozone 

(Craig 1950).  Götz found that the main concentration of ozone was to be found 

at heights of about 20-26 km (Craig 1950). 

It was not until Chapman’s photochemistry theory that the presence of 

ozone in the upper atmosphere could be explained (Craig 1950).  Chapman 

showed that its presence can be explained by the action of UV radiation on 

oxygen (Craig 1950).  However, this theory was unable to explain the observed 

daily and seasonal variations.  Craig (1950) summarized all the information about 

ozone observations, scattered through the literature, and brought photochemical 

theory and observations into agreement. 

After Chapman’s theory, the next important step was achieved when it 

became clear that other gases can react with ozone leading to its destruction.  In 

1971, Crutzen proposed that nitrogen oxides are the main natural sink of 

stratospheric ozone (Johnston 1992).  Observations conducted in the early 

seventies confirmed Crutzen’s theory. 

Of major importance was the discovery that chlorine and bromine could 

also engage in catalytic cycles leading to ozone destruction (Solomon 1999), and 

in particular that man-made chlorofluorocarbons (CFCs) are the major source of 

active chlorine in the stratosphere (Molina and Rowland 1974).  CFCs are 

chemically inert compounds with very long atmospheric residence times.  They 

are not significantly soluble in water, and do not react with any chemical 
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compounds in the lower atmosphere (Solomon 1999).  CFCs were very popular 

for industrial and household use. Their principal uses were as refrigerants and 

propellants. 

Observations from ground stations showed that the presence of chlorine in 

stratospheric air is not influenced by the proximity to emission regions (Solomon 

1999).  Released CFCs are uniformly distributed throughout the troposphere.  

They enter the stratosphere through the tropics (Solomon 1999) by tropical 

thunderstorms and monsoons. From there a large scale stratospheric circulation 

transports them polewards and back to the troposphere at high latitudes 

(Solomon 1999). 

Because ozone plays a vital role in the atmosphere, at the end of the 

1970s, the United States National Aeronautics and Space Administration (NASA) 

launched its first space mission to map the ozone layer.  Onboard this spacecraft 

was the total ozone mapping spectrometer (TOMS), perhaps the most influential 

of all instruments carried onboard.  TOMS data served to verify and map the 

extent of the Antarctic ozone hole, playing a critical role in promoting the 

Montreal Protocol of 1987 which banned the production of CFCs.  By 2040, it is 

expected that chlorine will return to levels seen prior to the use of CFCs 

(Solomon 1999). 

Ozone Photochemistry 

Using photochemical principles, Chapman was the first to explain the 

presence of ozone in Earth’s upper atmosphere (Craig 1950).  Chapman showed 
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that both ozone and atomic oxygen should coexist in the upper atmosphere, and 

that the maximum concentration of ozone should occur at a certain level from 

which the concentration of ozone should rapidly decrease with height.  Contrarily, 

the concentration of atomic oxygen should increase with height up to a level 

where it is more abundant than molecular oxygen (Craig 1950). 

Chapman noted that atomic oxygen (O  and ozone (O  rapidly interchange 

with each other (Solomon 1999), constituting a two step cycle: 

1. Ozone formation: All absorption below 240 nm leads to the dissociation of 

oxygen (O .  The collision of atomic oxygen and oxygen with a third body 

(M) will produce ozone 

O 240 O O (R1)

O O M O M (R2)

where  represents one quantum of energy,  Planck’s constant, and  the 

frequency of absorbed light. 

2. Ozone destruction: All absorption below 1100 nm leads to the dissociation 

of ozone 

O 1100 O O (R3)

This cycle occurs very rapidly in the stratosphere resulting in a gross loss 

over very short timescales (few minutes).  At longer timescales all atomic oxygen 

produced reforms to ozone (Solomon 1999). 

A very small fraction of produced atomic oxygen reacts with ozone 

O O 2O (R4)
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resulting in a net loss (Solomon 1999). 

After Chapman’s theory, it was found that ozone could engage with other 

gases in catalytic cycles, resulting in a net loss of ozone (Solomon 1999).  The 

first to be described was the odd hydrogen catalytic cycle  

O OH O H (R5)

H O M HO M (R6)

O HO O OH (R7)

Net cycle: O O M O M (R8)

OH O HO O (R9)

HO O OH 2O (R10)

Net cycle: 2O 3O (R11)

In the 70s, Crutzen proposed the odd nitrogen catalytic cycle 

NO O NO O (R12)

O NO NO O (R13)

Net cycle: O O 2O  (R4)

In the 70s, it was also proposed that chlorine and bromine could also 

engage in catalytic cycles leading to ozone destruction (Solomon 1999).  The 

odd chorine catalytic cycle 

Cl O ClO O (R14)

ClO O Cl O (R15)

Net cycle: O O 2O (R4)(R11)
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Cl O ClO O (R16)

Cl O Cl O (R17)

ClO ClO M Cl O M (R18)

Cl O Cl ClO (R19)

ClO M Cl O M (R20)

Net cycle: 2O 3O  (R11)

And the odd chlorine bromine catalytic cycle 

Cl O ClO O (R21)

Br O BrO O (R22)

BrO ClO Br ClO (R23)

ClO M Cl O M (R24)

Net cycle: 2O 3O  (R11)

The Observed Characteristics of Stratospheric Ozone 

The main objective of Craig’s 1950 doctoral dissertation was to bring 

photochemical theory and observations into agreement.  To achieve this, Craig 

summarized all information about ozone that was scattered through the literature 

published at that time. 

At heights above 30 km, Craig found a good agreement between theory 

and observations.  This agreement results from the photochemical equilibrium 

between ozone and the Sun’s rays (Craig 1950).  However, at heights between 

10 and 20 km, computations revealed less ozone than observations.  At these 
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heights, Craig suspected that ozone is not necessarily in equilibrium with the 

Sun’s rays, and that some kind of atmospheric circulation was causing this 

disagreement (Craig 1950). 

Systematic measurements have shown four features of the natural 

variability of ozone.  These are: the magnitude of day to day variation, the 

latitudinal and seasonal variation, the vertical distribution of ozone, and variation 

due to the effect of the solar cycle. 

The magnitude of day to day variation is the most striking feature of 

stratospheric ozone in the mid-latitudes.  Often the magnitude of these variations 

exceeds the amount of variation of the monthly means over the whole year 

(Craig 1950).  The cause of these phenomena can’t be directly tied to 

photochemical processes (Craig 1950), resulting instead from a redistribution of 

ozone related to surface pressure systems (Craig 1950).  Two different 

processes are linked to this redistribution: advection, and vertical motion.  

Advection is a process resulting from the horizontal movement of air masses.  

Ozone content is higher in cold polar air masses than in hot tropical air masses.  

As a result of the movement of air masses, the mid-latitude regions experience a 

great variability in ozone content, contrasting with the low variability found over 

tropical or polar regions. 

Vertical motion of air parcels explains the rest of this day to day variability.  

There are two types of vertical motion having an effect on ozone concentration: 

convergence and subsidence of air parcels, and divergence and lifting of air 
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parcels.  Convergence and subsidence of air parcels causes a net increase in 

ozone amounts.  Subsidence transports ozone from upper levels to lower levels 

where ozone is protected from photochemical processes (Craig 1950).  At 30-35 

km, the ozone amount is in photochemical equilibrium with the Sun’s rays, so any 

deficit is quickly made up by photochemical processes (Craig 1950).  Conversely, 

divergence and lifting of air parcels in the lower stratosphere causes a net 

decrease (Craig 1950), where any excess is quickly removed. 

The second feature observed of stratospheric ozone is its latitudinal and 

seasonal variations.  Dobson observed that during the late winter there is a net 

increase of ozone continuing till spring when it reaches a maximum.  During 

summer there is a net decrease continuing till fall where it reaches a minimum.  

Craig (1950) suggests that such variations cannot be explained directly by 

photochemical processes.  Instead, three processes acting together over a whole 

hemisphere are the cause of these changes: turbulent effects and vertical 

motion, the cyclonic activity, and a meridional circulation.  Dütsch suggests that 

part of the seasonal and latitudinal variations are caused by turbulent mixing and 

the effect of a field of vertical motion over a whole hemisphere (Craig 1950).  

Turbulent mixing causes a downward transport of ozone to lower levels, reaching 

a maximum during late winter and early spring.  During these seasons, at high 

latitudes, there is also a pressure decrease in the lower levels of the 

stratosphere, and a pressure increase at upper levels as a result of the air being 

heated (Craig 1950).  Reed suggests that part of these variations are the result of 
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a large scale mixing process that can be explained in terms of individual pressure 

systems and day to day fluctuations (Craig 1950).  Convergence and vertical 

subsidence of air parcels explains the large mixing process that happens as 

result of the mid-latitude cyclonic system.  Additionally Wulf and Craig (Craig 

1950) suggest that a meridional circulation transports ozone from the tropics, 

where is continually replenished, to the mid-latitudes where it is protected from 

photochemical processes (Craig 1950).  Holton (1995) provides a review of the 

principles behind the movement of air from the troposphere to the stratosphere. 

The third feature of stratospheric ozone is its vertical distribution.  The 

observation of the vertical distribution of ozone was initially achieved with Götz’ 

Umkehr method.  These observations were in satisfactory agreement with 

photochemical theory (Craig 1950).  Ozone amounts increase steadily with 

height, reaching a maximum value somewhere between 20–26 km.  Götz found 

that the vertical distribution of ozone remains the same on all days having the 

same ozone amount (Craig 1950), and that this relationships continues from 

season to season. 

The last feature of stratospheric ozone is the variability caused by solar 

effects.  Usually, the total ozone column is more sensitive to tropospheric 

weather conditions than to solar effects.  There are two types of variation 

observed: short term variation caused by solar flares and long term variation 

occurring over the solar (Sun spots) cycle.  In general solar flares have no effect 

over stratospheric ozone (Craig 1950).  However, if a major solar event occurs, 
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this can alter the abundance of nitrogen dioxide in the upper atmosphere causing 

a transient perturbation in ozone (Solomon 1999).  The effect that the solar cycle 

has on ozone abundances has been difficult to establish.  However, it is 

accepted that the solar cycle causes an 11 year variation in global ozone of 

about 2% (Sparling 2001). 

Stratospheric Ozone Depletion 

As mentioned earlier, systematic measurements of stratospheric ozone 

abundance began in the 1920’s with Dobson’s global network of monitoring 

stations.  Ozone abundances vary from year to year, at all locations.  However 

since the 1980s, these measurements have shown a global decline that cannot 

be explained by natural causes (Solomon 1999). Ozone depletion was first 

observed in 1985 in the Antarctic spring (Solomon 1999).  This phenomenon was 

thought to be confined to spring and to Antarctica, but unusually low levels of 

ozone have also been observed in the arctic spring during 1995-1997, 2000 

(Solomon et al. 2007) and 2011 (Zielinski 2011). 

The fact that hydrogen and nitrogen dioxide destroy ozone in a catalytic 

fashion (Solomon 1999) suggested that human activities could have an impact 

on stratospheric ozone.  When the observed depletion could not be attributed to 

either hydrogen or nitrogen dioxide photochemistry (Solomon 1999), it was clear 

that other processes were causing the observed depletion. 

During winter time and over the poles, the stratospheric wind circulation 

may be seen acting as a vortex, isolating polar air from air masses in the mid-
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latitudes (Solomon 1999).  This isolation and the absence of sunlight for several 

months lead to natural low levels of spring time ozone.  Differences in ozone 

abundance in the Arctic and Antarctica are related to surface topography 

(Solomon 1999).  In the arctic, a more variable surface topography causes more 

atmospheric waves that perturb the polar vortex, bringing more ozone-rich air 

that warms the lower stratosphere (Solomon 1999).  In Antarctica, a less variable 

surface topography causes fewer perturbations of the polar vortex, leading to 

colder temperatures in the lower stratosphere.  This sets a perfect condition for 

strong ozone depletion (Solomon 1999). 

Ozone depletion happens on the surface of polar stratospheric clouds 

(PSC) (Solomon 1999).  PSCs form over the poles during very cold winters and 

springs (Solomon 1999).  On the surface of PSCs, several photochemical 

reactions lead to the activation of chlorine from different reservoirs resulting in a 

dramatic ozone loss (Solomon 1999). 

Ozone depletion has also been confirmed in the mid-latitudes following a 

major volcanic eruption (Solomon 1999).  In this case, the same photochemical 

reactions can occur over the surface of ejected aerosols as they reach the 

stratosphere (Solomon 1999). 

Brief History of Nitrogen Dioxide Observations 

The presence of nitrogen dioxide in Earth’s upper atmosphere was first 

confirmed by Murcray et al. (1968).  Based on this finding, Crutzen proposed that 
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nitrogen oxides engage in a catalytic cycle leading to ozone destruction 

(Johnston 1992) . 

In 1971, Crutzen and Nicolet, working independently, proposed that the 

reaction of nitrous oxide with atomic oxygen was the source of stratospheric 

nitrogen oxides (Johnston 1992).  Soils are the most significant natural source of 

nitrous oxide in the troposphere.  Human activities, in particular agriculture, 

enhance the emissions of nitrous oxide to the troposphere.  The lifetime of 

nitrous oxide in the troposphere is 120 years (EPA 2010).  Nitrous oxide is 

transported to the stratosphere by the same mechanisms that transport ozone.  

Once in the stratosphere, ultraviolet radiation dissociates nitrous oxide to form 

atomic oxygen.  Then nitrous oxide reacts with atomic oxygen to form nitric 

oxide, the main source of stratospheric nitrogen dioxide (Johnston 1992). 

Between 1972 and 1975, Brewer et al. (1973) and Noxon (1975) 

investigated the concentrations and vertical profiles of nitrogen dioxide in the 

stratosphere, confirming Crutzen's theory (Johnston 1992).  Measurements of the 

latitudinal distribution of nitrogen dioxide were conducted by Kreher et al. (1995).  

Since the 1990s, the Network for the Detection of Atmospheric Composition 

Change (NDACC) has been systematically measuring nitrogen dioxide 

concentrations in the upper atmosphere (Gruzdev 2008). 

Nitrogen Dioxide Photochemistry 

Photochemical principles also explain the presence of nitrogen dioxide in 

the upper atmosphere.  Over long time scales (months to years), the 
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concentration of nitrogen dioxide is set by sources and sinks of nitrous oxide 

(N2O) (Cohen and Murphy 2003). 

Once in the stratosphere, ultraviolet radiation dissociates nitrous oxide into 

nitrogen and atomic oxygen.  Nitrous oxide reacts with atomic oxygen leading to 

the formation of nitric oxide (NO) (Cohen and Murphy 2003) 

N O N O 1D (R25)

N O O 1D N O (R26)

N O O 1D 2NO (R27)

Once nitric oxide is formed in the stratosphere it can react with ozone to 

form nitrogen dioxide.  The result of this reaction is the catalytic destruction of 

ozone 

NO O NO O (R12)

O O O (R3)

O NO NO O (R28)

Net cycle: O O 3O (R29)

This cycle is the main natural sink of stratospheric ozone (Crutzen 1970). 

During daylight, and over a short time scale (100s), nitrogen dioxide 

abundances in the lower stratosphere are controlled by its chemical 

interconversion into nitric oxide (Cohen and Murphy 2003) 

NO NO O (R30)

NO O NO O (R12)
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Net Cycle: O O O  (R31)

The lifetime of nitrogen dioxide resulting from reaction (R12) is about a 

week (Cohen and Murphy 2003).  During the night, nitrogen dioxide is stored in 2 

different short-lived reservoirs: the nitrate radical (NO3) reservoir and the 

dinitrogen pentoxide (N2O5) reservoir. 

Nitrogen dioxide reacts with ozone forming the nitrate radical 

NO O NO O (R32)

At dawn, the first rays of sunlight convert the nitrate radical back to nitrogen 

dioxide (Cohen and Murphy 2003) 

NO NO O (R33)

NO NO O (R34)

Also at night, the nitrate radical can react with nitrogen dioxide forming 

dinitrogen pentoxide 

NO NO M N O M (R35)

During the day, dinitrogen pentoxide dissociates slowly forming nitrogen 

dioxide and the nitrate radical (Cohen and Murphy 2003) 

N O NO NO M (R36)

NO NO O (R37)

Nitrogen oxides play a crucial role in the observed ozone depletion over the 

polar regions.  Nitrogen oxides limit the presence of active chlorine (Cl) in the 

upper atmosphere through the production of chlorine nitrate (ClONO2) (Cohen 

and Murphy 2003).  Under low levels of nitrogen oxides, depletion of 
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stratospheric ozone results from the enhanced chemistry of chlorine (Solomon 

1999) 

ClO NO M ClONO M (R38)

ClONO ClO NO (R39)

ClONO Cl NO ClO NO (R40)

Over longer timescales (months), nitric acid (HNO3) serves as a reservoir 

for stratospheric nitrogen dioxide.  Nitric acid results from the reaction of the 

hydroxyl radical (OH) with nitrogen dioxide (Cohen and Murphy 2003) 

OH NO M HNO M (R41)

The Observed Characteristics of Stratospheric Nitrogen Dioxide 

In the stratosphere, the nitrogen dioxide layer extends up to 40 km in height 

(Brewer et al. 1973).  The content of nitrogen dioxide in this layer shows a natural 

variability closely tied to the intensity of solar radiation (Gruzdev 2008). 

Observations (Brewer et al. 1973; Gruzdev 2008; Noxon 1975) have shown 

four large scale features in the natural variability of stratospheric nitrogen dioxide: 

a diurnal variation, a latitudinal and seasonal change, a vertical distribution, and 

an 11 year cycle resulting from solar effects.  In contrast to ozone, stratospheric 

nitrogen dioxide does not change very much from day to day (Brewer et al. 

1973).  However, pollution in the vicinity of industrial centers can lead to an 

increase in tropospheric nitrogen dioxide abundance, thus affecting the observed 

total column nitrogen dioxide (Gruzdev 2008). 
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The first feature of stratospheric nitrogen dioxide is its diurnal variation that 

is the result of several photochemical processes that depend on the level of 

insolation (Gruzdev 2008).  The concentration of nitrogen dioxide varies rapidly 

during sunrise and sunset but more slowly during the day and night (Gruzdev 

2008).  The abundance of nitrogen dioxide is always greater at sunset than at 

sunrise (Noxon 1975). 

The second feature of stratospheric nitrogen dioxide is its latitudinal and 

seasonal variation.  In all seasons nitrogen dioxide concentration is lowest in the 

tropics, and increases with increasing latitude (Gruzdev 2008).  A summer 

maximum and a winter minimum are characteristic of the mid-latitudes (Gruzdev 

2008).  During winter time, there is a pronounced decrease in stratospheric 

nitrogen dioxide at latitudes north of 45o (Noxon 1975).  Differences between 

afternoon maximum and morning minimum also exhibit a latitudinal and seasonal 

pattern.  Latitudinal maxima of the differences between evening and morning 

occurs near 40o in the northern hemisphere and 45o in the southern hemisphere 

(Gruzdev 2008).  This maximum occurs during summer in the northern 

hemisphere and in late spring to early summer in the southern hemisphere 

(Gruzdev 2008).  In polar latitudes the differences between evening and morning 

values are usually small (Gruzdev 2008). 

The third feature of stratospheric nitrogen dioxide is its vertical distribution.  

In contrast to the ozone profile, the vertical profile of nitrogen dioxide does not 

change much with height (Brewer et al. 1973).  Profiles retrieved from satellite 
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data have shown a flattened Gaussian shape (Sioris et al. 2003), peaking at 30 

km altitude. 

The last feature of stratospheric nitrogen dioxide is its variability due to the 

solar cycle.  In the mid-latitudes, nitrogen dioxide abundance at the maximum of 

solar activity is lower than that at its minimum (Gruzdev 2008).  This effect 

decreases with a decrease in latitude (Gruzdev 2008).  At polar latitudes the 

solar cycle has no effect in total column nitrogen dioxide (Gruzdev 2008). 
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OPTICAL ABSORPTION SPECTROSCOPY 

Optical absorption spectroscopy is a popular technique for the analysis of 

the chemical composition of gases in the atmosphere.  It is based on the Beer-

Lambert law, which relates light attenuation to the concentration of a trace gas in 

a given volume as sunlight passes through that volume in the atmosphere. In its 

basic form, the Beer-Lambert law states that a light beam passing through a 

column of thickness  (cm), composed of one trace gas, is attenuated according 

to 

, e  (1)

where:  is the light’s wavelength (nm); , , is the light intensity at , after 

passing through the column (W m-2 nm-1);   is the intensity of incident light at 

, emitted by a light source (W m-2 nm-1), and before passing through the column; 

 is the concentration of the trace gas (molecules cm-3); and  is the 

absorption cross-section of the trace gas (molecules-1 cm2).  The absorption 

cross-section of a trace gas is the ability of any molecule to absorb photons at 

different wavelengths.  In gas-phase tropospheric chemistry, concentration and 

absorption cross-sections units are often expressed as molecules and 

centimeters (Finlayson-Pitts and Pitts 2000). 

To calculate , the concentration of an atmospheric trace gas, the Beer-

Lambert law requires  , the intensity of incident light at the top of Earth’s 

atmosphere, and , the absorption cross-section of the atmospheric absorber. 
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Ground based instruments cannot directly measure  , instead an indirect 

method, known as the Langley plot, provides a good approximation for this term. 

Absorption cross-sections for many trace gases can either be found in 

published literature (Finlayson-Pitts and Pitts 2000) or measured experimentally 

in the laboratory.  The high-resolution transmission molecular absorption 

(HITRAN) database (Rothman et al. 2009) keeps a collection of high resolution 

absorption cross-sections of atmospherics trace gases such as ozone, nitrogen 

dioxide, sulfur dioxide, bromine oxide, formaldehyde, etc.  These datasets can be 

downloaded from the HITRAN ftp server. 

For  absorbers, the Beer-Lambert law is naturally extended as (Platt 

1994) 

, e ∑  (2)

For studies of sunlight absorption, two additional optical processes must be 

included into the Beer-Lambert law.  The first one, known as Rayleigh scattering, 

accounts for the amount of light reflected by particles of diameter less than the 

wavelength of incident light (Moran 2006); this process gives the sky its blue 

daytime color and is the reason why the horizon turns red during setting Sun.  

The second process, known as Mie scattering, accounts for the amount of light 

reflected by particles of diameter similar to the wavelength of incident light 

(Moran 2006); this process is responsible for giving a white coloration to the 

Sun’s surrounding sky. 
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Equation (3) gives a more appropriate description of the Beer-Lambert law 

for direct sunlight measurements 

, e ∑ R  (3)

where:  is the Rayleigh scattering attenuation coefficient (cm-1), and  is 

the Mie scattering attenuation coefficient (cm-1).  These two processes are not 

absorption processes, instead both account for the amount of light that is not 

reaching the optical detector (Platt and Stutz 2008). 

There are two approaches to solve the Beer-Lambert law for the unknown 

concentration  of a trace gas.  The first approach, referred to in this study as 

classical absorption spectroscopy (CAS), has been widely used to measure total 

column ozone and sulfur dioxide (Morys et al. 2001).  This approach offers a 

simple solution, requiring the measurement of monochromatic bands of solar 

radiation (Basher 1977).  The second approach, known as differential optical 

absorption spectroscopy (DOAS), is a generalization of the first approach, and 

does not require monochromatic light (Platt 1994).  This technique offers a more 

robust approach, but it requires advanced statistical tools and a linear and non-

linear model fitting algorithm. 

Classical Absorption Spectroscopy 

Many trace gases have overlapping absorption cross-sections across wide 

sections of the spectrum.  Identifying those wavelengths, where no overlapping 

occurs is a requirement for the proper quantification of a trace gas.  This 

requirement limits the number of absorbers that can be measured by this 
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approach.  This technique has been widely employed for calculating total column 

ozone and total sulfur dioxide in the atmosphere.  For example, ozone has a 

strong absorption in the UV part of the spectrum, and it is primarily responsible 

for solar radiation attenuation between 315 and 335 nm. 

Several instruments were developed using this approach.  One of the 

earliest instruments built was the Dobson spectrometer (1920s), which is today, 

still considered as a reference instrument for ozone measurements.  The Dobson 

spectrometer relies on a prism to select several bands of monochromatic light.  

Other instruments using the same principle are the Brewer spectrometer and the 

Russian M-83 spectrometer (Morys et al. 2001). 

The first total ozone portable spectrometer (TOPS) in existence was 

presented by Mims (Morys et al. 2001).  TOPS is a miniature handheld 

instrument capable of measuring ozone using direct solar radiation at 300 and 

305 nm with filters having a bandwidth of 5 nm (Morys et al. 2001).  Using the 

TOPS design, Morys developed the Microtops, a microprocessor controlled 

version of TOPS with five channels: 297, 303, 310, 940 and 1020 nm.  Three UV 

channels measure total column ozone and direct UVB while the remaining 

channels, 940 and 1020 nm, allow for the measurement of total column water 

vapor.  Each Microtops filter has a bandwidth of 2.4 nm (Morys et al. 2001). 

In 2006, Gilbert Nebgen developed a low cost instrument to measure ozone 

based on Microtops (Nebgen 2006).  Nebgen preferred a non-portable solution, 

consisting of four parts: a Sun tracking mechanism, fiber optics, a high resolution 
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spectrometer, and a personal computer (PC).  In this design (Figure 1), the PC 

commands a pan and tilt unit to track the Sun every 20 minutes.  Collimated 

lenses, mounted on top of this unit, collect solar radiation into an optical fiber 

which is attached at the other end to an optical block made up of two filters.  This 

block filters solar radiation above 300 nm and below 330 nm.  An optical fiber 

then connects this block to the spectrometer (S2000-TR2), which is attached to 

the PC. 

a) b) 

Figure 1  Nebgen’s automated low cost instrument for measuring ozone.  a) 
Spectrometer and optical block.  b) Pan and tilt unit and collimating lenses 

Fundamentals of the Classical Approach 

The objective of this approach is to solve the extended Beer-Lambert law 

for , the concentration of a trace gas that is contained in a column of length   

, e R  (4)

To simplify the number of unknown parameters in Equation (4), light 

intensity is measured at two different, but narrowly separated wavelengths  , .  

Taking the ratio , / ,  
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,
,

e R

e R

e R R

 (5)

cancels the effect of Mie scattering, because  

,
,

e R R  (6)

Equation (6) can now be solved for , the unknown concentration of the 

absorber 

c
ln ln

,
, R R

 (7)

where: ;  is the airmass factor, 1/ cos ;  is the zenith 

angle (rad);  is the measured atmospheric pressure at the station (atm); and  

is the standard atmospheric pressure value (1 atm) (Nebgen 2006). 

A polynomial approximation of the absorption cross-section of the trace gas 

gives values for , and  (Nebgen 2006).  A polynomial approximation of 

Rayleigh scattering gives values for R  and R  (Nebgen 2006).  The 

Langley method gives approximate measured values for  and  

(Nebgen 2006). 

Differential Optical Absorption Spectroscopy 

DOAS is a generalization of the classic approach, but with some 

differences.  DOAS measures light intensity in a broad range of wavelengths, 

making possible the separation of the absorption spectral structures of a trace 
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gas from a mix of gases.  With one measurement, DOAS can estimate the 

concentration of several atmospheric gases (Platt 1994). 

DOAS has some advantages over the classic approach: it relies on the 

measurement of absorption spectra instead of the intensity of monochromatic 

light (Platt and Stutz 2008), there is no need to estimate a value for  (Platt 

1994), and it provides a reference value for the measurement error (Platt and 

Stutz 2008). 

Disadvantages are: a complex algorithm; it requires more computing power; 

for direct sunlight measurements, concentration of the absorbing trace gas must 

remain constant with time.  Only a few trace gases, such as ozone, meet this 

criterion. 

The analysis of scattered light (Zenith/Max DOAS) eliminates this last 

disadvantage.  Zenith DOAS has some advantages over DOAS: quantification of 

atmospheric weak absorbers such as nitrogen dioxide, formaldehyde, bromine 

oxide, benzene, etc, in presence of ozone, a strong absorber (Zenith-DOAS) 

(Platt and Stutz 2008; Sanders et al. 1993); and retrieval of the vertical profile of 

an atmospheric trace gas (MAX-DOAS) (Hönninger et al. 2004).  Among the 

disadvantages of Zenith/Max DOAS analysis: it requires radiative transfer 

calculations, which increases the complexity of the problem to solve; it requires 

better optical elements for collecting scattered sunlight.  The intensity of 

scattered sunlight is many times lower than the intensity of direct sunlight. 
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Fundamentals of Differential Optical Absorption Spectroscopy 

The DOAS technique assumes that several unknown gases are present 

within the medium (Equation (3)).  For direct sunlight measurements, the 

classical approach uses an estimated value for the incoming extraterrestrial 

intensity  , the sunlight at top of Earth’s atmosphere.  DOAS avoids this 

estimation, and associated error, by measuring the differential absorption 

structure of the trace gas. 

The differential absorption structure of any trace gas  is defined as the 

part of its absorption cross-section which varies rapidly with wavelength and that 

is readily observable (Platt and Stutz 2008) 

 (8)

where:  varies slowly with , describing a general slope; and  varies 

rapidly with , due to a molecular absorption line.  Light-extinction processes 

such as Rayleigh and Mie scattering vary slowly with wavelength. 

Substituting Equation (8) into Equation (3) gives 

, e ∑ R e ∑  (9)

where: e ∑ R  comprises the slow-varying part of the 

absorption and scattering process (broadband spectral structures), and 

e ∑  represents its fast varying part (narrowband spectral structures).  

The attenuation factor , describes the slow varying wavelength-dependent 

transmission of the optical system (Platt 1994). 
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Defining a new variable  , , to include all broadband spectral structures 

of Equation (9)  

, e ∑ R  

yields 

, , e ∑  (10)

which is the principle of DOAS.  The term ,  represents sunlight intensity 

focused at the spectrometer entrance aperture (Figure 2). 

 

Figure 2  Principle of DOAS.  The absorption spectrum is separated into a 
narrow and a broad band part 

Figure 3 depicts all processes that affect solar radiation, between the top of 

Earth’s atmosphere and the coupled-charged device (CCD) detector.  The CCD 

detector transmits to the PC a digital signal representing the incoming solar 

spectrum measurement. 

Inside the spectrometer, the limited resolution of the grating and the limited 

number of pixels of the CCD detector reshape  ,  broadening its narrowband 
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spectral structures.  Two processes explain this change: light dispersion, and 

discretization at the CCD detector.  These processes are discussed further in the 

section titled “Spectrometer Simulation.”  However, brief definitions are needed to 

continue with the explanation of the DOAS analysis. 

 

Figure 3  Schematic view of the processes that affect solar radiation, between 
the top of Earth’s atmosphere and the CCD detector.  Adapted from Platt and 

Stutz (2008) 

The convolution function describes light dispersion across the CCD 

detector.  Inside the spectrometer, light dispersion occurs at two places: the 

entrance aperture, and the grating.  The term Δλ  defines the dispersion interval.  

The convolution of light intensity with the instrument function  is given by 
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, , (11)

After convolution, light intensity ,  at the CCD detector is obtained by 

substituting Equation (10) into (11) giving 

,   ,      (12)

The second process, discretization describes how each pixel, at the CCD 

detector, collects light in a wavelength interval defined by the spectrometer 

resolution Δ  

,

/

/

(13)

Substituting Equation (12) into (13) yields 

    ,   

/

/

    (14)

representing the measured spectrum stored in the PC, and the equation to be 

solved by the DOAS analysis. 

Platt (2008) describes 6 cases to solve Equation (14), and proposes their 

respective problem-solution approach.  Three parameters influence the choice of 

approach: the differential optical density  of the trace gas, the spectral 

resolution of the spectrometer, and the spectral structure of the light source as 

characterized in Table 1. 
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Table 1  Different approaches to implement DOAS*   

 Diff.  optical 
density 

Spectrometer 
Resolution 

Light source Approach 

1 Small High or low Smooth Linearize Beer-Lambert law 

2 Large High Smooth Linearize Beer-Lambert law 

3 Large Low Smooth Non-linear modeling 

4 Small or large High Structured Divide by ,  

5 Small Low Structured Model+Beer-Lambert law 

6 Large Low Structured Non-linear modeling 

*Adapted from Platt and Stutz (2008) 

The differential optical density of the pure trace gas absorption (Platt 1994) 

is given by 

ln ,
ln ,

 (15)

 will be denoted as ‘small’ if , in the wavelength interval of interest is 

less than 0.1.  Otherwise, it will be denoted as ‘large.’ 

The spectrometer spectral resolution sets the minimum width of spectral 

absorption bands that it can resolve.  If the spectrometer can’t resolve a band, it 

will only show an envelope line (Platt and Stutz 2008).  In this case, this 

parameter will be denoted as ‘low resolution.’  Otherwise, it will be denoted as 

‘high resolution.’ 

The spectral structure of the light source  may contain only broadband 

spectral structures, or both, broadband and narrowband spectral structures.  This 



34 
 

parameter will be denoted as ‘smooth,’ if all the spectral structures of the light 

source are broader than the spectral resolution of the spectrometer.  Otherwise, 

it will be denoted as ‘structured.’ 

For this study, Table 1 suggests to implement Cases 1 and 4.  In Case 1, 

the most basic DOAS approach, a high or low resolution spectrometer and a 

smooth light source (e.g.  Xenon lamp) are used to measure the small differential 

absorption structures of a trace gas.  Case 4 is characteristic for the 

measurement of sunlight (Platt and Stutz 2008).  In this case, a high resolution 

instrument is used to measure the small or large differential absorption structures 

of the trace gas.  Platt (2008) discusses these approaches in general, and for 

some cases, presents a mathematical derivation to the solution of Equation (14). 

For Case 1, taking the natural logarithm of the ratio of  and , will 

linearize the Beer-Lambert law.  The quantity , / , can be described 

by a sum of reference spectra of pure trace gases , scaled by: , the 

unknown concentration of each trace gas in the atmosphere;  the slanted 

column; and , the known concentration of each pure trace gas (Platt and Stutz 

2008) 

(16)

The spectrum of a pure light absorber, referred in this study as the 

reference spectrum  , is given by 
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/

/

  (17)

The term  is the discretization of ,  

,

/

/

(18)

Note, these reference spectra are specific for the combination of entrance 

aperture, grating and CCD detector (Platt and Stutz 2008). 

For Case 4, the reference spectrum  of a trace gas with ‘large’ 

differential structures cannot be scaled according to Equation (16), instead 

Equation (19) should be applied (Platt and Stutz 2008) 

(19)

where: 

 
,

/
/

,
/
/

  (20)

   is often referred as the I0-corrected reference spectrum (Platt and 

Stutz 2008).
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SPECTROMETER OPERATION 

The solution to Equation (14) lies in the correlation between reference 

spectra and the measured narrowband spectral structures resulting from 

extinction processes in the atmosphere.  Therefore, an accurate description of 

reference spectra is vital for any differential optical absorption spectroscopy 

(DOAS) implementation. 

The most successful approach for obtaining the reference spectrum of a 

pure trace gas is achieved by measuring its absorption cross-section, from a gas 

cell, with the same spectrometer that will be later used to perform its atmospheric 

measurements (Platt and Stutz 2008).  This cell should be filled and kept under 

conditions of pressure and temperature similar to those expected to be found in 

the atmosphere.  However, after performing such measurement, the resulting 

absorption cross-section spectrum must then be calibrated against published 

absorption cross-sections (Platt and Stutz 2008). 

An alternative, which has become the usual practice in the development of 

any new DOAS application, is the simulation of reference spectra for a particular 

spectrometer.  This process adapts and shapes a high resolution absorption 

spectrum to reproduce the measured output, at lower resolution, of that 

spectrometer.  The reference spectrum is then calculated from this simulated 

absorption spectrum.  Compilations of absorption cross-section are readily 
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available from the internet.  The HITRAN database (Rothman et al. 2009) is a 

good example of this. 

This chapter presents a description of the Ocean Optics S2000-TR2 

spectrometer, the spectrometer for which the DOAS application was developed.  

A simulation of the spectrometer operation is presented, as this is the basis for 

simulating reference spectra. 

The Ocean Optics S2000-TR2  

The Ocean Optics S2000-TR2 is a low cost miniature fiber optics 

spectrometer designed for ultraviolet-visible-near infrared spectrometry with a 

built in temperature regulator (TR). 

The optical bench of the S2000-TR2 is a mechanically stable crossed 

Czerny-Turner design (Figure 4). 

 

Figure 4  The S2000-TR2 optical bench design.  Adapted from Ocean Optics 
(2004) 
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In this bench, electromagnetic (EM) radiation from a fiber enters the 

spectrometer through an SMA 905 connector.  If an optional slit is installed, it 

acts as the entrance aperture.  Incoming EM radiation is projected onto a mirror 

that reflects a collimated beam into a grating.  The grating disperses this EM 

radiation into its components selecting which wavelengths will be projected on a 

second mirror.  Finally, the second mirror focuses dispersed EM radiation into the 

detector. 

The S2000-TR2 uses the low cost, high performance 2048 pixel Sony 

ILX511 coupled-charged device (CCD) detector (Ocean Optics 2005b).  Table 2 

presents the most important features of this detector. 

Table 2  Sony ILX511 specifications 

Pixels number ( ): 2048 

Pixel size: 14μm × 200μm 

Table 3 shows the most important features of this spectrometer. 

Table 3  S2000-TR2 specifications 

Grating  #10: 1800 lines (200-350 nm): 

Slit: 10 μm (3.2 pixel resolution) 

Spectral resolution (Δ ) 0.1 nm 

A/D - Converter 12 Bit (4096 Counts/Pixel) 

Scans to Average >=1 

Integration time ( ) 3 ms - 65 s 
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The ‘scans to average’ function specifies the number of spectral 

acquisitions that the spectrometer accumulates before producing an average 

signal.  Increasing the number of scans improves the signal-to-noise(S:N) ratio of 

the acquisition.  Integration time is the time the detector looks at incoming 

photons (Ocean Optics 2005a). 

Equation (21) calculates the optical resolution of the spectrometer, 

measured as full width half maximum (FWHM) (Ocean Optics 2005b), 

FWHM Dispersion Resolution (21)

where: 

Dispersion 
Spectral range of the grating

Number of pixels
350 200
2048

0.098 
nm
pixel

 

For a 10 m slit, the value for resolution is 3.2 pixels (Ocean Optics 2005b).  

Then, for this spectrometer-configuration the FWHM is 

FWHM 0.098 3.2 0.234 nm  

The ADC2000 PCI-bus A/D card connects the S2000-TR2 to a personal 

computer (PC).  This card is a 12 bit, 8 channels analog to digital converter. 

The TR2 unit installed inside the spectrometer regulates the temperature of 

the CCD detector.  Without temperature regulation the output of the spectrometer 

will fluctuate between 5 and 10 counts (Ocean Optics 2005c).  With temperature 

regulation, it is possible to substitute a measured background spectrum with a 

calculated one (Kern 2008), cutting the number of spectrum that will be 

measured by half. 
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Spectrometer Wavelength Calibration 

The simulation of reference spectra requires an accurate description of how 

the CCD detector maps pixel number  to wavelength  .  The wavelength 

calibration procedure for the S2000-TR2 produces a third order polynomial 

 (22)

where:  is the central wavelength at pixel ,  is the intercept (nm),  is the 

first coefficient (nm/pixel),  is the second coefficient (nm/pixel2), and  is the 

third coefficient (nm/pixel3).  This polynomial is often referred as the spectrometer 

wavelength to pixel mapping. 

Measuring the emission spectrum of a mercury lamp provides a means to 

calculate these coefficients through a third order linear regression.  For this 

regression, the predictor variable is the well known position of mercury atomic 

emission lines (true wavelength).  Dependent variables are: recorded pixel 

number; pixel number squared; and pixel cubed.  Table 4 shows the positions of 

true and recorded emission lines obtained from a measured mercury spectrum 

with their corresponding pixel value. 

Table 4  Positions of mercury emission lines used for calibration 

Wavelength Pixel Wavelength Pixel Wavelength Pixel 

253.65 1092 312.57 1656 302.15 1553 

289.36 1428 313.16 1663   

296.73 1500 334.15 1876   
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Table 5 shows the regression coefficients obtained through calibration.   

Table 5  Wavelength calibration coefficients 

121.460 

0.134 

-1.360×10-5 

1.284×10-9 
 

Spectrometer Background Signal 

Each spectrometer acquisition is made up of two signals: the background 

and the photon induced signal.  The background signal is recorded when no light 

enters the spectrometer (Kern 2008).  This signal consists of two parts: electronic 

offset and the dark current. 

Electronic offset is a value that is added to each pixel of the CCD detector 

to avoid negative values in the A/D converter.  According to Kern (2008), the 

offset is proportional to the number of scans taken for each sample and is 

independent of integration time. 

Figure 5 shows two background spectra which were recorded with the 

S2000-TR2 under different settings: The first spectrum was recorded at 30 ms 

and 75 scans (black line); and the second spectrum was recorded at 3 ms and 

10000 scans (blue line).  Figure 5 shows that under these conditions, the 

electronic offset of the S2000-TR2 remains constant, and independent of the 

average to scan number.  A value for the electronic offset was set at 97 counts. 
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Figure 5  Background spectrum recorded with the S2000-TR2 under 2 different 
settings 

Equation (23) corrects a measured spectrum for electronic offset 

OFC 97  (23)

where:  is the measured spectrum at pixel  (counts), and OFC  is the 

measured offset-corrected spectrum at pixel  (counts). 

The dark current is a small current produced by the CCD detector which is 

proportional to its temperature (Kern 2008).  To keep this current constant, the 

temperature of the CCD detector itself needs to be kept constant.  When this 

temperature is under control, the dark current is proportional to integration time 

(Kern 2008).  The dark current is best recorded using the longest integration time 

possible.  Figure 6 shows a background spectrum recorded at 64512 ms and 1 

scan previously corrected for offset. 
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Figure 6  Dark current spectrum of the S2000-TR2, recorded at 64512 ms and 
1 scan 

Equation (24) (Kern 2008) corrects a measured offset-corrected spectrum 

for dark current 

 
(24)

where:  is the dark current recorded at , at pixel  (counts);  is the 

integration time at which  was recorded (s);  is the integration time at 

which  was recorded (s); and  is the background-corrected spectrum 

at pixel  (counts). 

Spectrum Noise 

Every measured spectrum presents an unwanted signal superimposed on 

top of it known as spectrum noise, and this can severely affect the accuracy with 

which a spectrum is measured.  This signal is made up of two parts: instrument 

noise, which is originated inside the CCD detector; and photon noise, which is 
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due to a natural variation in the light source.  Although it is not possible to 

measure a noise-free spectrum, its variance can be reduced by using either of 

the techniques of signal averaging or boxcar smoothing.  Both parts of spectrum 

noise are stochastic in nature: the instrument noise exhibits a normal distribution 

(Quantum Scientific Imaging 2008); and the photon induced noise is Poisson 

distributed (Kern 2008).   

The measured spectrum noise  can be described as the sum of the 

instrument noise  and the photon noise  (Kern 2008) 

 (25)

If two spectra, 1 and 2, are recorded in quick succession and under equal 

conditions, then is possible to assume that the noise standard deviation in each 

spectrum is equal (Kern 2008), and therefore, the standard deviation of the 

difference 1 2 

2 =√2  

will be proportional to the standard deviation of the total spectrum noise (Kern 

2008) 

1

√2
 

(26)

To quantify instrument noise, two dark spectra were recorded consecutively 

at 30 ms and 75 scans.  Figure 7a show both measured spectra with no 

correction, and Figure 7b show both spectra corrected for background signal.  
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The standard deviation of the instrument noise under these settings was 

estimated at 0.425 counts. 

 

a) b) 

Figure 7  Background spectra recorded at 30 ms and 75 scans: a) with no 
correction; b) corrected for background signal 

To quantify total spectrum noise, two solar spectra were recorded at 30 ms 

and 1 scan (Figure 8a).  For ground based instruments, incoming solar radiation 

limits the analysis of total noise to wavelengths greater than 305 nm.  Figure 8b 

shows the estimated noise of the difference eS1-S2.  Under these settings, the 

standard deviation of total noise was estimated at 3.859 counts.  This value 

reduces to 2.453 counts when averaging 75 scans. 

Spectrometer Simulation 

The most successful approach for obtaining a reference spectrum is 

achieved by measuring it from a gas cell. However, this is not always feasible. 

The alternative that has become the usual practice in the development of any  
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a) b) 

Figure 8  a) Solar spectra recorded at 30 ms, 1 scan, and corrected for 
background signal; b) Noise of the difference eS1-S2 

new DOAS application is the simulation of reference spectra for a particular 

spectrometer.  This process adapts and shapes a high resolution absorption 

spectrum to reproduce the output that it would be measured by a lower resolution 

spectrometer. 

This simulation has to take into account two processes occurring inside the 

spectrometer, which reshape the narrowband spectral structures of any 

measured solar spectrum: light dispersion and spectrometer discretization.  This 

only affects the measured broadband spectral structures, so there is no need to 

calibrate the absolute spectral response of the spectrometer. 

Absolute Spectral Irradiance Calibration 

This calibration relates the radiant energy of the light source (in Joules) to 

the spectrometer output signal (as counts) and varies slowly from pixel to pixel.  
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A common practice to describe a light source is to express it in terms of its 

spectral irradiance per wavelength.  The units of spectral irradiance are in W m-2 

nm-1. 

A special light source, such as the LS1-cal lamp, serves to calibrate the 

absolute irradiance  of the spectrometer at each pixel.  The resulting calibration 

vector  relates how many Joules of radiant energy are required to produce 

a reading of 1 count at pixel .  For the S2000-TR2, spectral irradiance units are  

W cm-2 nm-1. 

Equation (27) calculates the absolute spectral irradiance at pixel  

 
 

(27)

where:   is the calibration data (Joules/count),  is slit area (cm2), and  is 

integration time at which   was recorded (s). 

Light Dispersion 

Light dispersion inside the spectrometer broadens the measured spectrum 

imposing a limit in the ability of the spectrometer to detect spectral structures at 

higher resolution.  Convolution is a mathematical function that describes this 

process (Equation (11)).  The optical resolution (FWHM) of the spectrometer is a 

measure of this function.  The FWHM depends on the groove density of the 

grating and the diameter of the entrance optics. 

To simulate how light is dispersed inside the spectrometer, the emission 

spectrum  of a light source must be given at a higher spectral resolution than 
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the spectrometer resolution.  This high resolution emission spectrum will be 

denoted as  . 

Equation (11) cannot be used directly by the simulation algorithm because 

 is a discrete vector.  Instead a discrete form of Equation (11) must be used 

∑

∑
 (28)

where:  and  are discrete vectors containing index values,  is the index at 

Δ ; and  is the index at Δ .    can be chosen as 2 FWHM (Platt and 

Stutz 2008).  Although this simulation doesn’t require the division by 

∑ , it guarantees the energy conservation principle. 

A typical instrument function (Platt and Stutz 2008) has the Gaussian form 

/  (29)

where: .  Although  can be calculated from the FWHM (Equation (21)), 

its dependence on wavelength must be investigated. 

Platt (2008) proposes a method to check the wavelength dependence of the 

instrument function.  In this method, the FWHM is calculated from the measured 

spectrum of a mercury lamp.  The mercury spectrum consists of a series of bright 

emission lines whose positions are well know.  The convolution of a mercury 

emission line  with the instrument function at  is 

(30)
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which means that the convolved spectrum  of a mercury line is equal to the 

instrument function at  (Platt and Stutz 2008). 

Figure 9 shows a mercury spectrum recorded with the S2000-TR2 at 50 

ms, 1 scan, and corrected for background signal.  The wavelength range of this 

figure was chosen to reveal the true shape of the instrument function.  Although 

this shape is not exactly Gaussian, it can be accepted as a good approximation. 

 

Figure 9  Mercury spectrum recorded with the S2000-TR2, at 50 ms, 1 scan, 
and corrected for background signal 

 

To simplify the estimation of  from Figure 9, the instrument function will be 

approximated by a Triangular function.  Figure 10 shows a comparison between 

a Gaussian and a Triangular instrument function.  In this figure,  represents half 

the width of the FWHM.  For each ,   can be estimated from the measured 

instrument function, while  is given by (Willis 1951) 

/ (31)
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Figure 10  Gaussian vs Triangular instrument function.  Adapted from Willis 
(1951) 

 

The FWHM at  is (Willis 1951) 

FWHM 2√2 ln 2 2 (32)

Therefore 

√2
√ ln 2

(33)

Five mercury lines were chosen from the recorded mercury emission 

spectrum (Figure 9), in the 270 to 350 nm range, to check for wavelength 

dependence of the FWHM.  Table 6 shows the estimated FWHM at each 

mercury line.  This table suggests that the instrument function doesn’t depend on 

wavelength and has a value very close to the 0.23 value calculated by Equation 

(21). 
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Table 6  Dependency of the FWHM on wavelength 

Wavelength (nm) FWHM (nm) 

289.36 0.21 

296.73 0.21 

302.16 0.19 

334.15 0.21 

 

Each pixel collects light in an interval of wavelength that goes from the 

lower to the upper border of that pixel (Platt and Stutz 2008).  Pixel  is centered 

at , and its borders are established by the spectrometer spectral resolution Δ  

(nm).  Each pixel produces a reading (count) proportional to the amount of 

radiant energy (Joules) measured during integration time .  Discretization is 

best described by the integral of convolved light  over the wavelength 

interval at each pixel (Equation (13)) (Platt and Stutz 2008).  To simulate the 

discretization process, the algorithm requires a discrete version of Equation (13)  

∑
Δ

 (34)

where:   is light intensity at pixel  (counts).   is a vector containing index 

values;  is the index at Δ  ; and  is the index at Δ . 

To test Equations (28) and (34), a discrete vector containing intensity 

values for each emission line in Table 6 was created.  Vector resolution was set 
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to 0.01 nm.  This vector was first convolved with a Gaussian instrument function 

(FHWM=0.21 nm), and then discretized according to Equation (34). 

Figure 11 shows a comparison between the measured (Figure 9) and the 

simulated mercury emission spectrum.  As can be seen, the simulation produces 

a good approximation to the measured spectrum. 

 

Figure 11  Comparison between a measured and a simulated mercury 
emission spectrum The mercury spectrum was recorded at 50 ms, 1 scan, and 

corrected background signal 
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IMPLEMENTATION OF THE DOAS ANALYSIS PROCEDURE 

This chapter focuses on the fundamental aspects of the differential optical 

absorption spectroscopy (DOAS) analysis procedure that will measure the 

concentration of a trace gas.  For this purpose, the analysis procedure was 

implemented through an iterative algorithm that estimates trace gas slanted 

column, which is the product of concentration and absorption path length.  To 

estimate this quantity, the algorithm requires the implementation of the following 

tasks: fit reference spectra to a linear model, separate broad and narrowband 

absorption structures of a measured spectrum, measure/model reference 

spectra, align reference spectra to a measured differential optical density, and 

estimate the total error in a measurement. 

Overview of the DOAS Analysis Procedure 

The DOAS analysis procedure relies on the fact that a measured absorption 

spectrum can be approximated using a linear model (Platt and Stutz 2008).  As 

mentioned in the section titled “Fundamentals of Differential Optical Absorption 

Spectroscopy,” it was necessary to implement two DOAS approaches (Cases 1 

and 4).  Case 1 (Equation (16)) was implemented to measure the reference 

spectrum of nitrogen dioxide in the laboratory, whereas Case 4 (Equation (19)) 

was implemented to measure atmospheric ozone.  The same algorithm can be 

applied to both cases, as the only difference between them consists in how to 
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model reference spectra.  The use of Equation (16) to describe the solution 

approach for Case 1 is demonstrated here. 

First, Equation (16) is arranged in a more convenient form  

(35)

where:  is the natural logarithm of the measured absorption 

spectrum; and  is the broadband part of the natural logarithm of 

. 

An approximation of Equation (35) is given by the following model structure 

(Platt and Stutz 2008) 

, , , , …
(36)

where:  is a model of the natural logarithm of ,  is a polynomial that 

includes all broadband spectral structures of ,   is a scale coefficients for 

trace gas , ,  is an array of coefficients that accounts for a possible 

misalignment between modeled and measured reference spectrum.   0, … , 3 

is the degree of each term of the calibration polynomial. 

The residuals , the error in modeling , are given by, 

(37)

Equation (36) cannot be used in all circumstances.  Its use is restricted to 

finding a high order polynomial ( ) that fits all broadband structures within the 

analysis range, which is the case of a very small analysis range (just a few 

nanometers or so).  For a longer range, Platt and Stutz (2008) suggest to high-
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pass filter the natural logarithm of the measured absorption spectrum before 

performing the linear fit.  In this case  is no longer needed, which simplifies 

Equation (37) 

, , , , , , . . , , , , …   (38)

where:  is the discrete differential optical density; and . 

In summary, the DOAS analysis procedure is an iterative algorithm (Figure 

12) that calculates coefficients  , and ,  until some stopping conditions are 

fulfilled.  A linear least square fit gives the scale coefficients  , whereas a non 

linear least square fit (Levenberg-Marquardt method) gives the alignment 

coefficients  , . 

Two stopping conditions were set for this algorithm: the magnitude of the 

change between  and 1  is less than 1 10  at iteration 

number  ; or  is greater than 30. When the stopping conditions are fulfilled, the 

algorithm estimates the error bounds ∆  and ∆ , .  The total error bound 

∆TOT  is obtained from ∆ , and ∆ , . 

The Linear Least Square Fit 

The DOAS algorithm will fit several reference spectra  to the differential 

optical density using a linear least square method.  At each iteration the 

algorithm calculates new scale coefficients  .  In the first iteration, the alignment 
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coefficients ,  are set to 0.  At any other value, the non-linear least square fit 

gives these values. 

Figure 12  Overview of the DOAS analysis procedure.  Adapted from Platt and 
Stutz (2008) 

A common and succinct way to present the solution of the fitting problem is 

with matrix notation.  Arranging Equation (38) into a matrix form 

(39)

No 

Definition of the model by the user and initialization of 
the procedure 

Linear least-square fit to derive 
 

One step of the non-linear Levenberg-
Marquardt method to derive new ,  

Output the results 

Calculation of errors: ∆ , ∆ , , 
and ∆TOT  

Stopping 
conditions 
fulfilled? 

Yes 
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, , , , … 1 , , , , … 1 , , , , … 1

, , , , … 2 , , , , … 2 , , , , … 2

, , , , … , , , , … , , , , …

 

(40)

1
2

 , , 

1
2

(41)

where:  is a vector of  values (one value per pixel) describing the differential 

optical density,  is a vector of  elements which groups the unknown scale 

coefficients ,  is a vector of  values containing values for a reference 

spectrum,  is a  matrix that groups  reference spectra, and  is a vector 

that contains the residuals. 

The solution to equation (39) is given by 

(42)

where: , , … ,  is a vector containing the estimated scale coefficients.  

The superscript  denotes the matrix transpose operation. 

The error bounds of the scale coefficients  are given by 

Δ (43)

where: 

(44)

is the covariance matrix, and 

(45)
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The Differential Optical Density 

DOAS is based in the separation of narrow and broadband spectral 

structures of the natural logarithm of a measured absorption spectrum  .  The 

narrowband structures are also known as the differential optical density  .  

This separation is often performed before the fitting process and is achieved by 

high-pass filtering  . 

Platt and Stutz (2008) suggest the following filtering methods to perform the 

separation: moving average, binomial smoothing, polynomial smoothing, 

regression, and Fourier filters. The chosen method was the Savitzky and Golay 

smoothing filter, which is a type of polynomial smoothing offering an efficient 

algorithm that preserves the shape of   very well.  This method requires two 

parameters: polynomial order and filter length.  Details about how to implement 

the Savitzky and Golay algorithm can be found in Press et al. (1992).  Varying 

the filter length parameter allow the user to select a desired degree of smoothing. 

Modeling Reference Spectra 

In some situations it is not practical to measure the reference spectrum of a 

particular atmospheric trace gas.  The trace gas can be too reactive to light, or it 

may be too complicated to recreate the conditions of pressure and temperature 

in which it occurs.  Platt and Stutz (2008) suggest a way to overcome this 

problem by modeling its reference spectrum from a simulation of its absorption 

spectrum adapted for a given spectrometer. 
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The absorption spectrum of a trace gas is calculated from its absorption 

cross-section according to the Beer-Lambert law (Equation (1)).  The accuracy of 

this calculated spectrum is limited by the resolution of the absorption cross-

section.  An ideal resolution for this absorption cross-section is 10 to 100 times 

better than the resolution of the spectrometer (Platt and Stutz 2008).  Absorption 

cross-sections were downloaded from the HITRAN database (Rothman et al. 

2009). 

Modeling the Reference Spectrum of Nitrogen Dioxide Contained in a Glass Cell  

The following steps describe the simulation of the absorption spectrum of 

nitrogen dioxide contained in a glass cell, adapted for the S2000-TR2 

spectrometer: 

1. Choose an accurate absorption cross-section  for nitrogen dioxide: 

The absorption cross-section of nitrogen dioxide is strong dependent on 

temperature, and low dependency on pressure (Vandaele et al. 2003).  The 

cross-section was selected from Rothman et al. (1998) corresponding to a 

temperature of 294oK (very close to room temperature). 

Rothman et al. (1998) define the absorption cross-section  

(cm2/molecule) as 

ln
 

(46)
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where:  is the spectral transmittance (no units) at wavenumber  (cm-1),  is the 

column density at temperature  and pressure  (molecules cm-3), and  is the 

length of the optical path (cm). 

The following equation converts wavenumber to wavelength: 

nm
10,000,000

cm
 

(47)

The absorption cross-section of nitrogen dioxide at 294oK has the following 

characteristics: contains 27993 records, starts at 15001 cm-1 (666.57 nm), ends 

at 42002 cm-1 (238.08 nm), and has a vector resolution of 0.96 cm-1 (0.011 nm). 

Figure 13 shows the absorption cross-section of nitrogen dioxide used for 

the simulation. 

2. Simulate the absorption spectrum of nitrogen dioxide: 

The absorption spectrum is calculated according to Equation (1) for a 

known column  of nitrogen dioxide: 

e  (48)

where:  is a vector that contains values of the absorption spectrum of a 

trace gas (W cm-2 nm-1),  is constant (e.g.   =1) and  is a vector 

containing index values. 

The measurement of NO2 absorption in a glass cell is complicated by the 

presence of its dimer N2O4 (Vandaele et al. 1996).  A dimer is a molecule formed 

by the combination of two identical molecules. 
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Figure 13  Nitrogen dioxide absorption cross-section at 294oK 

The total pressure TOT inside the glass cell is given by 

TOT NO N O  (49)

where: NO  is the partial pressure of nitrogen dioxide, and N O  is the partial 

pressure of its dimer. 

Inside the glass cell, NO2 and N2O4 are always in equilibrium (Vandaele et 

al. 1998).  The equilibrium constant  is given by 

NO

N O
 

(50)

At 294oK, 78.38 torr (Vandaele et al. 1998). A torr is approximately 

equal to 0.0013 atm. 

If the total pressure inside the glass cell is set to 4 torr, then partial 

pressures of NO  and N O  are 3.81 and 0.19 torr respectively (Equation (49) 

and (50)). 

The number of moles of nitrogen dioxide  inside the glass cell is given by 
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NO
 

(51)

where:  is the volume of a glass cell (m3),  is the temperature (oK),.  is the 

gas constant (m3 atm oK-1mol-1), and NO  is expressed in atm. 

The volume occupied by the gas (in the case of a cylindrical glass cell) is 

given by 

π  (52)

where:  is the base radius (m), and  is the height (m). 

The known concentration of nitrogen dioxide inside a glass cell with 

0.0045 (m) and 0.15 (m) is 

1.98 10 mol 1.19 10 molec (53)

The length of the optical path  is calculated from the effective height of the 

glass cell 

15 cm (54)

3. Perform the convolution of the absorption spectrum  with the instrument 

function  : 

The convolved absorption spectrum  of nitrogen dioxide is calculated 

through Equation (28) 

∑

∑
 

Figure 14a shows the absorption spectrum of nitrogen dioxide, and Figure 

14b the resulting convolved spectrum. 
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Figure 14  a) Absorption spectrum of nitrogen dioxide.  b) Convolved absorption 
spectrum of nitrogen dioxide 

4. Transfer the convolved spectra to the wavelength-pixel mapping of the 

spectrometer: 

The convolved spectrum was transferred to the wavelength-pixel mapping 

of the spectrometer through equation (34) 

∑
Δ

 

 is the simulated absorption spectrum at pixel . Figure 15 shows the results 

of discretization.  This result is not limited by the maximum value (4100 counts) 

that the spectrometer can display. 

The following steps describe how to obtain the reference spectrum of 

nitrogen dioxide from the simulated absorption spectrum: 

1. Calculate the discrete optical density of nitrogen dioxide: 
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Figure 15  Simulated absorption spectrum of nitrogen dioxide 

The discrete optical density is given by 

ln  

Figure 16 presents the resulting discrete optical density. 

 

Figure 16  The discrete optical density of nitrogen dioxide 

2. Calculate the reference spectrum of nitrogen dioxide : 
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The reference spectrum of nitrogen dioxide is calculated by high-pass 

filtering the discrete optical density with a 5th order Savitzky and Golay filter.  

 is the resulting filtered optical density at pixel . 

 

 (55)

Figure 17a presents the simulated filtered optical density of nitrogen dioxide 

and Figure 17b presents its simulated reference spectrum. 

Figure 17  a) Simulated filtered optical density of nitrogen dioxide.  b) Simulated 
reference spectrum of nitrogen dioxide 

Modeling the Reference Spectrum of Stratospheric Ozone 

The following steps describe the simulation of the absorption spectrum of 

stratospheric ozone, adapted for the S2000-TR2 spectrometer: 

1. Choose an accurate absorption cross-section  for ozone: 

The absorption cross-section of ozone has a strong dependence on 

temperature, but is independent of pressure.  The cross-section was selected 
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from Rothman et al. (1998) according to the temperature at which stratospheric 

ozone normally occurs.  This is approximately 220oK (Craig 1950). 

The absorption cross-section of ozone at 220oK has the following 

characteristics: contains 5818 records, starts at 2916 cm-1 (342.88 nm), ends at 

40798 cm-1 (245.11 nm), and has a vector resolution of 2 cm-1 (0.016 nm). 

Figure 18 shows the absorption cross-section of ozone used to simulate the 

absorption spectrum of stratospheric ozone. 

 

Figure 18  Ozone absorption cross-section at 220oK 

2. Simulate the absorption spectrum of stratospheric ozone: 

The absorption spectrum is calculated according to Equation (1) for a 

known column  of ozone: 

e  (56)

where:  is a vector that contains values of the absorption spectrum of a 

trace gas (W cm-2 nm-1), and  is a vector containing index values. 
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There is no rule for selecting a value for .  For Denton, TX, It was set at 

300 Dobson units (DU).  1 DU is equal to 2.6868 10  molecules.  A DU refers 

to a column of ozone of 10  m under standard conditions of pressure and 

temperature. 

The length of the optical path  is calculated from the effective height of the 

ozone layer above sea level (Mory et al. 2001) 

26 0.1  km (57)

where:  is the latitude of the observing station.  The latitude of the EESAT 

building is 33.2136°, then 

22.67 Km 2.267 10 cm (58)

This value was not corrected for altitude at the observing station (218 m). 

The known concentration of ozone  is obtained by dividing the number of 

molecules in the expected total column (300 DU) by the volume occupied by that 

column above the observing station.  

Base Height  1 cm 2.267 10 cm 2.267  106 cm3 (59)

and 

300 DU
2.267   10  cm

8.06 10 molec.
2.267 10 cm

3.554 10 molec/cm  
(60)

One last requirement before computing the absorption spectrum is to find a 

high resolution spectrum of the Sun’s irradiance  .  This will ensure the 

correct calculation of this reference spectrum.  For this purpose, it was 

downloaded from the National Renewal Energy Laboratory website (2011) 



68 
 

Chance and Kurucz solar irradiance spectrum.  Its spectral resolution is 

approximately 0.01 nm at 300 nm.  Irradiance units are W m-2 nm-1.  Units were 

converted to W cm-2 nm-1 using slit area  (cm2). 

Figure 19a presents Chance and Kurucz solar irradiance spectrum.  It 

shows one of the major features of sunlight, the Fraunhofer absorption 

structures.  These structures are caused by light absorption in the solar 

atmosphere (Platt and Stutz 2008).  Figure 19b presents the absorption spectrum 

of ozone calculated through Equation (62). 

Figure 19  a) Solar irradiance spectrum (Chance and Kurucz).  b) Ozone 
absorption spectrum.  The solar irradiance spectrum was downloaded from the 

National Renewable Energy Laboratory (2011) 

3. Calculation of the optical density of ozone: 

With this step it can be decided whether a normal or an I0-corrected 

reference spectrum is needed.  The optical density of ozone in the ultraviolet 

region is calculated using a discrete version of Equation (15) 
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ln
ln

 

where: ln  is the broad part of ln , obtained by high pass filtering 

ln  with a Savitzky and Golay filter. 

Figure 20 presents the optical density of ozone in the UV region of the 

spectrum.  This figure suggests that an I0-corrected reference spectrum is 

needed.  At several wavelengths, the optical density of ozone approaches a 

value of one. 

 

Figure 20  Optical density of ozone in the ultraviolet region 

4. Perform the convolution of the absorption spectrum  with the instrument 

function  : 

The convolved absorption spectrum  of ozone is calculated through 

Equation (28) 
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∑

∑
 

Equation (28) is also applied to the solar irradiance spectrum   

∑

∑
 

where:  is the convolved solar irradiance spectrum.  Figure 21 shows the 

resulting convolved vectors. 

Figure 21  a) Convolved solar irradiance spectrum at airmass 0.  b) Convolved 
solar absorption spectrum of ozone 

5. Transfer both convolved spectra to the wavelength-pixel mapping of the 

spectrometer: 

These spectra were transferred to the wavelength-pixel mapping of the 

spectrometer through equation (34) 
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∑

Δ
 

 is the simulated absorption spectrum of ozone at pixel , and  

∑

Δ
 

 is the simulated solar irradiance spectrum at pixel . 

Figure 22 shows the results of discretization.  These spectra are not limited 

by the maximum value (4100 counts) that the spectrometer can display. 

Figure 22  a) Simulated solar irradiance spectrum.  b) Simulated absorption 

spectrum of ozone 

The following steps describe how to obtain the I0-corrected reference 

spectrum of ozone from the modeled absorption spectrum: 

1. Calculate the discrete optical density of ozone: 

The discrete optical density is given by 
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ln  

Figure 23 presents the resulting discrete optical density. 

2. Calculate the reference spectrum of ozone : 

The reference spectrum of ozone is calculated by high-pass filtering the 

discrete optical density with a 5th order Savitzky and Golay filter.   is the 

resulting filtered optical density at pixel . 

 

 

 

Figure 23  The discrete optical density of ozone 

Figure 24a presents the simulated filtered optical density and Figure 24b 

presents the simulated reference spectrum used to conduct the atmospheric 

observations of ozone. 
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Figure 24  a) Simulated filtered optical density of ozone.  b) Simulated reference 
spectrum of ozone 

Alignment of Reference Spectra 

To minimize the error due to misalignments between a measured 

differential optical density and a simulated reference spectrum  , it is 

necessary to develop an algorithm capable of recalculating the reference 

spectrum to a more appropriate wavelength to pixel mapping. 

These misalignments occur due to thermal changes in the spectrometer or 

to calibration errors in the absorption cross-sections (Platt and Stutz 2008).  This 

algorithm will shift and stretch/squeeze a reference spectrum along the 

wavelength axis by minimizing errors in the fit.  Although misalignment errors will 

only minimally change the measured concentration of a strong absorber, 

estimation of any weak absorbers present in the measured spectrum will not be 

feasible (Platt and Stutz 2008). 
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The wavelength to pixel mapping Γ  of the S2000-TR2 is given by a third 

order polynomial 

Γ :  
(61)

The reference spectrum  of each trace gas is initially mapped 

with Γ Γ .  Γ  is the original mapping of .  Because Γ  is a strong 

monotonous function, its inverse can be described as well by a polynomial (Platt 

and Stutz 2008) 

Γ :  
(62)

where:  represents the non-integer pixel number resulting from Γ .    are the 

coefficients of the inverse polynomial. 

More generally, the algorithm recalculates the reference spectrum  

(mapped with Γ ) several times until it is aligned with the measured discrete 

differential optical density  (mapped with Γ ) (Platt and Stutz 2008).   

represents the aligned reference spectrum. 

The alignment is achieved by performing a non-linear least square fit, which 

requires values for the first derivatives of .  Because  is a numeric 

vector, a way to calculate its derivatives is by using a polynomial approximation 

such as cubic spline interpolation (Platt and Stutz 2008).  The polynomial 

approximation of  is . 
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The alignment procedure will compute  (mapped with Γ ) by deriving 

 (mapped with Γ ) from  

, ,
 

(63)

Platt and Stutz (2008) suggest combining Γ  and Γ  to avoid the calculation 

of  .  Then a new polynomial relates  to  using coefficients   

 
(64)

Now, Equation (64) can be rewritten as 

with ,  
(65)

which has the advantage that if all ,  are zero, then the reference spectrum 

 is aligned with the discrete differential optical density  (Platt and Stutz 

2008). 

The Non-Linear Least Square Fit 

The spectral alignment of  with  is achieved through an iterative 

algorithm that fits the values of  to the model structure , , , , , , . . , 

which is non-linear in the parameters  , , , , … .  The parameters of this model 

are selected by minimizing an objective function   that takes into account the 

model residuals   

, , ,  (66)

The objective function usually takes the form 
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1
 

(67)

where:  is the number of data points to fit into the model. 

There are several non-linear fitting methods that will solve this problem.  

Platt and Stutz (2008) suggest using any of the following iterative methods: the 

Gradient, Gauss-Newton or Levenberg Marquardt (L-M).  The L-M method 

combines the Gradient and the Gauss Newton method, resulting in a more stable 

algorithm that converge faster than individuals methods (Platt and Stutz 2008).  

For this reason it was chosen the L-M method for designing this algorithm. 

The L-M method calculates a new set of parameters  at iteration   

 (68)

where: , , , , …
T
 is a vector of parameters,   is the step matrix, 

 is the second derivative of  

T  (69)

and T  is the transpose of the Jacobian . 

The Jacobian represents the matrix of the derivatives of  with respect to 

the model parameters  , , and is given by: 

, , ,…

 
(70)

The L-M method calculates  in the following way: 

 (71)
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where:  is a parameter chosen to produce a rapid convergence of the algorithm, 

and  

0.5 T  (72)

 is the Hessian of . 

The following steps describe in detail the wavelength alignment algorithm 

(Figure 25) of one trace gas: 

1. Construct the vector of parameters : 

,

,
 

2. Interpolate  to  using cubic spline interpolation: 

 
, ,

 

and 

 

where: , ,  and  are the coefficient of a cubic spline, and  is defined 

as 

, ,  

=0 at , and =1 at 1 . 

3. Calculate the Jacobian: 

,
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Figure 25  Overview of the alignment algorithm 

The first derivative of the residuals with respect to ,  is  

,
0 0

, ,
 

where: 
,
 is the internal derivative of  with respect to , , and is given by 

,
1 0 1 

yielding 

Start 

End 

 

Calculate the Jacobian  

Transfer  and  to the analysis W-P

Calculate the Hessian  

Interpolate  to  using cubic spline

Calculate ,  and 

Calculate the Step matrix  

, , ,
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,
 

The first derivative of the residuals with respect to ,  is 

,
0 0

, ,
 

where: 
,
 is the internal derivative of  with respect to , , and is given by 

,
0 1  

yielding 

,
 

4. Transfer  and  to the wavelength pixel Γ : 

 

                                
 

5. Calculate , ,and : 

 

1
 

T   

6. Calculate the Hessian: 

T  

7. Calculate the step matrix : 

 

where: 0.5 .  If 1 then set 1 0.001. 
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8. Calculate a new vector of parameters: 

 

If 1  then reject  and increase  by a factor of 5; 

otherwise accept  and decrease  by a factor of 5. 

Total Error in a Measurement 

Once the algorithm aligns spectrally  to , the last step retrieves 

the total error ΔTOT of a measured scale coefficient . The total error ΔTOT  

consist of two parts: Δ ,  the error derived from the linear fit; and Δ ,the 

error in  attributable to the error Δ ,  in the spectral alignment. 

Calculation of ,  

Press et al. (1992) suggest the following steps to calculate a joint 

confidence region derived for non-linear regression parameters: 

1. Set  as the number of parameters of the non-linear fit.   =2 

(Δ , , Δ , . 

2. Set  as the desired level of confidence.  0.95. 

3. Find Δ, the probability of a  with  degrees of freedom being less than Δ 

is .   6.17. 

4. The covariance matrix of the non-linear fit is: 

0.5  

5. Invert the covariance matrix: 
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^ 1  

6. The equation of the elliptical boundary for the desired confidence region 

is: 

∆ ∆ ∆  (73)

where: ∆ ∆ , , ∆ ,
T
, and 

∆ , ∆ , ∆ , ∆
∆ , ∆ , ∆ , ∆

 
(74)

7. Solve the system of equations (74) for ∆ ,  and ∆ , . 

Calculation of  

Platt and Stutz (2008) suggest the following steps to calculate the error 

attributable to the error in the spectral alignment for one reference spectrum: 

1. Set = . 

2. Shift and squeeze/stretch  according to: 

∆  

∆ ∆ , ∆ ,  

(75)

to yield   and  .  ∆  is the error of the position of pixel . 

3. Transfer    and   to the wavelength pixel mapping Γ . 

4. Perform a linear fit to measure the influence of spectral alignment on  to 

yields .  and . 

5. Define: 
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Φ Δ  (76)

and 

Φ Δ  (77)

Φ Δ  represents the change on  due to   . 

6. The influence of the alignment error of    on  is: 

Φ , Δ
1
2

Φ , Δ Φ , Δ  
(78)

7. The error in the spectral alignment is: 

Δ Φ , Δ  (79)

8. Assuming that Δ  is independent of ∆ , the total error in a 

measurement is: 

|ΔTOT | ∆ Δ
/

 
(80)
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ATMOSPHERIC MEASUREMENTS OF OZONE AND NITROGEN DIOXIDE 

In this chapter differential optical absorption spectroscopy (DOAS) is put 

into practice to conduct atmospheric observations of stratospheric ozone and 

nitrogen dioxide.  The first section addresses two methods that are required to 

interpret DOAS observations: calculation of the air mass factor (AMF), and 

correction of the Fraunhofer absorption structures, which is based on the air 

mass factors.  The second section presents a modified version of Nebgen’s 

automation algorithm (Nebgen 2006) that implements the DOAS approach.  

Nebgen’s implementation of classical absorption spectroscopy (CAS) is kept 

without modification.  The third section is focused on ozone measurements.  

Observations from April 2011 to August 2011 are presented.  It also includes an 

evaluation of total column ozone measurements derived from CAS and DOAS 

and a comparison with satellite data.  The last section explores the possibility of 

measuring nitrogen dioxide with Nebgen’s instrument.  It was found out that the 

instrument is not suitable for these measurements, and the reason is explained. 

Algorithm for Atmospheric Observations 

The interpretation of DOAS measurements derived from the analysis of 

direct sunlight requires the implementation of two methods: calculation of the 

AMF, and the removal of the Fraunhofer absorption structures. 
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Air Mass Factor (AMF) 

Classical absorption spectroscopy is based on the knowledge of the 

absorption optical path.  For measurements derived from direct sunlight, the AMF 

describes how this path varies due to the movement of the Sun in the sky. 

Two variables determine the Sun’s position: the solar zenith angle (SZA) 

and the solar azimuth angle (SAA).  The SZA is defined as the angle between 

the zenith and the Sun’s position; the SZA is 0 degrees when the Sun is in the 

zenith and 90 degrees when is on the horizon.  The SAA is defined as the 

angular distance along the horizon to the Sun’s position; the SAA is 0 degrees 

when the Sun is in the north, and increases clockwise. 

Two terms are commonly used to describe the observation of a trace gas: 

the slant column density (SCD), and the vertical column density (SCD); visually 

depicted in Figure 26. 

 

Figure 26  Terms used to describe the atmospheric observation of a trace gas 

The SCD is defined as the concentration of a trace gas  integrated 

through the light path  in the atmosphere (Platt and Stutz 2008) 
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SCD  
(81)

The VCD is defined as the concentration of a trace gas vertically 

integrated through the entire atmosphere (Platt and Stutz 2008) 

VCD  
(82)

The AMF is defined as the ratio between the SCD and the VCD (Platt and 

Stutz 2008) 

AMF
SCD
VCD

 
(83)

If neglecting the Earth’s curvature and refraction in the atmosphere, then 

the AMF is given by (Platt and Stutz 2008) 

AMF
1

cos SZA
 

(84)

Equation (84) can be used for values of SZA below 75o. 

Correction of Fraunhofer Absorption Structures Based on AMFs 

Fraunhofer absorption structures (Figure 19a) pose a challenge to the 

spectral analysis conducted with any ground based passive DOAS instrument.  

These structures cannot be measured from a ground based instrument, and they 

are several times greater than those of any atmospheric trace gas (Platt and 

Stutz 2008).  However, some situations offer an opportunity to remove them from 

a measured spectrum. 

To remove Fraunhofer absorption structures from a measured solar 

spectrum, Platt and Stutz (2008) propose taking the ratio between a measured 
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spectrum and one that shows no trace gas absorption.  Platt and Stutz call this 

spectrum the Fraunhofer reference spectrum. 

Unfortunately for many atmospheric trace gases, including ozone, this is not 

completely possible.  For these situations Platt and Stutz propose an alternative 

approach relying on the choice of a Fraunhofer reference spectrum where trace 

gas absorption is small.  For stratospheric trace gases, the Fraunhofer reference 

spectrum is usually chosen as the one measured at minimum SZA, which 

happens at solar noon. 

The ratio between a spectrum taken at sunset and the Fraunhofer reference 

spectrum contains only absorption structures, whereas the ratio between a 

spectrum taken close to noon and the Fraunhofer reference spectrum is made up 

of spectral noise.  However this method poses a new problem: it also removes all 

absorption structures of any trace gas that is present in the Fraunhofer reference 

spectrum (Platt and Stutz 2008).  This means that is not possible to directly 

derive the SCD from a measurement.  Instead this method produces what is 

called the differential slant column density (DSCD), the difference between an 

SCD of an spectrum taken at a high solar zenith angle (SZA2) and the SCD of 

the Fraunhofer reference spectrum taken at SZA1 (Platt and Stutz 2008) 

DSCD SCD SZA SCD SZA  (85)

where: SCD SZA  and SCD SZA  are unknown. 
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If a trace gas remains relatively constant in time during the day, such as 

stratospheric ozone, then Equation (85) can be rewritten as (Platt and Stutz 

2008) 

DSCD AMF VCD AMF SCD 0  (86)

Plotting Equation (86) for several AMFs and DSCDs results in a line whose 

slope is the VCD, and whose intercept is the SCD, at airmass 0 (Figure 27).  

Therefore, for ozone, the VCD and the SCD 0  can be derived from linear 

regression with the AMF as predictor variable, and the DSCD as the dependent 

variable.  I refer to this plot as a DOAS Langley plot. 

 

Figure 27  A DOAS Langley plot 

The known column  used to simulate the reference spectrum relates 

the DSCD to the scale coefficient 

DSCD AMF AMF  (87)

where: AMF  is the scale coefficient for trace gas m at the current AMF. 
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The DOAS Main Analysis Algorithm 

This algorithm (Figure 28) implements both methods introduced in the 

previous section to correct all spectra measured within a day from Fraunhofer 

absorption structures.  This algorithm was coded using R scripts (Appendix B). 

 

Figure 28  The DOAS main analysis algorithm 
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This algorithm runs at the end of every day after all spectral files have been 

stored into a folder for that day (“today’s folder”). 

The following steps constitute the DOAS main analysis algorithm: 

1. Definition of constants: Integration time, day, daylight saving time (DST), 

and folder name. 

Integration time is specified by the user.  It must match the value specified 

in the spectrometer configuration.  Day and DST are retrieved from the file 

‘day.csv’ located in the ‘DOAS’ folder.  Day serves to locate today’s folder, which 

contains the spectral files required by the DOAS main analysis algorithm.  DST 

specifies the difference in hours between Universal Time and Central Time.  This 

ensures the correct calculation of AMFs whether daylight savings is in effect or 

not. 

2. Retrieve today’s set of spectral files: 

This step retrieves information about files stored in today’s folder.  The 

script stores file name and time attributes.  Names are stored in a vector.  File 

time attributes are used to create matrix Z, which contains the following 

information: Hour in which a spectral file was recorded, Minute in which a 

spectral file was recorded, Solar elevation HH:MM, AMF at HH:MM.  Matrix Z 

contains one row per spectral file read.  The solar elevation angle is estimated 

according to NOAA Earth System Research Laboratory (2011). 

If the number of spectra files (nTot) is less than 10, the algorithm aborts 

producing no result. 
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3. Read every spectral file stored in today’s folder:  

In this step the user sets the analysis window, which is the portion of the 

spectrum that will be stored for the analysis.  This serves to dimension all 

temporal vectors that will be used later in the analysis.  The size of these vectors 

is nWI. 

After that, the script reads every spectrum correcting them for background 

signal.  Resulting spectra are stored in a matrix S with nTot+1 columns and nWl 

rows.  The additional column stores wavelength values. 

The script selects from this matrix only those columns that have a strong 

signal in it.  If a column is removed, its associated row in matrix Z is also 

removed. 

4. Filter noise from every spectrum: 

The script applies a Savitzky and Golay filter (Press et al. 1992) to remove 

instrument noise from every stored spectrum.  This filter removes those 

structures that vary faster than those found in the reference spectra.  Although a 

Savitzky and Golay filter is not included in the R installation, its R code is 

available on the internet.  This algorithm implements Borcher’s script (2004), 

which is coded according to Press et al. (1992). 

5. Determine the Fraunhofer reference spectrum: 

The Fraunhofer reference spectrum is the one recorded at minimum SZA.  

The script determines which column in matrix S is the Fraunhofer reference, 

using the AMF stored in matrix Z. 
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6. Divide all spectra by the Fraunhofer reference spectrum: 

The script divides every spectrum by the Fraunhofer reference spectrum.  

Then it removes from analysis the column associated with the Fraunhofer 

reference spectrum.  It also removes its corresponding AMF value from matrix Z. 

7. Calculate the differential optical density (DOD) for every spectrum: 

First the script calculates the natural logarithm of every spectrum.  To avoid 

a failure in the algorithm, the script sets to 0.0001 any resulting value that is less 

than 0.  Then the script separates the resulting spectrum into its broad and 

narrow parts.  The narrow part represents the measured DOD.  The script stores 

these for further analysis. 

8. Apply the DOAS analysis procedure to every DOD: 

The script applies the DOAS Analysis Procedure (Figure 12) to every 

measured DOD.  Resulting scale factors  are stored in a vector. 

9. Calculate the VCD from linear regression: 

Using linear regression the algorithm derives the VCD and the SCD 0  using 

scale factors  and calculated AMFs. 

10. Output the results: 

The script stores daily results in a file called ‘data.csv’ located in the DOAS 

folder.  The stored value format is “YYYY-MM-DD, observed value”. 

The Automation Algorithm 

To conduct the atmospheric observation of a trace gas, DOAS requires the 

measurement of several solar spectra recorded at different AMFs.  Although a 
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user can perform this task, an automated solution is preferable.  A simple and 

convenient way to do this is by adding extra functionality to the automation 

algorithm developed by Nebgen (2006).  This also provides an opportunity to 

derive, using the same equipment, total column (TC) ozone amounts from DOAS 

and Nebgen’s CAS algorithm. 

In summary, Nebgen’s automation algorithm positions a collimating lens 

until it faces the Sun.  Then, it commands the spectrometer software, 

OOibase32, to record measurements of the solar spectrum at 4 different 

wavelengths.  Nebgen developed this algorithm at two levels of functionality:  a 

low level in Turbo Basic (TB), and a high level in AutoIt.  AutoIt is software for the 

automation of user’s commands, and mimics user’s keystrokes to manage 

Windows applications.  Low level functions implement two tasks: control the pan 

and tilt unit, and perform TC ozone calculations (CAS).  High level functions 

accomplish two tasks: command OOibase32 to record a solar spectrum at 4 

different wavelengths and couple the spectrometer software with a TB script to 

automatically position a collimating lens at the Sun’s maximum intensity. 

The following steps describe the automation algorithm (Figure 29).  New 

functionality is highlighted with an asterisk.  This script is coded in AutoIt 

(Appendix C). 

At the starting moment: 

1. Constants definition*: 
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Figure 29  The automation algorithm 
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This step sets: times to start/stop measurements, and folder names where 

TB and OOibase32 are located. 

A counter (FileCounter) can be set at this time to avoid overwriting any 

previously saved spectrum. 

At the beginning of every day of measurements: 

2. Run programs*: 

This step runs an R script that stores the following information in 

“day.csv”: Day (“YYYY-MM-DD”), and the difference in hours between Central 

and Universal Time.  It also starts OOibase32 and TB. 

Every five minutes, during a day of measurements: 

3. CAS procedure: 

This step executes the original Nebgen’s CAS script (Nebgen 2006).  There 

are two modes to run this script, calibration and measure ozone.  Calibration 

mode is intended for collecting Langley data, but it also computes observed 

ozone amounts.  Measure ozone mode is intended for daily use, it applies a 

smoothing technique to derived TC ozone amounts.  In calibration mode, the 

script collects four independent sets of data.  In ozone measure mode, the script 

collects ten independent sets of data, removes outliers and averages remaining 

data. 

4. Measure a solar spectrum*: 
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The script commands the pan and tilt unit until it faces the Sun (Nebgen’s 

auto fine positioning scrip), then commands OOibase32 to record a solar 

spectrum.  The name of every recorded spectral file is composed of two parts: A 

default string set by the spectrometer software, and a Filecounter.  At each 

iteration, this counter is set based on the number of spectra previously recorded.  

The script doesn’t calculate or store information about AMF, the DOAS main 

analysis algorithm derives this value later by reading the file attributes of each 

spectral file. 

At the end of a day of measurements: 

5. Close programs*: 

The script closes TB and the OOIBase32.  It also moves to today’s folder 

the following files: all recorded spectral files, and ‘o3data’ created by Nebgen’s 

CAS algorithm. 

6. Run the DOAS main analysis algorithm*: 

The script starts R to run the DOAS main analysis algorithm.  Depending on 

the number of spectra collected in a day, this step could take from ten minutes up 

to one hour.  After two hours the script closes R. 

7. Send results to the Texas environmental observatory (TEO)*: 

This script sends results through FTP to sensorweb.cse.unt.edu, which is 

part of the TEO infrastructure. 

The script waits until the next starting hour. 
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Measuring Atmospheric Ozone 

Although DOAS offers a methodology for deriving the concentration of 

several trace gases whose absorption structures are present in a measured solar 

spectrum, failure to include just one of these gases in calculations yields a biased 

result.  Fortunately, not many trace gases show strong absorption in the same 

portion of the spectrum, and due to DOAS popularity many of these portions are 

now well defined. 

Atmospheric ozone shows strong absorption in the UV portion of the 

spectrum, however it is not the only one to do so.  Other gases such as nitrogen 

dioxide, sulfur dioxide, bromine and formaldehyde also absorb in this portion of 

the spectrum.  Nonetheless, there is an ideal portion (analysis window) for 

ozone, in the 315-330 nm range.  Here ozone is the main absorber, while other 

gases shows very little or no absorption.  The analysis window must be set in the 

DOAS main analysis algorithm. 

Other settings that need to be set in the algorithm are: integration time, 

scan to average, starting hour, and stopping hour.  Integration time is set 

according to the maximum intensity that the spectrometer can register.  This can 

be done at noon of any clear summer day.  Once integration time is set, the user 

can decide on a value for the scan to average.  A higher value is always desired, 

but this is limited by the maximum time that the collimating lens faces the Sun.  

This time is approximately 6 seconds.  Starting hour and stopping hour are 
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preferably set to values where the elevation of the Sun in the sky is not less than 

25o (Equation (84)). 

Evaluation of Ozone Measurements  

To test the DOAS main analysis algorithm, daily measurements of the 

Sun’s spectra started in early January.  These measurements were used to 

decide on the best spectrometer settings, and to detect any potential problems in 

the main analysis algorithm. 

The first issue detected was a disagreement between any measured DOD 

and the reference spectra, caused by not taking into account spectrometer 

discretization into the simulation of reference spectra.  The second issue 

detected was related to the background signal of the spectrometer.  It was 

incorrectly assumed that because the spectrometer was housed in a room with 

controlled temperature, the background signal will be kept constant during 

measurements.  Any measured DOD recorded before April was discarded 

because its corresponding background signal was not measured. 

In the testing process it was decided to use a one-stage optical block 

instead of a dual-stage, as Nebgen originally proposed.  The purpose of this 

dual-stage optical block is to attenuate the effect of stray light .The spectrometer 

grating focuses onto a mirror only a portion of the spectrum for which it was 

designed.  The portion left out (stray light) strikes the spectrometer interior walls, 

and if not properly filtered, impacts the current measurement.  Using a one-stage 
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filter the impact of stray light over the spectrum happens below 280 nm, far below 

the minimum wavelength in the analysis window. 

Using a one- stage filter has a definite advantage; integration time can be 

set to a lower value while scan to average can be set higher.  This reduces the 

effect of instrument noise in measurements.  For this testing the best 

spectrometer settings were: integration time 30, scan to average: 75 scans. 

Finally, one last aspect is left for discussion, what is the best approach to 

validate results derived from the DOAS main analysis algorithm.  In this regard, 

data derived from the ozone mapping instrument (OMI) have been proved to be 

one of the best references.  OMI is NASA’s replacement for the total ozone 

mapping spectrometer (TOMS). 

To validate results, between total column  (TC) ozone values derived from 

OMI (Level 3 TOMS algorithm) and DOAS, two assumptions must hold: the TC 

ozone must not vary during the day of analysis, and the TC ozone reported by 

OMI at the nearest location to the observing station must be equal to the TC 

above the observing station.  OMI data Level 3 consist of a global grid whose 

spatial resolution is 1-arc second squared.  This minimum spatial resolution is 

several times greater than the area of the sky analyzed by this ground based 

instrument. 

Since 2009 wide strips of bad data have been appearing on OMI data 

(NASA 2009).  These strips affect the same location about every 2 to 4 days, 

which implies that for some days and locations OMI data is not available.  Under 
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these circumstances, is preferable to obtain OMI’s TC ozone above the 

observing instrument using a nearest neighbor approach.  This instrument 

(Nebgen’s automated total column ozonemeter) is located at 33.2oN and 97.2oW.  

The nearest point that OMI reports, is located at 33.5oN and 97.5oW. 

Table 7 presents a comparison of TC ozone derived from OMI and DOAS, 

for April 2011.  Columns in this table are: Day of measurements, OMI TC in DU, 

DOAS TC in DU, DOAS percentage difference with OMI (d), DOAS absolute 

percentage difference with OMI (| |), DOAS std is the standard deviation of TC 

ozone measured during a day (DU),  DOAS percentage daily change 

( .  DOAS percentage daily change is only presented for continuous days. 

Table 7  Comparison of OMI, and DOAS, April 2011 

Day OMI DOAS

TC TC  | | std  
2011-04-05 292 283 3 3 2 -7 
2011-04-06 290 302 -4 4 4 3 
2011-04-07 295 293 1 1 4 4 
2011-04-08 277 280 -1 1 4 8 
2011-04-09 259 5  
2011-04-11 306 3 9 
2011-04-12 280 277 1 1 2 -4 
2011-04-13 287 3 -18 
2011-04-14 315 339 -8 8 6 -6 
2011-04-15 343 360 -5 5 2 8 
2011-04-16 330 3 11 
2011-04-17 308 295 4 4 3 -8 
2011-04-18 307 319 -4 4 6 6 
2011-04-19 300 301 0 0 10  
2011-04-28 296 287 3 3 2 3 
2011-04-29 278 3  
Averages 300 300 0 3 4 0 
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As of April 19-2011, it was decided to put back into operation Nebgen’s 

CAS algorithm.  This was supposed to undo changes made to Nebgen’s original 

optical block design.  To DOAS, changing to a dual-stage filter meant that new 

values for integration time and scan to average were required.  The dual-stage 

design considerably reduces light intensity at the couple-charged device (CCD) 

detector.  But it also confirmed that the maximum intensity values measured at 

the CCD detector are just below saturation levels, as Nebgen’s CAS design 

requires.  To compensate for this change the new spectrometer settings for the 

DOAS main analysis algorithm were changed to: 307 ms (integration time), and 

20 scans (scans to average). 

Contrasting to DOAS, and depending on light intensity levels, Nebgen’s 

CAS algorithm derives a TC ozone measurement in less than a minute.  A large 

proportion of the elapsed time is dedicated to positioning the collimating lens.  As 

ozone remains constant during a day, the statistical behavior of these 

measurements can be estimated.  A good estimation of this behavior is achieved 

if the automation algorithm is set to repeat measurements every five minutes.  As 

previously stated, in calibration mode, the CAS algorithm produces four sets of 

independent measurements at each iteration of the automation algorithm. 

Table 8, 9, 10 and 11 present a comparison of TC ozone derived from OMI, 

DOAS and CAS for the corresponding months of May, June, July, and August 

2011.  In these tables, CAS TC represents average TC ozone measured during a 

day (DU).  CAS std is the standard deviation of TC ozone measured during a day 
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(DU).  Lower values of CAS std were obtained on clear days, whereas higher 

values were obtained on cloudy to overcast days.  They also present CAS 

percentage difference with OMI (d), CAS absolute percentage difference with 

OMI (| |), CAS percentage daily change ( .  CAS percentage daily change is 

only presented for continuous days. 

 

Table 8  Comparison of OMI, DOAS and CAS, May 2011 

 

Day OMI DOAS CAS 
TC TC  | | std TC  | | std 

2011-05-03 304 295 3 3 3 4 302 1 1 70 1

2011-05-04 295 282 4 4 2 300 -2 2 51

2011-05-07 298 289 3 3 3 0 285 4 4 70 4

2011-05-08 290 289 0 0 3 0 273 6 6 70 1

2011-05-09 292 288 1 1 6 270 8 8 85

2011-05-14 318 306 4 4 1 2 319 0 0 55 0

2011-05-15 300 2 318 54

2011-05-16 308 284 8 8 2 -1 296 4 4 36 -2

2011-05-19 305 287 6 6 15 301 136

2011-05-21 295 303 -3 3 3 3 322 -9 9 207
-

30

2011-05-22 294 16 418 349

2011-05-24 300 306 -2 2 5 -4 349 -16 16 249 12

2011-05-25 311 319 -3 3 4 3 308 1 1 42 1

2011-05-26 304 308 -1 1 2 3 306 -1 1 42 8

2011-05-27 298 3 3 281 70 -4

2011-05-28 297 289 3 3 5 -2 293 1 1 121 0

2011-05-29 302 296 2 2 4 3 292 3 3 83
-

21

2011-05-30 301 288 4 4 10 -5 354 -18 18 352 7

2011-05-31 301 4 328 199

Average 301 296 2 3 5 1 311 -1 5 123 -2 
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Table 9  Comparison of OMI, DOAS and CAS, June 2011 

 

Day OMI DOAS CAS 
TC TC  | | std  TC  | | std  

2011-06-01 294 2 -2 270 52 -6

2011-06-02 289 299 -3 3 5 -5 285 1 1 101 -3

2011-06-03 315 3 293 116

2011-06-06 307 311 -1 1 4 5 300 2 2 58 7

2011-06-07 295 4 8 280 56 4

2011-06-08 290 271 7 7 4 270 7 7 56

2011-06-13 284 260 8 8 4 -13 277 2 2 59 4

2011-06-14 293 4 3 265 121 -7

2011-06-15 303 284 6 6 10 6 284 6 6 59 -1

2011-06-16 298 267 10 5 5 -14 287 4 4 58 2

2011-06-17 293 305 -4 4 3 4 281 4 4 66 3

2011-06-18 288 292 -1 1 3 -7 272 6 6 126 -7

2011-06-19 311 5 1 292 42 -13

2011-06-20 310 307 1 1 4 -10 331 -7 7 162 1

2011-06-21 321 338 -5 5 4 5 329 -2 2 106 4

2011-06-22 306 322 -5 5 3 0 317 -4 4 86 7

2011-06-23 321 4 5 296 62 2

2011-06-24 298 304 -2 2 4 -2 291 2 2 95 -4

2011-06-25 289 310 -7 7 4 1 304 -5 5 132 11

2011-06-26 308 5 7 271 85 0

2011-06-27 287 287 0 0 5 2 271 6 6 76 0

2011-06-28 291 282 3 3 2 271 7 7 24

2011-06-30 296 3 285 61

Average 297 299 0 4 4 0 288 2 4 81 0
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Table 10  Comparison of OMI, DOAS and CAS, July 2011 

 

Day OMI DOAS CAS 
TC TC  | | std  TC  | | std  

2011-07-01 295 290 -2 2 6 -1 288 2 2 96 -9

2011-07-02 303 292 -4 4 3 1 315 -4 4 59 -1

2011-07-03 302 288 -5 5 3 -1 319 -6 6 64 2

2011-07-04 296 291 -2 2 3 -3 314 -6 6 71 13

2011-07-05 300   3 1 273     30 -11

2011-07-06 298 296 -1 1 2 -6 303 -2 2 91 1

2011-07-07 309 315 2 2 2 4 301 3 3 39 0

2011-07-08 297 303 2 2 8 2 301 -1 1 101 1

2011-07-09 297   2 -6 297     91 1

2011-07-10 315 315 0 0 3 -5 295 6 6 25 0

2011-07-11 302 332 10 10 7 13 296 2 2 58 2

2011-07-12 289   3 -3 290     87 8

2011-07-13 289 299 3 3 3 0 268 7 7 22 -2

2011-07-14 299   3 1 273     29 -5

2011-07-15 294 296 1 1 3 3 288 2 2 97 7

2011-07-16 287   2 1 269     50 -4

2011-07-17 297 285 -4 4 3 -2 280 6 6 70 -4

2011-07-18 302 292 -3 3 3 3 290 4 4 55 11

2011-07-19 285 284 0 0 3 -6 258 9 9 36 -18

2011-07-20 294 301 2 2 3 0 304 -3 3 132 6

2011-07-21 300   2 0 286     42 1

2011-07-22 296 299 1 1 3 2 282 5 5 61 1

2011-07-23 294   2 1 279     110 1

2011-07-24 289 291 1 1 2 4 276 4 4 27 1

2011-07-25 278   3 -4 274     40 -5

2011-07-26 295 290 -2 2 3 -3 288 2 2 39 2

2011-07-27 299 300 0 0 2 -1 281 6 6 43 -1

2011-07-28 304 3 4 283 37 -4

2011-07-29 293 293 0 0 2 0 295 -1 1 101 6

2011-07-30 295 293 -1 1 1 -4 276 6 6 85 -4

2011-07-31 295 304 3 3 3 288 2 2 139

Average 297 297 0 2 3 0 288 2 4 65 0
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Table 11  Comparison of OMI, DOAS and CAS, August 2011 

 

Day OMI DOAS CAS 
TC TC  | | std  TC  | | std  

2011-08-01 318 4 -1 291 48 -4
2011-08-02 294 322 10 10 4 6 303 -3 3 122 1
2011-08-03 303 304 0 0 4 3 299 1 1 53 -1
2011-08-04 303 296 -2 2 3 0 302 0 0 46 -1
2011-08-05 297 0 0 3 5 304 -2 2 26 3
2011-08-06 281 3 296 28
2011-08-08 293 287 -2 2 2 -1 275 6 6 35 -3
2011-08-09 292 291 0 0 4 -1 284 3 3 38 -2
2011-08-10 294 1 1 291 42 -2
2011-08-11 291 291 0 0 5 0 298 -2 2 115 6
2011-08-12 291 290 0 0 6 281 3 3 40
2011-08-14 288 281 -2 2 2 -2 279 3 3 38 -4
2011-08-15 288 3 0 291 94 1
2011-08-16 281 289 3 3 4 -7 287 -2 2 60 2
2011-08-17 309 3 6 282 73 -5
2011-08-18 285 291 2 2 3 -3 295 -4 4 54 3
2011-08-19 291 300 3 3 3 7 285 2 2 102 -6
2011-08-20 288 279 -2 3 3 -3 302 -5 5 119 4
2011-08-21 293 286 -2 2 3 -4 291 1 1 76 0
2011-08-22 298 4 291 64

 Average 292 295 0 2 4 0 291 0 3 64 -1
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Figure 30a presents a summarized comparison of TC ozone derived from 

OMI, DOAS and CAS for the months of April, May, June, July, and August 2011.  

Figure 30b presents their respective percentage difference with OMI.  Although a 

conclusion may be drawn about the performance of DOAS and CAS from these 

figures, it wouldn’t explain the observed differences.  A closer look at the 

behavior of measurements taken within a day is required. 

a) b) 

Figure 30  a) Comparison of OMI, DOAS and CAS.  b) Percentage difference 
with OMI 

Evaluation of Daily Measurements Derived from DOAS  

Because DOAS derives TC ozone from a DOAS Langley plot, its evaluation 

consists of two parts:  the error analysis of a measured DSCD and the error 

analysis of a daily Langley Plot. 

However, before presenting an evaluation of daily performance, the validity 

of the simulated ozone reference spectrum must be checked.  Figure 31a 
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presents a comparison of a measured DOD with the simulated ozone reference 

spectrum.  The DOD was derived from a solar spectrum recorded on 2011-04-

05, 8.45 AM Central Daylight Savings Time (CDT).  Figure 31a presents both 

curves prior to alignment.  Figure 31b presents curves after alignment.  The 

resemblance of the DOD to the simulated reference spectrum confirms the 

validity of the simulations.  It also confirms that no other trace gas has strong 

absorption within the selected analysis window (315-330 nm). 

a) b) 

Figure 31  Comparison of a measured DOD with the simulated ozone reference 
spectrum.  The DOD was derived from a solar spectrum recorded on 2011-04-
05, 8.45 AM CDT, AMF 3.36, at 30 ms and 75 averages.  a) Prior to alignment.  

b) Aligned 

The scale coefficient derived from this DOD is 

2.866 0.010 DU/DU  

Alignment coefficients are 

, 1.179 0.250 (nm), and , 0.016 0.003  nm/pixel  
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Errors derived by DOAS are 

Δ  =0.031 and |ΔTOT | 0.032 

The total error in this measurement represents approximately 1.1% of the 

DSCD.  As can be seen, the major uncertainty is caused by the alignment 

process. 

Three days were selected from Tables 7-9, to present the daily evaluations 

of DOAS.  The first day, April 12, 2011 was chosen for two reasons: the 

difference between DOAS and OMI is 3%, which corresponds to the monthly 

average difference found between DOAS and OMI, and the solar spectrum was 

recorded using a one-stage filter.  The second day, June 28, 2011, was chosen 

to show that using a dual-stage filter doesn’t have any negative effect on DOAS 

measurements.  The last day, June 16, 2011, was chosen because on this day 

the difference with OMI was 10%, far above the observed monthly difference. 

Figure 32a presents the DOAS Langley plot for April 12, 2011.  Figure 32b 

presents a comparison of a selected DOD with the simulated reference 

spectrum.  The DOD was derived from a solar spectrum recorded at 8.54 AM 

CDT.  Figure 32a confirms assumption 1, ozone remained constant throughout 

the day.  No differences between morning and afternoon values were detected.  

Figure 32b shows that on this day the simulated reference spectrum was a good 

approximation to the measured DOD. 
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a) b) 

Figure 32  a) DOAS Langley plot for 2011-04-12.  b) Comparison of a measured 
DOD with the simulated ozone reference spectrum.  The DOD was derived from 

a solar spectrum recorded at 8.54 AM CDT, AMF2.57, at 30 ms and 75 
averages 

Ozone VCD derived for April 12, 2011 from this DOAS Langley plot is 277 

DU; its standard deviation is 1.2 DU.  TC ozone derived from OMI is 280 DU.  On 

this day assumption 2 holds. 

The scale coefficient derived from this DOD is 

1.339 0.000 DU/DU  

Alignment coefficients are 

, 1.012 0.538 (nm), and , 0.007 0.008  nm/pixel  

Errors derived by DOAS are 

Δ  =0.015 and |ΔTOT | 0.015 

The total error in this measurement represents approximately 1.1% of the 

DSCD. 
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Figure 33a presents the DOAS Langley plot for April 28, 2011.  Figure 33b 

presents a comparison of a selected DOD with the simulated reference 

spectrum.  The DOD was derived from a solar spectrum recorded at 9.16 AM 

CDT.  Figure 33a confirms that adding a second filter did not significantly change 

the performance of DOAS.  It also shows that ozone remained constant 

throughout the day.  No differences between morning and afternoon values were 

detected.  Figure 33b shows that on this day the simulated reference spectrum 

was still a good approximation of the measured DOD; however, instrument noise 

becomes more evident on the DOD. 

a) b) 

Figure 33  a) DOAS Langley plot for 2011-06-28.  b) Comparison of a measured 
DOD with the simulated ozone reference spectrum.  The DOD was derived from 

a solar spectrum recorded at 9.16 AM CDT, AMF1.79, at 300 ms, and 20 
averages 

The VCD derived for June 28, 2011 from a DOAS Langley plot is 282 DU; 

its standard deviation is 2.5 DU.  TC ozone derived from OMI is 291 DU.   



110 
 

The scale coefficient derived from this DOD is 

0.710 0.000 DU/DU  

Alignment coefficients are 

, 0.629 1.008 (nm), and , 0.007 0.013  nm/pixel  

Errors derived by DOAS are 

Δ  =0.026 and |ΔTOT | 0.026 

The total error in this measurement represents approximately 3.6% of the 

DSCD. 

Figure 34a presents, in black, a DOAS Langley plot for April 16, 2011, in 

blue, a line that represents a Langley plot for 298 DU; this is the TC ozone 

reported by OMI for this day.  Figure 34b presents a comparison of a selected 

DOD with the simulated reference spectrum.  The DOD was derived from a solar 

spectrum recorded at 9.06 AM CDT.  Figure 34b shows that on this day the 

simulated reference spectrum is a good approximation of the measured DOD. 

The VCD derived June 16-2011 from a DOAS Langley plot is 267 DU, and 

its standard deviation is 5 DU.  TC ozone derived from OMI is 298 DU.   

The scale coefficient derived from this DOD at 9.06 AM CDT is 

0.584 0.001  DU/DU  

Alignment coefficients are 

, 0.831 1.218 (nm), and , 0.002 0.017  nm/pixel  
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a) b) 

Figure 34  a) DOAS Langley plot for 2011-06-16.  b) Comparison of a measured 
DOD with the simulated ozone reference spectrum.  The DOD was derived from 

a solar spectrum recorded at 9.06 AM CDT, AMF1.92, at 300 ms, and 20 
averages 

Errors derived by DOAS are 

Δ  =0.022 and |ΔTOT | 0.022 

The total error in this measurement represents approximately 3.8% of the 

DSCD. 

Figure 34 together with these calculations, points in the same direction, for 

June 16, 2011 no problem can be detected from the measurements.  This 

suggests that on this day assumptions 1 and 2 may not hold at all.  Local 

atmospheric conditions may play a role on stratospheric ozone explaining these 

large differences.  These differences are also found on rare occasions (a few 

days in a month) from data derived from Brewer instruments.  This can be 

checked with data derived from the NOAA-EPA Brewer Spectrophotometer UV 
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and Ozone Network (NEUBrew).  The closest NEUBrew station to Denton is 

located at the University of Houston, Texas (NOAA 2011).  Although TC ozone 

derived from these instruments presents, on average, an agreement of 2% with 

OMI, differences greater than 10% are also observed.  These differences have 

been attributed to the influence of cloud cover and atmospheric turbidity on OMI’s 

ozone data (Camacho et al. 2010). 

Evaluation of Daily Measurements Derived from CAS 

Although Nebgen started daily measurement of TC ozone on November 6-

2004, only a very small fraction of his original dataset was stored in the personal 

computer (PC) that makes up a part of this instrument.  This data is available 

from December 21 to 29, 2006. 

In 2008, this PC was replaced with a new one, which is connected to the 

Internet.  No measurements were taken with Nebgen’s instrument from 

December 2006 to April 2011.  Between April 20, 2011 and April 27, 2011, 

overcast skies offered a good opportunity for testing Nebgen’s CAS algorithm.  

Few problems were found relative to synchronization between the spectrometer 

software and the automation script.  Normally, the script commands OOIBase32 

to start the new acquisition, waits for few milliseconds, and then commands the 

spectrometer to save a new acquisition.  If the acquisition is saved too soon, the 

spectrometer signal gets blocked.  To overcome this issue, the PC must be 

rebooted. 
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Once the automation script was synchronized with OOIBase32, the next 

step was to calibrate CAS.  The script was run in calibration mode for several 

days, which resulted in a great amount of variability in the Langley data.  Table 

12 presents Langley data ( ) derived from daily measurements for some days 

selected from table 7 to 9.  The days were selected based on a lower standard 

deviation in TC ozone. 

Table 12  Langley data obtained for selected days 

Day  305 nm  311 nm  316 nm

2011-04-05 2454 716 480 

2011-05-15 2234 749 518 

2011-05-16 2527 803 552 

2011-05-26 2101 694 499 

2011-06-01 3014 933 613 

2011-06-07 3560 1147 801 

2011-06-19 6807 1933 1305 

2011-06-28 6638 2091 1435 

The variability found in these data is explained by two factors: the intensity 

level of UV rays at ground levels and the instrument noise.  The intensity level 

depends on the transparency of the troposphere, and after a rain episode can be 

twice the average level observed.  This dependency is not an issue, as the 

algorithm uses the ratio taken at two different wavelengths to derive  .  However, 

in Nebgen’s design, the biggest problem found is related to instrument noise.  
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The estimated magnitude of  is more sensitive to instrument noise than to 

ozone levels. 

In this regard, it was decided to keep CAS using the calibration coefficients 

that Nebgen obtained and also to run the script in calibration mode, which 

highlights the influence of instrument noise on measurements derived from CAS. 

Figure 35a shows a Langley plot derived for =305 nm from data taken on 

June 28, 2011, and Figure 35b shows a similar Langley plot derived for June 16, 

2011.  These figures show the influence of instrument noise on CAS 

measurements and explain the variability observed on TC ozone derived from 

this method.  The lowest variability is always found around noon, as expected, 

and a difference between morning and afternoon values cannot be derived from 

these measurements. 

To evaluate CAS daily performance, I selected two days from Table 9 and 

one day from Nebgen’s original dataset.  The first day, June 28, 2011 was 

chosen because the standard deviation of CAS measurements was one of the 

lowest found in this table.  The second day, June 16, 2011, was chosen because 

on this day the difference between DOAS and OMI is 10%, but the difference 

between CAS and OMI is 4%.  The last day, December 26, 2006 was selected to 

find out if there is a significant difference between measurements taken before 

2011. 
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a) b) 

Figure 35  a) Langley plot for =305 nm (2011-06-28).  b) Langley plot for =305 
nm (2011-06-16) 

 

Figure 36a presents TC ozone measurements derived from CAS for June, 

28, 2011.  The automation algorithm was set to take measurements every five 

minutes, starting at 9 AM and stopping at 6 PM.  The average TC ozone derived 

from CAS is 271 DU and from OMI 291 DU.  The percentage difference between 

OMI and CAS is 7%.  The standard deviation of CAS measurements is 24 DU, 

one of the lowest values observed in June.  Figure 36b presents a histogram of 

these measurements.  The histogram agrees with assumption 1, and therefore 

exposes the influence of noise on measurements derived from CAS. 
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a) b) 

Figure 36  a) TC ozone measurements derived from CAS for 2011-06-28.   b) 
Histogram of daily measurements 

 

Figure 37a presents TC ozone measurements derived from CAS for June, 

16, 2011.  The average TC ozone derived from CAS is 287 DU and from OMI 

298 DU.  The percentage difference between OMI and CAS is 4%.  The standard 

deviation of CAS measurements is 58 DU, below the average observed in June.  

Cloudy skies and lower intensity levels in UV radiation contribute the most to the 

variability observed on this day.  No measurements are present in this figure from 

12 PM to 3 AM, the sky was overcast.  Figure 37b presents a histogram of these 

measurements.  This histogram also shows the normal distribution of these 

measurements. 
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a) b) 

Figure 37  a) TC ozone measurements derived from CAS for 2011-06-16  b) 
Histogram of daily measurements 

 

Figure 38a presents TC ozone measurements derived from CAS for 

December, 26, 2011.  This figure shows the complete dataset of ozone 

measurements in red, and the resulting dataset after applying Nebgen’s 

averaging method in black.  Measurements were taken every 20 minutes instead 

of 5.  The average TC ozone derived from CAS is 295 DU and from OMI 289 DU.  

The percentage difference between OMI and CAS is -2%.  The standard 

deviation of CAS measurements for this day is 58 DU.  Figure 38b presents a 

histogram of these measurements.  This histogram shows a skewed normal 

distribution of these measurements; expected as a result of a larger sample time. 
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a) b) 

Figure 38  a) TC ozone measurements derived from CAS for 2011-12-26  b) 
Histogram of daily measurements 

The Meteorological Significance of Atmospheric Ozone 

Craig (1950) points out that “the observed variations of total ozone are the 

result of atmospheric circulation in the lower stratosphere.  A large excess of 

ozone above the seasonal and latitudinal mean indicates a trough aloft, 

subsidence and horizontal convergence and northerly winds.”  A large decrease 

indicates a ridge aloft, lifting, horizontal divergence and southerly winds in the 

lower stratosphere.  Figure 39 and Figure 40 address Craig’s remark. 

Figure 39a presents a map showing surface weather conditions for the USA 

on June 21, 2011.  TC ozone derived from OMI is 321 DU, from DOAS 338 DU, 

and from CAS 329 DU, a large excess when compared to June’s average.  

Figure 39b presents the associated upper air map.  This map shows a large 

trough located over central USA. 
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a) b) 

Figure 39  a) Surface weather map for 2011-06-21.  b) Associated upper air 
map.  Data downloaded from Unisys Weather (Unisys 2011) 

Figure 40a presents a map showing surface weather conditions for the USA 

on June 13, 2011.  TC ozone derived from OMI is 284 DU, from DOAS 260 DU, 

and from CAS 277 DU, a large decrease when compared to June’s average.  

Figure 40b presents the associated upper air map.  This map shows a ridge 

located over central USA. 

 

a) b) 
Figure 40  a) Surface weather map for 2011-06-13.  b) Associated upper air 

map.  Maps downloaded from Unisys Weather (Unisys 2011) 
 



120 
 

Measuring Atmospheric Nitrogen Dioxide 

Contrasting to stratospheric ozone, the concentration of nitrogen dioxide in 

the upper atmosphere presents a diurnal cycle.  A maximum is observed at dusk 

and a minimum at dawn.  Equation (86) cannot be applied to any trace gas 

whose atmospheric concentration varies in time.  Nonetheless, if its 

concentration remains constant for an hour or so, then it is still possible to apply 

Equation (86).  This situation happens for nitrogen dioxide near dusk and near 

dawn (Brewer et al. 1973). 

A second challenge that nitrogen dioxide measurements pose is the natural 

concentration level, 0.3-0.5 DU (Brewer et al. 1973).  Dividing any spectra whose 

AMF is close to the Fraunhofer AMF results in a spectrum that shows no or very 

little absorption.  Only trace gases with strong absorption structures can be 

identified from the measured DOD.  Trace gases with weak absorption cannot be 

separated from other gases or instrument noise.  Enhancing the AMF of these 

measurements when compared to the Fraunhofer AMF usually solves this issue.  

A maximum enhancement in the AMF is achieved at dusk and at dawn. 

Nitrogen dioxide strongly absorbs visible light for wavelengths between 430 

nm to 450 nm (Brewer et al. 1973).  This is the preferred analysis window.  The 

spectrometer used for this project (S2000-TR2) has two channels, one for UV 

measurements and one for visible-near infrared measurements.  The second 

channel includes the preferred analysis window.  However, this channel is not 

suitable for DOAS measurements.  It has no slit installed; resulting in an optical 
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resolution of 11 nm.  The spectral resolution of this channel is 0.5 nm.  Under 

these specifications, Case 4 of the DOAS approach does not apply any longer. 

In channel 1, nitrogen dioxide shows only weak absorption structures, and 

DOAS Case 4 still applies.  In this case, the analysis procedure has to take into 

account all trace gases that show absorption structures within the analysis 

window.  

The ideal analysis window for channel 1 is the 335-350 wavelength range.  

In this portion of the spectrum nitrogen dioxide absorbs UV radiation the most.  

Other trace gases that show absorption structures in this portion are: ozone (O3), 

the oxygen dimer (O2- O2), formaldehyde (H2CO) and bromine (BrO) (Cede et al. 

2006). 

Figure 41a presents a set of solar irradiance spectra measured in late 

afternoon, July 27, 2011.  These spectra were corrected for background signal 

and recorded at 150 ms and 40 scans.  Sunset occurred at 8.32 PM CDT.  The 

algorithm was set to start recording spectra at 6:00 PM CDT.  The last spectrum 

recorded with a good signal was recorded at 7.39 PM CDT.  Its corresponding 

AMF is 5.30.  Figure 41b presents a set of solar irradiance spectra measured in 

early morning, July 27, 2011.  These spectra were corrected for background 

signal and recorded at 150 ms and 40 scans.  Sunrise occurred at 6.38 AM CDT.  

The algorithm was set to start recording spectra at 6:30 AM CDT.  The first 

spectrum recorded with a good signal was recorded at 7.27 AM CDT, 
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corresponding to an AMF of 5.72.  This was the maximum AMF that could be 

obtained with Nebgen’s ozone instrument. 

a)  b) 
Figure 41  Solar irradiance spectra measured in: a) Late afternoon of 2011-07-

26.  b) Early morning of 2011-07-27 

As it can be seen in Figure 41, low light intensity levels either at dusk or 

dawn limits the maximum enhancement in the AMF that can be achieved with 

this instrument.  The next section explores the question of whether or not 

nitrogen dioxide can be retrieved from these measurements. 

Figure 42a presents a comparison of a measured DOD with the simulated 

ozone reference spectrum.  The DOD was derived from a solar spectrum 

recorded at 7.27 AM CDT, July 27, 2011.  The Fraunhofer AMF is 2.48 measured 

at 8.38 AM CDT.  The ozone cross section for this portion of the spectrum was 

downloaded from IGACO (2010).  In this figure ozone still shows strong 

absorption, its reference spectrum is not described very well in the measured 

DOD, due to instrument noise.  Figure 42b presents a comparison of a first 



123 
 

deconvolved DOD with the simulated reference spectrum of the oxygen dimer.  

This deconvolved DOD results from subtracting the fitted ozone reference 

spectrum from the measured DOD.  This operation exposes the oxygen dimer 

from background noise.  The oxygen dimer cross-section was downloaded from 

Rothman et al. (2009). 

a) b) 
Figure 42  a) Comparison of a measured DOD with the simulated ozone 

reference spectrum.  The DOD was derived from a solar spectrum recorded at 
7.27 AM CDT, on 2011-07-27 b) Comparison of the first deconvolved DOD with 

the simulated reference spectrum of the oxygen dimer 

After subtracting the contribution of the oxygen dimer from the first 

deconvolved DOD, the identification of any other trace gas is impossible.  

Figures 43a, 43b and 44 illustrate this point.  The second deconvolved DOD 

does not resemble any of the remaining reference spectra that were left out for 

identification.  As the AMF of this DOD is too close to the Fraunhofer AMF, the 

contribution of nitrogen dioxide, formaldehyde and bromine is practically zero.  
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Molecular cross-section of nitrogen dioxide, formaldehyde, and bromine were 

downloaded from Rothman et al. (2009). 

a) b)  
Figure 43  a) Comparison of the second deconvolved DOD (after subtracting 

ozone and the oxygen dimer) with the simulated reference spectrum of nitrogen 
dioxide.  b) Comparison with formaldehyde 

 

Figure 44  Comparison of the second deconvolved DOD with the simulated 
bromine reference spectrum 
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CONCLUSIONS 

A new procedure based on differential optical absorption spectroscopy 

(DOAS) to measure atmospheric total column ozone was implemented on the 

automated ozonemeter developed by Nebgen (2006) at the University of North 

Texas. 

The DOAS procedure was incorporated into Nebgen’s automation algorithm 

with no changes made to Nebgen’s instrument.  It was found that the dual-stage 

optical block designed by Nebgen, with the purpose of filtering stray light, results 

in low light intensity levels measured at the spectrometer’s charged-coupled 

device detector. 

A methodology to measure atmospheric ozone using DOAS was described.  

The procedure derives total column ozone from the analysis of daily DOAS 

Langley plots.  This plot relates the measured differential slanted column density 

(DSCD) to the airmass factor.  The use of such plots is conditioned by the time 

the concentration of a trace gas remains constant in time.  As a result of this 

limitation, other trace gases such as nitrogen dioxide, which shows a diurnal 

variation, cannot be derived from the same plot used to derive ozone. 

A methodology to measure nitrogen dioxide using DOAS was also 

investigated.  A similar approach to ozone measurements can be applied to 

nitrogen dioxide. This involves conducting the observation during the time 

nitrogen dioxide concentration remains constant.  This happens near dawn and 
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dusk.  This narrow window of time and a lower concentration of nitrogen dioxide 

when compared to ozone levels require that this observation is conducted at 

least one hour after dawn or one hour before dusk.  However, it was found that 

the instrument designed by Nebgen is not adequate to measure any solar 

spectrum when the Sun is low, near the horizon.  Therefore nitrogen dioxide or 

any weak absorber cannot be identified from these measurements. 

A method to derive the error found on DOAS ozone measurement was 

implemented. The major contribution to this error is caused by uncertainty in the 

process of aligning. Part of this error is due to difficulties in aligning the ozone 

reference spectrum to a measured differential optical density.  It is estimated that 

total error in individual measurements is below 4%.  On average the standard 

deviation of the observed vertical column density (VCD) is 4DU.  This means that 

for a true VCD of 300 DU, the implemented DOAS approach result in a 4% error 

on average. 

Observations of total column ozone, derived from DOAS and from 

Nebgen’s classic absorption spectroscopy (CAS), were conducted for 5 months.  

These values were compared to data obtained from the ozone mapping 

instrument (OMI, level 3 TOMS algorithm).  The average percent difference 

found between OMI and DOAS was 2.9%.  The average percent difference 

between OMI and CAS was 4.1%.The root mean square difference between OMI 

and DOAS is 3.8% whereas between OMI and CAS is 5.2%, 163% greater than 
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Nebgen 2006 estimation (3.2%).  The difference found may be attributed to 

calibration, but many outliers were observed caused by low light intensity levels. 

On rare occasions, the difference between OMI and DOAS is greater than 

6%.  After evaluating the behavior of DOAS measurements in their 

corresponding DOAS Langley plot, the analysis suggests that a difference does 

exist and one part of this difference can be explained by the statistical behavior 

of measurements.  The remaining part is attributed to the influence of clouds and 

turbidity on OMI ozone data. 

DOAS is a robust approach that is not strongly influenced by spectrometer 

noise or weather conditions.  In contrast, Nebgen’s implementation of CAS is 

very sensitive to spectrometer noise and weather conditions.  The observed 

variation in total column ozone derived from CAS is a consequence of instrument 

noise and increase on cloudy days.  In particular, it was found that Nebgen’s 

instrument is not adequate to measure UV radiation below 315 nm, due to 

instrument noise levels.  Coinciding with the spectrometer noise distribution, daily 

measurements of total column ozone derived from CAS present the same 

distribution.  This variation is also observed in Langley data, which makes it 

extremely difficult to obtain the calibration coefficients of CAS. 

Currently, total column ozone derived from DOAS is automatically stored in 

the Texas environmental observatory (TEO) database server.  One 

measurement is stored per day, providing at least ten DSCD were measured on 

that day.  A copy of each solar spectrum used to derive a DSCD is stored in the 
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instrument’s personal computer (PC).  This ensures that total ozone derived from 

DOAS can be corrected at any time; any other approach can be implemented to 

analyze the measured solar spectra including an improved version of CAS. 

Instrument Enhancements 

Almost all Dobson and Brewer instruments produce measures within ±3% 

of satellite data based on 5 years of data (Fioletov et al. 2008).  Moreover, some 

of them have shown a 2% agreement, or better, during the same period of 

evaluation (Fioletov et al. 2008).  The World Meteorological Organization expects 

ozone recovery rates due to the reduction of chlorofluorocarbons  to be about 1% 

per decade (Fioletov et al. 2008).  This is the precision that atmospheric 

scientists are seeking in any new instrument to measure total ozone. 

The observed mean difference between OMI and this implementation of 

DOAS, in a five month evaluation period, are within the 3% required for the 

analysis of long term changes in stratospheric ozone (Fioletov et al. 2008).The 

major contribution to the error found in the measured DSCD is the uncertainty in 

the alignment process.  There are two ways to reduce this uncertainty: 

determining the reference spectrum of ozone in the laboratory or increasing the 

number of pixels in the analysis window.  The first option, which is preferred, 

needs to be conducted in a suitable environment.  Ozone is a poisonous gas, 

and its temperature must be close to 220oK.  Because ultraviolet radiation 

dissociates ozone, a mechanism to keep its concentration constant within the 

glass cell must be implemented.  In the second option, there are two ways to 
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increment the number of pixels in the analysis windows: replacing the grating 

with one that has more pixels within the analysis window or replacing the 

spectrometer with one of higher spectral resolution.  In both cases, the analysis 

window (315 – 330 nm) must be kept, thus avoiding the inclusion of other trace 

gases into the analysis.  The ideal spectral resolution of the analysis window 

should be between 0.02 and 0.05 nm. 

The observed mean difference in total ozone between OMI and Nebgen’s 

implementation of CAS observed in a 5 month evaluation period was 4.1%.  This 

suggests putting more effort into improving its precision. To improve CAS 

precision two things can be done: reduce the optical block to a single stage, and 

move the analysis wavelengths to the 315-330 nm range.  However, this will not 

reduce the observed variability by much, a bigger lens to capture more UV 

radiation, and a wider fiber optic is also required.  After making these changes, 

new calibration coefficients, derived from a Langley plot, should show little or no 

variability.  Other aspects that any new implementation of CAS should take into 

account are: the influence of water vapor and turbidity on measurements, the 

influence of sulfur dioxide on ozone columns, provided that the analysis range is 

kept below 315 nm (Vanicek 2006), and the alignment of ozone absorption 

coefficients to the measured ozone absorption spectrum. 

The automation script proposed by Nebgen is a good solution to allow a 

data exchange between the spectrometer software and the script that he 

developed for ozone calculations.  However, this solution is not robust in the 
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current set up.  If, for any reason, the PC reboots without supervision, it is 

impossible to automatically restart the automation script due to UNT’s network 

policy, which does not allow a user to store login information within Microsoft 

Windows Registry.  This issue can be solved by developing a software procedure 

that runs as a windows process.  Ocean Optics offers dynamic-link libraries 

written in C++ or Java to manage the spectrometer.  These libraries are not free 

but would be required for developing the proposed procedure. 

This instrument requires three improvements to conduct the atmospheric 

observation of total nitrogen dioxide: A bigger lens and a wider fiber optic to 

capture light at levels found at dusk or dawn, a grating that has at least a spectral 

resolution of 0.05 nm in the 430-450 nm wavelength range and a slit aperture no 

greater than 10 m.  It is expected that stray light will not interfere within the 

analysis range. 

There is no doubt that Nebgen’s instrument offers a low cost platform to 

study ozone.  With the modification suggested above, total column ozone and 

total column nitrogen dioxide derived from DOAS will have the same precision of 

Brewer instruments, thus making this instrument an ideal platform for evaluating 

the performance of satellite data. 
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 : a scale coefficient for trace gas  

 , ,  and : the coefficient of a cubic spline 

  : a vector containing the estimated scale coefficients 

 Δ : the error bounds of  estimated with a linear fit 

 Δ : the error caused in the scale coefficient by the spectral 

alignment 

 ∆TOT : the total error bound of  

 : slit area (cm2) 

 : the concentration of a trace gas (molecules cm-3) 

 : the concentration of trace gas  (molecules cm-3) 

 : the inverse of the covariance matrix 

 , , , : wavelength calibration coefficients 

 , : a coefficient that accounts for a possible misalignment between 

modeled and measured reference spectrum ( (pixel/nm) j) 

 ∆ , : the error bound of , .  ∆ = ∆ ,1, ∆ ,2
T
 

 : the differential optical density of a pure trace gas (arbitrary units) 

 : the Hessian 

 : the residuals of modeling the natural logarithm of  (arbitrary 

units) 

 : the residuals of modeling the discrete differential optical density 

(arbitrary units) 

 : the measured spectrum noise (counts) 
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 : the instrument noise (counts) 

 : the photon noise (counts) 

 : a vector that contains the residuals 

 : the objective function of the non-linear least square method. 

 : the second derivative of  

 : a model of the natural logarithm of  

 : a model of the discrete differential optical density 

 FWHM: Full width at Half Maximum (nm) 

 ∆ : the error of the position of pixel  

 : the instrument function 

 : a vector that contains values of the instrument function 

 : pixel number 

 , : light intensity after passing through a layer of length   as function 

o    (W m-2 nm-1) 

 , : light intensity after convolution with the instrument function         

(W m-2 nm-1) 

 : intensity of incident light emitted by a light source, before passing 

through a substance (W m-2 nm-1) 

 , : an estimated variable that includes all broadband spectral 

structures of a measured spectrum (W m-2 nm-1) 

 : a measured spectrum at pixel  with no background signal correction 

(counts) 
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 OFC : a measured offset-corrected spectrum at pixel  (counts) 

 : a measured dark current spectrum at pixel  (counts) 

 : a background-corrected spectrum at pixel  (counts) 

 : the absolute irradiance of a light source at pixel  (W cm-2 nm-1) 

 : light intensity at pixel  (counts)  

 : the simulated absorption spectrum of a trace gas at pixel  (counts) 

 : the simulated solar irradiance spectrum at pixel  (counts) 

 : a vector that contains values of light intensity (W cm-2 nm-1) 

 : a vector that contains values of the intensity of incident light                 

(W cm-2 nm-1) 

 : a vector that contains values of the absorption spectrum of a trace 

gas (W cm-2 nm-1) 

 : a vector that contains values of the convolved solar irradiance 

spectrum (W cm-2 nm-1) 

 : the degree of each term of the calibration polynomial. 

 : the natural logarithm of the measured absorption spectrum (arbitrary 

units) 

 : the broadband part of the natural logarithm of  (arbitrary units) 

 : the discrete differential optical density (arbitrary units) 

 : the Jacobian 

  and : discrete vectors containing index values 
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 : the equilibrium constant of nitrogen dioxide and its dimer (torr) 

 : the absorption cross-section of a trace gas (cm2/molecule)  

 : length of the optical path (cm) 

 : the height of a cylindrical glass cell (m3 

 : slanted column length (cm), in the direction of the Sun. 

 : vertical column length (cm), above the observing station. 

 ln : the natural logarithm of : 

 ln : the broad part of ln  

 : molecule/trace gas, e.g:  = Ozone 

 : iteration number 

 :the concentration of nitrogen dioxide inside a glass cell (mole)  

 : number of data points 

 : the desired level of confidence 

 : is the step matrix 

 TOT: the total pressure of a mix of gases inside a glass cell (torr) 

 NO : the partial pressure of nitrogen dioxide inside a glass cell(torr) 

 N O : the partial pressure of the nitrogen dioxide dimer inside a glass cell 

(torr) 

 : the residuals of the non-linear fit 

 : the base radius of a cylindrical glass cell (m3 

 : the gas constant (m3 atm K-1mol-1) 
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 : the reference spectrum of trace gas  at pixel .  An estimation or a 

measured differential absorption spectrum due to a known quantity of a 

trace gas, under controlled conditions of pressure and temperature 

(arbitrary units) 

  : the resulting filtered optical density at pixel  (arbitrary units) 

   : the I0-corrected reference spectrum at pixel  

 : the reference spectrum of trace gas  mapped with Γ  

  : the reference spectrum of trace gas  mapped with ΓI 

 : a reference spectrum used to calculated the influence of the 

wavealigment on   

 1: spectrum 1 

 2: spectrum 2 

 : the integration time at which   was recorded (s) 

 : the integration time at which  was recorded (s) 

 : the integration time at witch  was recorded (s) 

 : temperature (oK) 

 : number of parameters of the non-linear fit 

 : volume occupied by a column of gas (cm3) 

 : volume of a glass cell (m3) 

 : it represents the non integer pixel number resulting from Γ  

 : parameter of the cubic splines that varies from 0 to 1 

 : a  matrix that groups  reference spectra   
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 : a polynomial approximation of  

 : the expected total column of a pure trace gas  (molecules cm-3)  

 : a vector of parameters at iteration   

 Γ : the wavelength to pixel mapping of the spectrometer 

 Γ : the wavelength to pixel mapping of  

 Γ : the inverse of the wavelength to pixel mapping of  

  Γ : the unknown wavelength to pixel mapping of   

 : Rayleigh scattering attenuation coefficient (cm-1) 

 : Mie scattering attenuation coefficient (cm-1) 

 : the column density at temperature  and pressure  (molecules cm-3); 

 : a polynomial that includes all broadband spectral structures of  

(arbitrary units) 

 : light’s wavelength (nm) 

 : central wavelength at pixel   

 : the covariance matrix of the errors  

 : the absorption cross-section of a trace gas is the ability of a 

molecule to absorb photons at  (molecule-1 cm2) 

 : the absorption cross-section of trace gas  at  (molecule-1 cm2) 

 : the broadband absorption structure of trace gas .  The part of 

 that varies slowly with wavelength (molecules-1 cm2) 

 : the differential absorption structure of trace gas : The part of 

 that varies rapidly with wavelength (molecules-1 cm2) 
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 , : the standard deviation of the instrument noise 

 : the standard deviation of the noise of the difference  

 : the spectral transmittance (no units) at wavenumber   

 : wavenumber (cm-1) 

 : a parameter chosen to produce a rapid convergence of the L-M method 

 Φ Δ : represents the change on  due to    

 : calibration data (Joules/count) 
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# R PROGRAMMING SCRIPT: DOAS MAIN ALGORITHM 
 
# definition of functions (start) 
getElev2<-function(Year,Month,Day,hour,minute,DZT) 
{ 
# 
# @in.  param. 
# Year, Month, Day,hour,minute= time data 
# DZT= Difference in hours between Universal Time and Central Time 
# 
# @ret.  param. 
# SolarAzimuthAngle = Azimuth 
# SolarElevationCorrectedForAtmRefraction = Solar elevation 
# SolarNoonH = Noon time 
# 
# estimates the solar elevation angle for Year/Month/Day,hour:minute,DZT 
# 
# source of equations: NOAA Earth System Research Laboratory, 2011 
 # location: UNT's EESAT building 
 Latitude<-33.214256 
 Longitude<- -97.151038 
 x<-(hour+minute/60) 
 E226<-x/24      #(past local midnight) 
 datestr<-paste(Year,"/",Month,"/",Day,sep="") 
 datenum<-as.Date(datestr) 
 D226b<-as.numeric(datenum)+25569 
 JulianDay<- D226b + 2415018.5 +E226 - DZT/24 
 JulianCentury<-(as.double(JulianDay)-2451545)/36525 
 GeomMeanLongSun<-(280.46646+JulianCentury*(36000.76983 + 
JulianCentury*0.0003032))%% 360    # (deg)  
 GeomMeanAnomSun<-357.52911+JulianCentury*(35999.05029 - 
0.0001537*JulianCentury)            # (deg)  
 EccentEarthOrbit<-0.016708634-
JulianCentury*(0.000042037+0.0001537*JulianCentury)      
 SunEqofCtr<-sin(GeomMeanAnomSun*pi/180)*(1.914602-
JulianCentury*(0.004817+0.000014*JulianCentury))+sin(2*GeomMeanAnomSun
*pi/180)*(0.019993-
0.000101*JulianCentury)+sin(3*GeomMeanAnomSun*pi/180)*0.000289 #L2 
 SunTrueLong<-GeomMeanLongSun+SunEqofCtr  # %(deg)  
 SunTrueAnom<-GeomMeanAnomSun+SunEqofCtr     # %(deg)  
 SunRadVector<-(1.000001018*(1-
EccentEarthOrbit*EccentEarthOrbit))/(1+EccentEarthOrbit*cos(SunTrueAnom*pi/
180))   
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 SunAppLong<-SunTrueLong-0.00569-0.00478*sin(pi*(125.04-
1934.136*JulianCentury)/180)   
 MeanObliqEcliptic<-23+(26+((21.448-
JulianCentury*(46.815+JulianCentury*(0.00059-
JulianCentury*0.001813))))/60)/60 
 ObliqCorr<-MeanObliqEcliptic+0.00256*cos(pi*(125.04-
1934.136*JulianCentury)/180)      # %(deg)  
 SunRtAscen<-180*(atan2 ( cos(pi*(SunAppLong)/180) , 
cos(pi*(ObliqCorr)/180)*sin(pi*(SunAppLong)/180) ))/pi  # %(deg)  
 SunDeclin<-
180*(asin(sin(pi*(ObliqCorr)/180)*sin(pi*(SunAppLong)/180)))/pi # %(deg)  
 vary<-tan(pi*(ObliqCorr/2)/180)*tan(pi*(ObliqCorr/2)/180)   
 EqofTime<-4*180*(vary*sin(2*pi*(GeomMeanLongSun)/180)-
2*EccentEarthOrbit*sin(pi*(GeomMeanAnomSun)/180)+4*EccentEarthOrbit*vary
*sin(pi*(GeomMeanAnomSun)/180)*cos(2*pi*(GeomMeanLongSun)/180)-
0.5*vary*vary*sin(4*pi*(GeomMeanLongSun)/180)-
1.25*EccentEarthOrbit*EccentEarthOrbit*sin(2*pi*(GeomMeanAnomSun)/180))/p
i#  %(minutes) 
 HASunrise<-
180*(acos(cos(pi*(90.833)/180)/(cos(pi*(Latitude)/180)*cos(pi*(SunDeclin)/180))-
tan(pi*(Latitude)/180)*tan(pi*(SunDeclin)/180)))/pi# %(deg)  
 SolarNoon<-(720-4*Longitude-EqofTime+DZT*60)/1440 # %(LST)   
 SolarNoonH<-SolarNoon*24 
 SolarNoonM<-(SolarNoonH-floor(SolarNoonH))*60 
 SunriseTime<-SolarNoon-HASunrise*4/1440   # %(LST)  
 SunriseTimeH<-SunriseTime*24 
 SunriseTimeM<-(SunriseTimeH-floor(SunriseTimeH))*60 
 SunsetTime<-SolarNoon+HASunrise*4/1440   # %(LST)  
 SunsetTimeH<-SunsetTime*24 
 SunsetTimeM<-(SunsetTimeH-floor(SunsetTimeH))*60 
 SunlightDuration<-8*HASunrise     # %(minutes) 
 TrueSolarTime=E226*1440+EqofTime+4*Longitude-60*DZT %% 1440     
# %(min)  
  if (TrueSolarTime<0) 
  { 
  HourAngle<-TrueSolarTime/4+180      
  } else { 
  HourAngle<-TrueSolarTime/4-180  
  } 
 SolarZenithAngle<-
180*(acos(sin(pi*(Latitude)/180)*sin(pi*(SunDeclin)/180)+cos(pi*(Latitude)/180)*c
os(pi*(SunDeclin)/180)*cos(pi*(HourAngle)/180)))/pi #(deg)  
 SolarElevationAngle<-90-SolarZenithAngle     #(deg) 
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 if (SolarElevationAngle>85) { 
  ApproxAtmosphericRefraction<-0 
 } else { 
   if (SolarElevationAngle>5) { 

        ApproxAtmosphericRefraction<-
(58.1/tan(pi*(SolarElevationAngle)/180)-
0.07/(tan(pi*(SolarElevationAngle)/180))^3+0.000086/(tan(pi*(SolarElevationAngl
e)/180))^5)/3600 
   } else { 
         if (SolarElevationAngle>-0.575){ 
              ApproxAtmosphericRefraction<-
(1735+SolarElevationAngle*(-
518.2+SolarElevationAngle*(103.4+SolarElevationAngle*(-
12.79+SolarElevationAngle*0.711))))/3600 
   } else { 
          ApproxAtmosphericRefraction<-(-
20.772/tan(pi*(SolarElevationAngle)/180))/3600 

    } 
     } 
 } 
 SolarElevationCorrectedForAtmRefraction<-
SolarElevationAngle+ApproxAtmosphericRefraction #(deg) 

if (HourAngle>0) { 
      SolarAzimuthAngle<-
(180*(acos(((sin(pi*(Latitude)/180)*cos(pi*(SolarZenithAngle)/180))-
sin(pi*(SunDeclin)/180))/(cos(pi*(Latitude)/180)*sin(pi*(SolarZenithAngle)/180))))/
pi+180) %% 360 
 } else { 
  SolarAzimuthAngle<-(540-
180*(acos(((sin(pi*(Latitude)/180)*cos(pi*(SolarZenithAngle)/180))-
sin(pi*(SunDeclin)/180))/(cos(pi*(Latitude)/180)*sin(pi*(SolarZenithAngle)/180))))/
pi) %% 360 
 } 
 Output=list(SolarAzimuthAngle,SolarElevationCorrectedForAtmRefraction,
SolarNoonH) 
 return(Output) 
} 
 
ExtractOffset2<-function(Iin,Off_rem) 
{  
# @in.  param. 
# Iin= Spectrum data 
# Off_rem= 1 to remove offset, 0 to do nothing 
# 
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# @ret.  param. 
# Iout= Corrected spectrum 
# 
# remove offset from current spectrum Iin 
       OffVal<-97 # constant (S2000) 
 n<-length(Iin$lambda) 
    x<-seq(length=n,0,0) 
 Iout<<-data.frame(cbind(lambda=x,value=x)) 
        Iout$lambda=Iin$lambda 
       if (Off_rem==1) { 
          Iout$value<-Iin$value-OffVal 
        } else { 
  Iout$value<-Iin$value 
        } 
 return(Iout) 
} 
 
FindMin<-function(I) 
{ 
# @in param. 
# Iin: input Spectra 
# 
# @ret.  param. 
# Min= minimum value 
# 
# find the minimum value within spectrum I 
 min<-mean(I$value) 
 for (i in 623:2048)   # lambda = 200 nm at i 623 (S2000) 
 { 
   if (I$value[i]<=min) 
    min<-I$value[i] 
 } 
 Min<-min 
 return(Min) 
} 
 
ExtractDC2<-function(Iin,Int_time) 
{ 
# @in.  param. 
# Iin= spectrum 
# Int_time= integration time  
# 
# @ret.  param. 
# Iout= corrected spectrum 



144 
 

# 
# remove DC from current spectral data 
 Int_total<-64512*1e-3 # int.  time in which Spec_dc was recorded 
 setwd("C:/DOAS/DataDOAS") 
 Rdir<-getwd() 
 FileName<-paste(Rdir,"/Spec_dc.csv",sep="") 
 DC=read.csv(FileName,header=FALSE) 
 x<-seq(length=2048,0,0) 
 Itmp<-data.frame(cbind(lambda=x,value=x,pixel=x)) 
 k<-1 
 for (i in 1:2048) 
 { 
  Itmp$lambda[i]<-DC[i,1]  # wavelength 
  Itmp$value[i]<-DC[i,2]     # value 
  Itmp$pixel[i]<-DC[i,3]      # pixel number 
 } 
 # scale DC to actual Int_time 
 DCnew<-data.frame(cbind(lambda=x,value=x)) 
 DCnew$lambda<-Itmp$lambda 
 for (i in 1:2048) 
 { 
  DCnew$value[i]<-Int_time/Int_total * Itmp$value[i] 
 } 
 # remove offset of DC 
 Min<-FindMin(DCnew) 
 DCnew2<-data.frame(cbind(lambda=x,value=x)) 
 DCnew2$lambda<-Itmp$lambda 
       DCnew2$value=DCnew$value-Min 
 # remove Dark current from Iin 
       Iout<-data.frame(cbind(lambda=x,value=x)) 
       Iout$lambda<-DCnew2$lambda 
       Iout$value<-Iin$value-DCnew2$value 
 return(Iout) 
} 
 
read_solarspectra<-function(InputFile,Int_time) 
{ 
# in.  param. 
# InputFile = file Name to open 
# Int_time = integration time for recorded spectrum 
# 
# @ret.  param. 
# I_s_do = corrected spectrum 
# 
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# read spectral data from InputFile 
 
 # read requested InputFile 
 rFile<-scan(InputFile) 
      # create the Solar Spectra variable I_s  
    x<-seq(length=length(rFile)/2,0,0) 

I_s<<-data.frame(cbind(lambda=x,value=x)) 
     # convert rFile into I_s 
 k<-1 
 for (i in 1:2048) 
 { 
  I_s$lambda[i]<-rFile[k] 
  I_s$value[i]<-rFile[k+1] 
  k<-k+2 
 } 
     I_s_o<-ExtractOffset2(I_s,1) 
         I_s_do<-ExtractDC2(I_s_o,Int_time)  
 return(I_s_do) 
} 
 
ExtractVector<-function(Iin,lmb_ini,lmb_end) 
{ 
# in.  param 
# Iin = input spectra 
# lmb_ini, lmb_end = wavelength range 
#  
# @ret.  param. 
# Iout= clipped file 
# 
# clips spectral data using the range [lmb_ini,lmb_end] 
 i_min<-1 
 i<-1 
 x1<-lmb_ini 
 # find lambda a value less than x1 
 out<-0 
 while (out==0) 
 { 

x0<-Iin$lambda[i] 
  if (x0<x1){ 
   i<-i+1 
  } else { 
         out<-1 
   i_min<-i 
  }  
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 } 
 # find lambda a value greater than x1 
 out<-0 
 x1<-lmb_end 
 while (out==0) 
 { 
  x2<-Iin$lambda[i] 

if ((x1>x2) && (i<2048)) { 
     i=i+1 
   } else { 
   out<-1 
         i_max<-i 
        } 
 } 
 # transfer part of the spectrum to new vector 
 n<-i_max-i_min+1 
    x<-seq(length=n,0,0) 
 Iout<<-data.frame(cbind(lambda=x,value=x)) 
 j<-1 
 for (i in i_min:i_max) 
 { 
  Iout$lambda[j]<-Iin$lambda[i] 
  Iout$value[j]<-Iin$value[i] 
  j<-j+1 
 } 
 return(Iout) 
} 
     
sav.gol <- function(T, fl, forder=4, dorder=0)  
{  
# in.  param. 
# T = vector of signals to be filtered  
# fl = filter length (for instance fl = 51..151)  
# forder = filter order (2 = quadratic filter, 4= quartic)  
# dorder = derivative order (0 = smoothing, 1 = first derivative, etc.)  
# 
# @ret.  param 
# T2 = filtered data 
# 
# polynomial filtering method of Savitzky and Golay  
#   
# code source: Borcher 2011 
 m <- length(T)  
 dorder <- dorder + 1  
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 # -- calculate filter coefficients --  
 fc <- (fl-1)/2 # index: window left and right  
 # polynomial terms and coefficients  
 X <- outer(-fc:fc, 0:forder, FUN="^")  
 Y <- pinv(X); # pseudoinverse  
 
 # -- filter via convolution and take care of the end points --  
 T2 <- convolve(T, rev(Y[dorder,]), type="o") # convolve(...)  
 T2 <- T2[(fc+1):(length(T2)-fc)]  
}  
 
pinv <- function (A)  
{ 
# in.  param. 
# A = matrix 
# 
# @ret.  param. 
# pinv = the inverse of A 
# 
# pseudo-inverse of a matrix using singular value decomposition  
#  
# Source: Borcher 2011 
 s <- svd(A)  
 # D <- diag(s$d); Dinv <- diag(1/s$d)  
 # U <- s$u; V <- s$v  
 # A = U D V'  
 # X = V Dinv U'  
 s$v %*% diag(1/s$d) %*% t(s$u)  
}  
 
BroadSpectra<-function(Iin,resol) 
{ 
# in.  param. 
# Iin = spectra to filter 
# Resol = spectral resolution  
# 
# @ret.  param. 
# Iout= Filtered data 
# 
# calculates the broad part of the optical density 
 Iout<-mat.or.vec(length(Iin[,1]),2) 
 Iout[,1]<-Iin[,1] 
 # polynomial order 
 # windows size 
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       if (resol==0.1) 
  { 
  N<-5 
  F<-59 
  } 
 else  
  { 
  if (resol==0.02) 
   { 
               N<-3 
           F<-13 
   } 
         } 
   
  Iout[,2]<-sav.gol(Iin[,2],F,N,0) 
 return(Iout) 
} 
 
LnSpectra<-function(Iin,signv) 
# in.  param. 
# Iin = spectra 
# signv = to switch sign of resulting spectrum: a value of 1 multiplies Iout by -1 
# 
# @ret.  param 
# Iout = Natural logarithm of Iin 
# 
# apply the natural logarithm to the optical density 
{ 
 x<-seq(length=length(Iin[,1]),0,0) 
 Iout1<-data.frame(cbind(lambda=x,value=x)) 
 k<-1 
 li<-Iin[1,1] 
 for (j in 1:length(Iin[,1])) { 

 if (Iin[j,2]<0) 
  { 
             li<-Iin[j,1] 

            k<-j+1 
  } 
 } 
 lu<-Iin[length(Iin[,1]),1] 
     Iout1$lambda<-Iin[,1] 
 if (signv == 1) { 
  Iout1$value<--log(Iin[,2]) 
 } else { 



149 
 

  Iout1$value<-log(Iin[,2]) 
 } 
    
 x<-seq(length=length(Iin[,1])-k+1,0,0) 
 Iout<-data.frame(cbind(lambda=x,value=x)) 
  i<-1 
 for (j in k:length(Iin[,1])) 
 { 
  Iout[i,1]<-Iout1[j,1] 

       Iout[i,2]<-Iout1[j,2] 
        i<-i+1 
     } 
  return(Iout)   
 } 
 
NarrowSpectra<-function (I,Ib) 
# in.  param. 
# I = input spectra 
# Ib = broad spectra 
# 
# @ret.  param. 
# Iout= the DOD 
# 
# calculate the differential optical density (DOD) 
{     
 Iout[,1]<-I[,1] 
 for (j in 1:length(I[,1])) 
 { 

Iout[j,2]<-I[j,2]-Ib[j,2] 
 } 
 return(Iout) 
} 
 
DOAS<-function(J1,So3) 
{ 
# in.  param. 
# J1 = measured DOD 
# SO3 = ozone reference spectrum 
# 
# @ret.  param. 
# a = scale coefficient 
# theta = covariance matrix 
# me = mean error 
# 
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# perform a linear DOAS fit 
 X<-mat.or.vec(length(So3[,1]),1) 
 JJ<-mat.or.vec(length(J1[,1]),1) 
 for (n in 1:length(J1[,1])) 
  { 
  X[n]<- So3[n,2]  
  } 
 JJ<-J1[,2] 
 a<-solve(t(X)%*%X)%*%t(X)%*%JJ 
 error<-mat.or.vec(length(J1[,1]),1) 
 for (i in 1:length(J1[,1])) 
 { 

error[i]<-J1[i,2]-a[1]*So3[i,2] 
 } 
 me<-mean(error) 
 n<-length(J1[,1]) 
 m<-1 
 S2<-(n-m)^(-1)*t(JJ-X%*%a)%*%(JJ-X%*%a) 
 theta<-S2%*%solve(t(X)%*%X) 
 Output<-list(a,theta,me) 
 return(Output) 
} 
 
findindex<-function(Vector,Value) 
# in.  param. 
# vector = Input vector 
# Value = Value to find, in (nm) 
# 
# @ret.  param. 
# jout = index 
# 
# find the index that corresponds to a particular wavelength 
{ 
 j_tmp<-0 
 rfound<-0 
 for (j in 1:length(Vector)) 
 { 
 if (Value-Vector[j]<0) 
  { 
  j_tmp<-j 
            rfound<-1 
  } 
 if (rfound==1) 
  { 
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              break 
  } 
      jout<-j+1 
 } 
 return(jout) 
} 
 
Wavelength_Mapping4<-function(I_a,I_c)    
# @in.  param. 
# I_a = Spectral data  
# I_c = Spectrometer mapping 
# @ret.  param. 
# maps spectral data according to the spectrometer mapping I_c  
{         
  # find the starting point of Ic(1,1)> I0(1,1) 
 a_ini<-1 
 a_term<-length(I_a$lambda) 
 ini<-1 
 while (I_c$lambda[ini]<I_a$lambda[a_ini]) 
 { 
  ini<-ini+1 
 } 
 term<-length(I_c$lambda) 
 k<-I_c$lambda[ini:term] 
 r<-1:length(I_a$lambda-13) 
 lMax<-length(k)-13 
 x<-seq(length=lMax,0,0) 
 I_a2<-data.frame(cbind(lambda=x,value=x)) 

for (j in 1:length(k)) 
 { 
  Value<-k[j] 
  i_max<-findindex(I_a[,1],Value) 
  i_min<-i_max-1 
           x1<-I_a[i_max,1]-I_a[i_min,1] 
  x2<-I_a[i_max,1]-k[j] 
  y1<-I_a[i_max,2]-I_a[i_min,2] 
  y2<-x2*y1/x1 
  I_a2[j,1]<-k[j] 
  I_a2[j,2]<-I_a[i_max,2]-y2 
     } 
 return(I_a2) 
} 
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CubicSpline<-function(X0,Y0,Z0,ic) 
# in.  param 
# X0,Y0,Z0 = Discrete vector 
# X0 = wavelength  
# Y0 = value  
# Z0 = pixel number 
# @ret.  param 
# X,Y,Z = Spline vector 
# ar = spline coefficients 
# 
# implements a cubic spline 
{ 
 N<-length(Z0) 
 hstart<-Z0[1] 
 hend<-Z0[N] 
 nn<-N 
 # build A  
 A <- mat.or.vec(nn,nn) 
 for (n in 1:nn) 
 { 
  for (m in 1:nn) 
  { 
   if (m==n) 
    { 
    A[n,m]<-4 
    } 
   else 
    { 
    if (m==n+1) 
     { 
     A[n,m]<-1 
     } 
     else 
     { 
     if (m==n-1) 
      { 
      A[n,m]<-1 
      } 
     else 
      { 
      A[n,m]<-0 
      } 
     } 
    } 
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  } 
 } 
 A[1,nn]<-1 
 A[nn,1]<-1 
 # build X2,Y2   
 X1<-mat.or.vec(nn,1) 
 Y1<-mat.or.vec(nn,1) 
 Z1<-mat.or.vec(nn,1) 
 for (n in 1:nn) 
 { 
  j<-(n-1)+1 
  X1[n]<-X0[j] 
  Y1[n]<-Y0[j] 
  Z1[n]<-Z0[j] 
 } 
 # - build the solution of the cubic spline 
 b <- mat.or.vec(nn,1) 
 for (n in 1:nn) 
 { 
      if (n==1) 
   { 
              b[n]<-3*(Y1[n+1]-Y1[nn]) 
   } 
   else 
   { 
   if (n==nn) 
    { 
               b[n]<-3*(Y1[1]-Y1[nn-1]) 
   } else { 
                b[n]<-3*(Y1[n+1]-Y1[n-1]) 
    } 
   } 
 } 
 # -solving for D 
 D<-solve(A,b) 
 # -building the coef.  matrix for each spline 
 x<-seq(length=nn,0,0) 
 ar<-data.frame(cbind(c1=x,c2=x,c3=x,c4=x,c5=x,c6=x)) 
 X<-mat.or.vec(nn,1) 
 Y<-mat.or.vec(nn,1) 
 Z<-mat.or.vec(nn,1) 
 
 
 for (n in 1:nn) 
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 { 
  ar$c1[n]<-Z1[n] 
  ar$c2[n]<-Z1[n]+1 
  ar$c3[n]<-Y1[n] 
  ar$c4[n]<-D[n] 
  if (n==nn) 
   { 
   ar$c5[n]<-3*(Y1[1]-Y1[n])-2*D[n]-D[1] 
   ar$c6[n]<-2*(Y1[n]-Y1[1])+D[n]+D[1] 
   } 
  else 
   { 
   ar$c5[n]<-3*(Y1[n+1]-Y1[n])-2*D[n]-D[n+1] 
   ar$c6[n]<-2*(Y1[n]-Y1[n+1])+D[n]+D[n+1] 
   } 
       X[n]<- X1[n] 
  Y[n]<- Y1[n]  

Z[n]<- Z1[n]  
 } 
 Output<-list(X,Y,Z,ar) 
 return(Output) 
} 
 
Wave_Alignment<-
function(J1,S0,Ic,count,f_k,lambda,thetaim1,skip,skip2,MSE_k,thetai) 
# in.  and ret.  param. 
# J1 = the DOD 
# So = the reference spectrum to aling 
# f_k = the objective function 
# lambda = the last step of the LV 
# thetaim1 = the set of parameters 
# skip,skip2 = boolean parameters 
# MSE = the mean squared error 
# thetai = the last set of parameters 
# I_c = spectrometer mapping 
# 
# align a reference spectrum to the measured DOD 
{         
 # LVM STEP 1: located in the main algorithm ----- ----- ----- ------ -----  
 # LVM STEP 2: interpolation of reference spectra by a cubic spline ----- --- 
 # wavelength pixel mapping: calibration coefficient of the S2000 
 g0<-121.460342005308 
 g1<-0.13437959804857 
 g2<- -0.000013606069241 
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 g3<-0.000000001284198 
 # set ozone reference spectra 
 x1_1<-S0[,1] #wavelength 
 y1_1<-S0[,2] #intensity 
 z1_1<-S0[,3] #pixel 
 pixel_s<-z1_1[1] 
 pixel_e<-z1_1[length(z1_1)] 
 ic<-round((pixel_s+(pixel_e-pixel_s)/2)) # calculate center pixel 
 Output<- CubicSpline(x1_1,y1_1,z1_1,ic) # Create cubic spline 
 xi_1<-Output[1] # assign interpolated wavelength 
 yi_1<-Output[2] # assign interpolated intensity 
 zi_1<-Output[3] # assign interpolated pixel 
 a_U<-as.data.frame(Output[4])# matrix with cubic spline coefficients 
 # store spline in temporal vector 
 x2_g<-xi_1 
 y2_g<-yi_1 
 z2_g<-zi_1 
 N<-length(z1_1) 
 rstart<-z1_1[1] 
 rend<-z1_1[N] 
  r<-rstart:rend # length of the spline 
     # create x_ref to shift/squeeze/stretch 
  hstart<-z1_1[1] 
 hend<-z1_1[N] 
 nn<-round(hend-hstart)+1 
 x_ref<-mat.or.vec(nn,1) 
 for (n in 1:nn) 
 { 
  j<-(n-1)+1 
  x_ref[n]<-z1_1[j] 
 } 
 SZ<-1 
 nTot<-length(r) 
 # create temporal variables to store 
 x<-seq(length=nTot,0,0) 
 Zi<-data.frame(cbind(lambda=x,value=x,pixel=x)) # reference spectrum 
 a<-mat.or.vec(nn-1,2)  # changing values of scale coefficient 
 # assign initial values for alignment coefficients 
 d0i<-thetai[1] 
 d1i<-thetai[2]   
 # shift squeeze/stretch Si 
 Jv<-mat.or.vec(nn,2)     
     for (p in 1:nn) 
 { 
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  # a + bS + cS2 + dS3 
  difer <-x_ref[p]-ic  
  i<-x_ref[p] + d0i + d1i*(difer) # new mapping 
  # Map Zi to xm 
  Zi$lambda[p]<-g0+ g1*i + g2*i^2 + g3*i^3  

# pixel mapped to wavelength 
  Zi$value[p]<-S0$value[p]        # intensity value 
  Zi$pixel[p]<-i    # new noninteger pixel  
  # STEP 3: Calculate the Jacobian ---- ---- ---- ---- --- --- --- 
  # calculate the first derivative of the residuals at pixel p 
  Jv[p,1]<- -a_U$c4[p] 
  # calculate the second derivative of the residuals 
  Jv[p,2]<- -a_U$c4[p]*(difer) 
 } 
 # Jv1, Jv2, stores the derivatives, and add columns  

# for wavelength and pixel, 
 # these make easier to remap them 
 x<-seq(length=nn,0,0) 
 Jv1<-data.frame(cbind(lambda=x,value=x)) 
 x<-seq(length=nn,0,0) 
 Jv2<-data.frame(cbind(lambda=x,value=x)) 
 # STEP 4: transfer Zi and J to the instrument mapping --- --- --- --- --- -- ---  
 # map Zi to the instrument mapping 
 Out1<-Wavelength_Mapping4(Zi,Ic) 
 # add wavelength values to the first derivative 
 Jv1$lambda<-Zi$lambda 
 Jv1$value<-Jv[,1] 
 # add wavelength values to the second derivative 
 Jv2$lambda<-Zi$lambda 
 Jv2$value<-Jv[,2] 
 # map the first derivative with the instrument mapping 
 Jv1w<-Wavelength_Mapping4(Jv1,Ic) 
 # map the second derivative with the instrument mapping 
 Jv2w<-Wavelength_Mapping4(Jv2,Ic) 
 # assemble the Jacobian J  
 # column 1 is the first derivative 
 # column 2 is the second derivative 
 J$lambda<-Jv1w$value # lambda and value has no meaning in here 
 J$value<-Jv2w$value  
 # map the DOD to the instrument mapping: not required 
 x<-seq(length=length(J1$lambda),0,0) 
 Out2<-data.frame(cbind(lambda=x,value=x,pixel=x)) 
 Out2<-Wavelength_Mapping4(J1,Ic) 
 Out2$pixel<-Ic[,2] 
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     #  STEP 5: calculate the residuals ---- ---- ---- ---- ---- ----  
 zTot<-length(Out2$lambda) 
 rj<-mat.or.vec(zTot,2) # the residuals 
 for (j in 1:zTot) 
 { 
  rj[j,1]<-Out2$pixel[j] 
  rj[j,2]<-Out2$value[j]-Out1$value[j] 
 } 
     x1_g<-Out2[,1] 
 y1_g<-Out2[,2] 
 z2_g<-Out2[,3] 
 x2_g<-Out1[,1] 
 y2_g<-Out1[,2] 
 # calculate the objective function 
 f_k[count]<-0 
 for (j in 1:zTot) 
 { 
  f_k[count]<-rj[j,2]^2+f_k[count] 
 } 
 # conditions of the LM method 
 if (count>1 && skip2==0) 
 { 
  if (f_k[count]<=f_k[count-1]) # accept theta decrease lambda by 5 
  { 
   lambda[count]<-lambda[count-1]/5 
   skip<-0 
   skip2<-0 
  } else { # reject theta increment lambda by a factor of 5 
   lambda[count]<-lambda[count-1]*5 
   lambda[count+1]<-lambda[count-1]*5 
   thetai<-thetaim1[,count-1] 
   skip<-1 
   skip2<-1 
   thetaim1[,count]<-thetai 
  } 
 } else { 
  if (skip2==1) # 
      { 
   skip<-0  # do nothing at next iteration 
   skip2<-0 
   } 
  } 
     if (skip==0)  
 { 
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  Jt<-mat.or.vec(length(J$lambda),2) 
  Jt[,1]<-J$lambda 
  Jt[,2]<-J$value 
  # construct the second derivative of the objective function 
  N_f<- -0.9*t(Jt)%*%rj[,2] 
  # STEP 6: construct the Hessian --- --- --- --- --- ---- --- ---- 
  D<-t(Jt)%*%Jt 
  # calculate the inverse of the Hessian 
  Dp_inv<-0.5*solve(D) 
  # STEP 7: calculate the step matrix A --- --- --- --- --- --- --- --- ---  
  A<-(lambda[count]*1+Dp_inv)  
  deltaj<-A%*%(-N_f) 
  thetaj<-matrix(unlist(thetai),nrow=2) 
  # STEP 9: calculate a new set of parameters --- --- --- --- --- --- --- -- 
  thetaim1[,count]<-thetaj+deltaj 
  thetai<-thetaim1[,count] 
    # calculate the mean square error   
  MSE<-(1/length(r))*sqrt(f_k[count])  
  MSE_k[count]<-MSE 
  f<-0 
   } 
 count<-count+1 
 d0i<-thetai[1] 
 d1i<-thetai[2] 
 # create a new reference spectra shifted/squezeed/stretched  

# according to d0i and d1i 
 x<-seq(length=nn,0,0) 
 S_out<-data.frame(cbind(lambda=x,value=x,pixel=x)) 
 for (p in 1:nn) 
 { 
  # a + bS + cS2 + dS3 
  difer <-x_ref[p]-ic   
  i<-x_ref[p] + d0i + d1i*(difer) 
  S_out$lambda[p]<-g0+ g1*i + g2*i^2 + g3*i^3 
  S_out$value[p]<-S0$value[p] 
  S_out$pixel[p]<-i 
 } 
 
 # Set output variables 
 count_out<-count 
 f_out<-f_k 
 lambda_out<-lambda 
 thetaim1_out<-thetaim1 
 skip_out<-skip 
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 skip2_out<-skip2 
 MSE_out<-MSE_k 
 thetai_out<-thetai 
 Output<-
list(S_out,d0i,d1i,f_out,lambda_out,thetaim1_out,skip_out,skip2_out,MSE_out,co
unt_out,thetai_out) 
 return(Output) 
}     
# function definition (end) 
 
# PROGRAMMING SCRIPT 
# START ----- ----- -----  
# REQUIRED FILES: 
# C:\DOAS\doas.algorithm.r  = this script 
# C:\DOAS\getdst.r  = Script to determine whether DST is in use 
# C:\DOAS\DataDOAS\o3_300.csv = ozone reference spectrum 
# C:\DOAS\DataDOAS\spec_dc.csv = dark current file (OO S2000) 
# C:\DOAS\DataDOAS\WP_mapping_r.csv = Spectrometer mapping  
# (OO S2000) 
# STEP 1 definition of constants ----- ----- -----  
Int_time<-307e-3 
# read day an DZT stored in time.csv 
# DZT = 5 for daylight saving time 
# = 6 for normal time 
# OrigDir: Folder where DOAS files are being stored 
OrigDir<-"C:/DOAS" 
setwd(OrigDir) 
FileName1<-paste(OrigDir,"/day.csv",sep="") 
Rfdata<-read.csv(FileName1,header=FALSE) 
sday<-paste(Rfdata[1]) 
DZT<-as.numeric(Rfdata[2]) 
# STEP 2 read today's set of measured spectra  -----  -----  ----- 
# read directory content 
BaseDir<-paste(OrigDir,"/",sday,"/",sep="") 
Sdir<-setwd(BaseDir) 
r<-dir(pattern = "OOi",full.names=FALSE, ignore.case = TRUE) 
 
# dimension 
#  fName to store measured spectra filename  
# dimension  
#   Z to store airmass values 
nMax<-length(r) 
Z=mat.or.vec(nMax,6) 
fName=mat.or.vec(length(r),1) 
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for (n in 1:nMax) 
{ 
 fName[n]=r[n]  
 finf<-file.info(r[n]) 
 C<-finf[,"mtime"] 
 # get the following information from each File 
 # year 
           year<-as.numeric(substr(C,1,4)) 
 # month 
           month<-as.numeric(substr(C,6,7)) 
 # day 
 day<-as.numeric(substr(C,9,10)) 
 # hour 
 hour<-as.numeric(substr(C,12,13)) 
 # minute 
 min<-as.numeric(substr(C,15,16)) 
 # second  
 sec<-as.numeric(substr(C,18,19)) 
 # Get Azimuth,elevation value to calculate airmass 

Results<-getElev2(year,month,day,hour,min,-1*DZT) 
 # azimuth 
 Az<-as.numeric(Results[1]) 
 # elevation in degrees 
 Ele<-as.numeric(Results[2]) 
 # solar Noon 
 SNoon<-as.numeric(Results[3]) 
 # Calculate elevation in radians 

elev2 <- Ele 
elevrad2<-elev2*pi/180 

 # calculate a corrected airmass factor 
Zangle2 <-90-elev2 
Zanglerad2<-Zangle2*pi/180 

           Rej<-6371 
re<-0.218 

           h<-22.67 
v<-((Rej+re)^2)/((Rej+h)^2) 

 # Z stores the following values for each spectrum 
           Z[n,1]<-hour # hour 

Z[n,2]<-min # minute 
Z[n,3]<-elev2 # elevation in degrees 

           Z[n,4]<-1/sin(elevrad2) # airmass 
Z[n,5]<-1/sqrt(1-v*(sin(Zanglerad2))^2) # corrected airmass factor 

           # optional Z[n,6] can be used to obtain smaller sets 
 # in this example 1 means morning, 2 afternoon 
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           Timec <- hour+min/60 
if (Timec<SNoon)  

 { 
             Z[n,6]<-1 

 } else { 
                 Z[n,6]<-2 
  }  
} 
# read spectral files 
# define analysis range 
ilim <- 300 
ulim <- 350.6 
# calculate the number of rows in the analysis window 
FileName<-fName[1] # do this with the first file 
InputFileName<-paste(BaseDir,FileName,sep="") 
I_t<-read_solarspectra(InputFileName,Int_time) 
# clip spectrum to the analysis range 
I_tmp<-ExtractVector(I_t,ilim,ulim) 
# store spectra in I_s_structure matrix 
nTot<-length(I_tmp[,1]) # total number of spectra for analysis 
I_s_structure<-mat.or.vec(nTot,nMax+1) 
count<-0 
for (counter in 1:nMax) 
{ 
 # get filename fname 
 FileName<-fName[counter] 
 InputFileName<-paste(BaseDir,FileName,sep="") 
 # read solar spectra, corrected for background signal 
 I_sm<-read_solarspectra(InputFileName,Int_time) 
 # limit spectra to analysis range 
 I_sr<-ExtractVector(I_sm,ilim,ulim) 
 # first column=wavelength, from 2 to nMax intensity 

if (counter==1) { 
  I_s_structure[,1]<-I_sr[,1] # wavelength 
  I_s_structure[,2]<-I_sr[,2] # intensity 
 } else { 
          I_s_structure[,counter+1]<-I_sr[,2] 
 } 
       # determine if this spectrum is valid.  A strong signal is detected 
    if (I_sr[303,2]>250) 
       count<-count+1 
} 
 # STEP 4: abort program if number of valid spectra is less than 10  -----  -- 
if (count<10) 
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{ 
     stop("Stop1: Not enough spectra to continue with the analysis") 
} 
# STEP 5: store spectra for analysis  ----- ----- ----- 
# create a matrix to store valid spectra 
# Z_to_anal stores airmass of valid spectra 
Z_to_anal<-mat.or.vec(count,6) 
I_to_anal<-mat.or.vec(nTot,count+1) 
I_to_anal[,1]<-I_s_structure[,1] 
j<-1 
for (i in 1:nMax) 
{ 
 if (I_s_structure[303,i+1]>250) 
 { 
  I_to_anal[,j+1]<-I_s_structure[,i+1] 
  Z_to_anal[j,1]<-Z[i,1] 
  Z_to_anal[j,2]<-Z[i,2] 
  Z_to_anal[j,3]<-Z[i,3] 
  Z_to_anal[j,4]<-Z[i,4] 
  Z_to_anal[j,5]<-Z[i,5] 
  Z_to_anal[j,6]<-Z[i,6] 
  j<-j+1 
 } 
} 
zTot<-length(Z_to_anal[,1]) 
Znew<-mat.or.vec(zTot,6) 
for (j in 1:zTot) 
{ 
 Znew[j,1]<-Z_to_anal[j,1] 
 Znew[j,2]<-Z_to_anal[j,2]  
 Znew[j,3]<-Z_to_anal[j,3]  
 Znew[j,4]<-Z_to_anal[j,4]  
 Znew[j,5]<-Z_to_anal[j,5] 
 Znew[j,6]<-Z_to_anal[j,6] 
}  
# STEP 6a: filter noise from spectra ----- ----- ----- 
# I_broad_structure stores filtered spectra 
no<-length(I_to_anal[,1]) 
I_broad_structure<-mat.or.vec(no,count+1) 
I_broad_structure[,1]<-I_to_anal[,1] 
I_temp<-mat.or.vec(no,2) 
I_temp[,1]<-I_to_anal[,1] 
for (i in 1:count) 
{ 
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 I_temp[,2]<-I_to_anal[,i+1] 
 # apply a savitzky and golay filter smoothing 
 I_temp<-BroadSpectra(I_temp,0.02) 
 I_broad_structure[,i+1]<-I_temp[,2] 
} 
# STEP 6b: determine Fraunhofer spectrum ----- ----- ----- 
lMax<-length(I_broad_structure[,1]) 
nMax<-length(I_broad_structure[1,])-1 
I_div_structure<-mat.or.vec(lMax,nMax) 
I_div_structure[,1]<-I_broad_structure[,1] 
# Fraunhofer spectrum: spectrum that has the minimum airmass value 
# n_fraun: temporal airmass value.  At the beginning is set to a high value 
# j_fraun: the index of the Fraunhofer spectrum 
n_fraun<-5 
for (j in 1:length(Znew[,1])) 
{ 
 zact<-Znew[j,5] 
 if (zact<n_fraun) 
 {  
        n_fraun<-zact 
  if (j==length(Znew[,1]))  
  { 
   j_fraun<-j 
  } else { 
          j_fraun<-j+1   #first column of I_div is wlength 
  } 
 } 
} 
I_fraun<-I_broad_structure[,j_fraun] # set the Fraunhofer spectrum 
# STEP 6c: divide spectra by the Fraunhofer spectrum ----- ----- ----- 
# this step removes from the Airmass matrix the row corresponding  
# to Fraunhofer spectrum 
n<-length(Znew[,1]) 
Z<-mat.or.vec(n-1,6) 
k<-2 
for (i in 1:nMax) 
{ 
 if (i!=j_fraun) 
 { 
  for (p in 1:length(I_fraun)) 
  { 
   I_div_structure[p,k]<-I_broad_structure[p,i+1]/I_fraun[p] 
  }  
          Z[k-1,1]<-Znew[i,1] 
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          Z[k-1,2]<-Znew[i,2] 
          Z[k-1,3]<-Znew[i,3] 
          Z[k-1,4]<-Znew[i,4] 
          Z[k-1,5]<-Znew[i,5] 
          Z[k-1,6]<-Znew[i,6] 

  k<-k+1 
  } 
} 
# STEP 7: calculate the differential optical density (DOD) for each spectra   
# S_narrow_structure stores the differential optical density 
no<-length(I_div_structure[,1]) 
S_narrow_structure<-mat.or.vec(446,nMax) 
x<-seq(length=lMax,0,0) 
I_anal<-data.frame(cbind(lambda=x,value=x)) 
for (i in 1:length(I_div_structure[1,])-1) 
{ 
 # set I_anal = the spectrum to analyze 
 I_anal[,1]<-I_div_structure[,1] # wavelength 
 # optional: If it happens that a value of a spectrum is less  

# than 0 set its value close to 0 
 for (j in 1:length(I_div_structure[,i+1])) 
 { 
  if (I_div_structure[j,i+1]>=0) 
  { 
       I_anal[j,2]<-I_div_structure[j,i+1] # values to analyze 
  } else { 
   I_anal[j,2]<-0.0001 
  } 
 } 
 # limit spectrum to range [307-350] 
     Sp1a<-ExtractVector(I_anal,307,350.53)  
 # calculate the natural logarithm of the current spectrum 
     D1<-LnSpectra(Sp1a,1) 
 # optional: LnSpectra returns new limits if LnSpectra<0 

# D1e<-ExtractVector(D1,nLimit_inf,nLimit_sup) 
    D1e<-ExtractVector(D1,307,350.53) 
    # separate the spectrum into broad and narrow part 
    S1_broad<-BroadSpectra(D1e,0.1)     
    S1_narrow<-NarrowSpectra(D1e,S1_broad) 
 # store the DOD of spectra  
  S_narrow_structure[,1]<-S1_narrow[,1] 
 S_narrow_structure[,i+1]<-S1_narrow[,2] 
} 
# STEP 8: Apply the DOAS analysis procedure to each spectra  
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# DOAS ANALYSIS PROCEDURE  
# initiate the procedure 
total<-1 
# analysis range 
ilim<-315 
ulim<-330 
ilim2<-308 
ulim2<-330 
# read data files  
setwd("C:/DOAS/DataDOAS") ; set folder 
Rdir<-getwd() 
FileName1<-paste(Rdir,"/WPMapping_r.csv",sep="") ; spectrometer mapping 
FileName2<-paste(Rdir,"/o3_300.csv",sep="") ; ozone reference spectrum 
# read the Instrument wavelength mapping 
WP_realt<-read.csv(FileName1,header=FALSE) 
lMax<-length(WP_realt[,1]) 
x<-seq(length=lMax,0,0) 
WP_real<-data.frame(cbind(lambda=x,value=x)) 
WP_real$lambda<-WP_realt[,1] 
WP_real$value<-WP_realt[,2] 
# read ozone data 
O3t<-read.csv(FileName2,header=FALSE) 
lMax<-length(O3t[,1]) 
x<-seq(length=lMax,0,0) 
O3<-data.frame(cbind(lambda=x,value=x)) 
O3$lambda<-O3t[,1] 
O3$value<-O3t[,2] 
a_structure0<-mat.or.vec(nMax-1,1) 
a_structure1<-mat.or.vec(nMax-1,1); 
tAnal<-length(S_narrow_structure[1,])-1 
# expand range for wavelength alignment 
Itm<-ExtractVector(O3,307,340) 
x<-seq(length=length(Itm[,1]),0,0) 
So3n<-data.frame(cbind(lambda=x,value=x,pixel=x)) 
Itm2<-ExtractVector(O3,ilim2,ulim2) 
x<-seq(length=length(Itm2[,1]),0,0) 
So3r2<-data.frame(cbind(lambda=x,value=x,pixel=x)) 
# set to zero the wavealigment coefficients 
change<-mat.or.vec(nMax-1,1) 
d0<-0 
d1<-0 
# for each spectrum in the analysis matrix 
for (k in 1:tAnal) 
{ #1 
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 # set the analysis DOD 
 x<-seq(length=446,0,0) 
 J1<-data.frame(cbind(lambda=x,value=x)) 
 J1$lambda<-S_narrow_structure[,1] 
 J1$value<-S_narrow_structure[,k+1] 
 Ic<-ExtractVector(WP_real,ilim,ulim) 
 Ic1<-ExtractVector(WP_real,307,340) 
 Ic2<-ExtractVector(WP_real,ilim2,ulim2) 
 # set  
 # So3 the part of refence spectrum to use 
 # J the part of the DOD to analyze 
 So3<-ExtractVector(O3,ilim,ulim) 
 J<-ExtractVector(J1,ilim,ulim) 
 # temporal variables 
 # So3new stores a new aligned reference spectrum 
 Jnew<-J 
 So3new<-So3 
 # add pixel column to reference spectrum, column obtained  
 # from the wavelength mapping vector 
 So3n<-ExtractVector(O3,307,340) 
 So3n$pixel<-Ic1[,2] 
 So3r2<-ExtractVector(O3,ilim2,ulim2) 
 So3r2$pixel<-Ic2[,2] 
 # LVM Initialize variable for the LV method 
 Sr<-So3n 
 nm<-30  
 nMax2<-31   
 a_tot<-mat.or.vec(nMax2-1,1) 
 theta_tot<-mat.or.vec(nMax2-1,1) 
 d0_tot<-mat.or.vec(nMax2-1,1) 
 d1_tot<-mat.or.vec(nMax2-1,1) 
 f_k<-mat.or.vec(nMax2-1,1) 
 lambda<-mat.or.vec(nMax2-1,1) 
 thetaim1<-mat.or.vec(2,nMax2-1) 
 count<-1 
 lambda[1]<-0.001 
 skip<-0 
 skip2<-0 
 MSE_k<-mat.or.vec(nMax2-1,1) 
 # LVM STEP 1: Construct the vector of parameters 
 # initial parameters are set to 0 
 thetai<-mat.or.vec(2,1) 
 j<-1 
 error<-1 
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 val<-1 
 # while stopping conditions are not full filled    
 while (abs(error)>1e-5 && j<30 && val>0.0001) 
 { #2 
  # perform a linear fit 
  Output<-DOAS(Jnew,So3new) 
  # store results of the linear fit 
  a<-as.numeric(Output[1]) 
  theta<-as.numeric(Output[2]) 
  me<-as.numeric(Output[3]) 
  a_tot[j]<-a 
  theta_tot[j]<-theta 
  # Sco3 is a copy of the original reference spectrum   
  Sco3<-Wavelength_Mapping4(O3,Ic1) 
  ilimw<-Sco3[1,1] 
  ulimw<-Sco3[length(Sco3[,1]),1] 
  # get pixel column for Sco3 
  Ic1n<-ExtractVector(Ic1,ilimw,ulimw) 
  # resize the original reference spectrum 
  Sco3[,2]<-a*Sco3[,2] 
  Sco3[,3]<-Ic1n[,2] 
  # set Jw the DOD under analysis 
  Jw<-ExtractVector(J1,ilimw,ulimw) 
  Jw[,3]<-Ic1n[,2] 
  # perform a wavealignment step only if a>0.05 
  # a is the scale coefficient, greater than 0 
  # a = 1 slanted column/ 300 DU  
  if (a>0.05) 
  { #3 
   # wave alignment algorithm 
   Output<-
Wave_Alignment(Jw,Sco3,Ic,count,f_k,lambda,thetaim1,skip,skip2,MSE_k,thetai) 
   # get the results of the alignment algorithm 
   So3n<-as.data.frame(Output[1]) 
   d0<-as.numeric(Output[2]) 
   d1<-as.numeric(Output[3]) 
   f_k<-matrix(unlist(Output[4])) 
   lambda<-matrix(unlist(Output[5])) 
   thetaim1<-matrix(unlist(Output[6]),nrow=2) 
   skip<-as.numeric(Output[7]) 
   skip2<-as.numeric(Output[8]) 
   MSE_k<-matrix(unlist(Output[9])) 
   count<-as.numeric(Output[10]) 
   thetai<-matrix(unlist(Output[11]),ncol=2,byrow=T) 
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   # unscale the reference spectrum 
   So3n$value<-1/a*So3n$value 
   d0_tot[j]<-d0 
   d1_tot[j]<-d1 
   # store in So3new a shifted/squeezed/stretched  
   # version of Sco3 
   So3new<-Wavelength_Mapping4(So3n,Ic) 
  } #3 
  # Calculate stopping conditions 
  if (j>1) 
  { 
   change[j-1]<-a_tot[j]-a_tot[j-1] 
   error<-change[j-1] 
  } 
  if (MSE_k[j]==0) 
  { 
   val<-1 
  } else { 
   val<-MSE_k[j] 
  } 
  j<-j+1 
  # if stopping conditions are met 
  if (val<0.0001 || j>=30 || abs(error)<=1e-5) 
  { #3 
   # perform a linear fit to get final value 
   Output<-DOAS(Jnew,So3new) 
   a<-as.numeric(Output[1]) 
   theta<-as.numeric(Output[2]) 
   me<-as.numeric(Output[3]) 
   a_tot[j]<-a[1] 
   theta_tot[j]<-theta[1] 
  } #3 
 } #2      
 a_tot[j] 
 a_structure0[k]<-a_tot[1] 
 a_structure1[k]<-a_tot[j] 
} #1 
# STEP 9: calculate the VCD using the DOAS Langley plot ----- ----- ----- 
# Set x0 = scale coefficients values 
# Set y = airmas values 
x0<-mat.or.vec(length(a_structure1),1) 
x0<-a_structure1 
y<-mat.or.vec(length(Z[,5]),1) 
y<-Z[,5] 



169 
 

Xm<-mat.or.vec(length(a_structure1),2) 
J1<-mat.or.vec(length(a_structure1),1) 
k<-1 
for (n in 1:length(x0)) 
{ 
 Elev<-Z[n,3] 
 Xm[k,1]<-1 
 Xm[k,2]<- x0[n] 
 J1[k]<-y[n] 
 k<-k+1 
} 
# perform a linear fit to derive the VCD 
a<-solve(t(Xm)%*%Xm)%*%t(Xm)%*%J1 
# a[2] is the VCD 
error<-mat.or.vec(length(J1),1) 
for (i in 1:length(J1)) 
{ 
 error[i]=J1[i]-a[1]-a[2]*x0[i] 
} 
me<-mean(error) 
# calculate the error of the linear fit 
n<-length(J1) 
m<-1  # m = # gases 
S1<-(n-m)^(-1)*t(J1-Xm%*%a)%*%(J1-Xm%*%a) 
theta<-as.numeric(S1)*solve(t(Xm)%*%Xm) 
DO3<-300/a[2]    
EO3<-300*sqrt(theta[2,2]) 
f2<-Sys.time() 
ET<-f2-f1 
# output today’s result to data.csv 
pday<-as.Date(paste(year,'-',month,'-',day,sep="")) 
valo<-toString(round(DO3,0)) 
output_data<-paste(pday,valo,sep=",") 
setwd(OrigDir) 
write.table(output_data, 
file='data.csv',append=TRUE,row.names=FALSE,col.names=FALSE,qmethod = 
"double",sep=',',quote=FALSE) 
# PROGRAMMING SCRIPT 
# END ----- ----- -----  
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# R PROGRAMMING SCRIPT: GetDST  
# 
# required by DOAS algorithm and Automation script 
# 
# this program writes to time.csv the following data 
# 
# tdate: today's date  
# DZT: difference between Central Time and Universal Time 
# 
# run this program at the beginning of each day of observations 
 
f1<-Sys.Date() 
yearc<-format(f1,"%Y") 
monthc<-format(f1,"%m") 
dayc<-format(f1,"%d") 
tdate<-paste(yearc,monthc,dayc,sep="") 
DST<-format(Sys.time(), "%z") 
if (DST=="Central Daylight Time") 
 { 
 DZT<-5  
 } else { 
 DZT<-6 
 } 
output_data<-paste(tdate,DZT,sep=",") 
# Write output data 
OrigDir<-"C:/DOAS" 
setwd(OrigDir) 
Sdir<-setwd(OrigDir) 
write.table(output_data, 
file='day.csv',append=FALSE,row.names=FALSE,col.names=FALSE,qmethod = 
"double",sep=',',quote=FALSE) 
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APPENDIX C 

SCRIPT PROGRAM LISTING: AUTOMATION ALGORITHM 
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;   Script Program Name: CAS_DOAS_MA.au3 
; 
; This script program controls the automatic collection of ozone data. 
; (AutoIt Version: 3.0) 
; Initialize variables 
$starthr = 09  
$stophr = 18 
$stophr2 = 23 
$startmin = 00 
$stopmin = 00 
$stopday = 0 
$OOidir = 'C:\Program Files\Ocean Optics\OOIBase32' 
$QBdir = 'C:\qb45' 
$QBprogram = '\QB.exe' 
$QBalgo = '\O3CDT.BAS' 
$QBalgo1 = '\O3CST.BAS'  
$QBtitle = $QBdir & $QBprogram 
; Set FileCounter <> 0 to avoid overwriting a previous collected spectrum 
$FileCounter =0 
$Restart=0 
$BaseDir ='C:\DOAS\' 
$OOiDir = 'C:\Program Files\Ocean Optics\OOiBase32\' 
$OOiName = 'OOi*' 
do 
 ; At the beginning of a day 
 ; loop while waiting for start time 
 do 
  MsgBox(4096,"Sleeping","Waiting for starting time",10) 
  sleep (1000) 
  send ("{ESC}") 
  sleep (5000) 
 until @hour >= $starthr AND @min >= $startmin AND @hour < $stophr 
 ; Get date and dst (by running GetDST.r) 
 RunR_Morning() 
 sleep(10000) 
 CloseR() 
 $cdst = FileRead ("c:\DOAS\day.csv", 10) 
 $dst = StringTrimLeft($cdst,9) 
  ; Start programs 
 ; Start spectrometer software 
 Run($OOidir & "\OOiBase32.exe",$OOidir,@SW_MAXIMIZE) 
 WinWait("OOIBase32 - [Spectrum1]") 
 ; Configure spectrometer software 
 send ("!t") 



173 
 

 send ("{DOWN}") 
 send ("{ENTER}") 
 send ("!f") 
 send ("a") 
 send ("s") 
 send ($FileCounter) 
 send ("{ENTER}") 
 ; Start turbo basic 
 Run($QBdir & $QBprogram,$QBdir,@SW_SHOW) 
 sleep(1000) 
 send ("{ESC}") 
 sleep(2000) 
 send ("!f") 
 send ("o") 
 if ($dst="5") Then 
  send ($QBdir & $QBalgo) ; run cdt 
 else 
  send ($QBdir & $QBalgo1) ; run cst 
 Endif 
 send ("{ENTER}") 
 send ("!r") 
 send ("s") 
 sleep (20000) 
 WinActivate("OOIBase32 - [Spectrum1]", "") 
 ; Set the spectrometer integration time to 30ms 
 send ("{ALT}") 
 send ("s") 
 send ("{DOWN}") 
 send ("{DOWN}") 
 send ("{DOWN}") 
 send ("{DOWN}") 
 send ("{DOWN}") 
 send ("{DOWN}") 
 send ("{ENTER}") 
 send ("30") 
 send ("{TAB}") 
 send ("1") 
 send ("{TAB}") 
 send ("0") 
 sleep(1000) 
 send ("{ENTER}") 
 sleep(1000) 
 ; During a day 
 ; Take ozone data repetitively 
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 do 
  ; Run Nebgen's CAS 
  WinActivate($QBtitle, "") 
  ; ----- tell qb45 to take calibration sample 
  send("c") 
  send("{ENTER}") 
  ; Wait three seconds for PT to move to dark position 
  sleep (3000) 
  ; Take dark reading for 320 nm  
  WinActivate("OOIBase32 - [Spectrum1]", "") 
  ; set spectrometer integration time to 40ms   
  send ("{Alt}") 
  send ("s") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{ENTER}") 
  send ("40") 
  send ("{TAB}") 
  send ("1") 
  send ("{TAB}") 
  send ("5") 
  sleep (210) 
  send ("{ENTER}") 
  sleep (210) 
  ; initiate one time acquisition on spectrometer 
  send ("{Alt}") 
  send ("t") 
  send ("s") 
  ; wait for last 40ms scan to complete 
  sleep (40) 
  ; wait for this time acquisition to complete   
  sleep (400) 
  ; ----- Activate qb45 window 
  WinActivate($QBtitle, "") 
  ; tell qb45 that another sample has been stored 
  send ("n") 
  send ("{ENTER}") 
  sleep (500) 
  ; Take dark reading for 312.5 nm   
   WinActivate("OOIBase32 - [Spectrum1]", "") 
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  ; set spectrometer integration time to 80ms   
  send ("{Alt}") 
  send ("s") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{ENTER}") 
  send ("80") 
  send ("{TAB}") 
  send ("1") 
  send ("{TAB}") 
  send ("5") 
  send ("{ENTER}") 
  sleep (80) 
  ; initiate one time acquisition on spectrometer 
  send ("{Alt}") 
  send ("t") 
  send ("s") 
  ; wait for last 80ms scan to complete 
  sleep (340) 
  ; wait for this time acquisition to complete 
  sleep (180) 
  WinActivate($QBtitle, "") 
  ; tell qb45 that another sample has been stored 
  Send ("n") 
  send ("{ENTER}") 
  sleep (500) 
  ; Take dark reading for 305.5 nm  
  WinActivate("OOIBase32 - [Spectrum1]", "") 
  ; set spectrometer integration time to 400ms for 305.5 nm 
  send ("{Alt}") 
  send ("s") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{ENTER}") 
  send ("400") 
  send ("{TAB}") 
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  send ("1") 
  send ("{TAB}") 
  send ("5") 
  sleep (100) 
  send ("{ENTER}") 
  sleep (2300) 
  ; initiate one time acquisition on spectrometer 
  send ("{Alt}") 
  send ("t") 
  send ("s") 
   ; wait for this time acquisition to complete 
  sleep (5400) 
  WinActivate($QBtitle, "") 
  ; tell qb45 that another sample has been stored 
  Send ("n") 
  send ("{ENTER}") 
  sleep (2500) 
  ; Prepare for collecting intensity data 
  WinActivate("OOIBase32 - [Spectrum1]", "") 
  ; Set the spectrometer integration time back to 30ms 
  send ("{Alt}") 
  send ("s") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{ENTER}") 
  send ("30") 
  send ("{TAB}") 
  send ("1") 
  send ("{TAB}") 
  send ("0") 
  sleep (210) 
  send ("{ENTER}") 
  ; wait for for spectrometer to finish last 400 ms scan 
  sleep (1200) 
  ; tell qb45 that all dark readings have been taken 
  WinActivate($QBtitle, "") 
  send("d") 
  send("{ENTER}") 
  ; wait three seconds for PT to move from dark position to Sun 
  sleep (4000) 
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  ; Repetively collect 330 nm data for aiming pt 
  do 

; take new spectrometer samples until qb45 is done with  
; auto fine positioning 

   ; tell qb45 to aim PT 
   WinActivate($QBtitle, "") 
   send("a") 
   send("{ENTER}") 
   sleep(3000) 
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   ; set spectrometer integration time to 60ms for 330 nm 
   send ("{Alt}") 
   send ("s") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{ENTER}") 
   send ("60") 
   send ("{TAB}") 
   send ("1") 
   send ("{TAB}") 
   send ("0") 
   sleep (110) 
   send ("{ENTER}") 
   sleep (180) 
   do 
    WinActivate("OOIBase32 - [Spectrum1]", "") 
    sleep (400) 
    ; initiate one time acquisition on spectrometer 
    send ("{Alt}") 
    send ("t") 
    send ("s") 
    ; wait for this time acquisition to complete  
    sleep (900) 
    WinActivate($QBtitle, "") 
    ; tell qb45 that another sample has been stored 
    Send ("n") 
    send ("{ENTER}") 
    ; check if qb45 is finished fine tuning position 
    sleep (900) 
    $chars = FileRead ("c:\QB45\status", 4) 
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    sleep (900) 
   until $chars = "done" 
   ; Take intensity reading for 320 nm  
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   ; set spectrometer integration time to 40ms for 320.0 nm 
   send ("{Alt}") 
   send ("s") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{ENTER}") 
   send ("40") 
   send ("{TAB}") 
   send ("1") 
   send ("{TAB}") 
   send ("5") 
   sleep (240) 
   send ("{ENTER}") 
   sleep (240) 
   ; initiate one time acquisition on spectrometer 
   send ("{Alt}") 
   send ("t") 
   send ("s") 
   ; wait for last 40ms scan to complete 
   sleep (120) 
   ; wait for this time acquisition to complete 
   sleep (100) 
   WinActivate($QBtitle, "") 
   ; tell qb45 that another sample has been stored 
   Send ("n") 
   send ("{ENTER}") 
   sleep (500) 
   ; Take intensity reading for 312.5 nm 
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   ; set spectrometer integration time to 80ms for 312.5 nm 
   send ("{Alt}") 
   send ("s") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
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   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{ENTER}") 
   send ("80") 
   send ("{TAB}") 
   send ("1") 
   send ("{TAB}") 
   send ("5") 
   sleep (240)  
   send ("{ENTER}") 
   sleep (240)  
   ; initiate one time acquisition on spectrometer 
   send ("{Alt}") 
   send ("t") 
   send ("s") 
   ; wait for last 80ms scan to complete 
   sleep (160) 
   ; wait for this time acquisition to complete 
   sleep (320) 
   ; Activate qb45 window 
   WinActivate($QBtitle, "") 
   ; tell qb45 that another sample has been stored 
   Send ("n") 
   send ("{ENTER}") 
   sleep (500) 
   ; Take intensity reading for 305.5 nm  
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   ; set spectrometer integration time to 400ms for 305.5 nm 
   send ("{Alt}") 
   send ("s") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{ENTER}") 
   send ("400") 
   send ("{TAB}") 
   send ("1") 
   send ("{TAB}") 
   send ("5") 
   sleep (100)  
   send ("{ENTER}") 
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   send ("2800") 
   ; initiate one time acquisition on spectrometer 
   send ("{Alt}") 
   send ("t") 
   send ("s") 
   ; wait for this time acquisition to complete 
   sleep (2800) 
   ; Activate qb45 window 
   WinActivate($QBtitle, "") 
   ; tell qb45 that another sample has been stored 
   Send ("n") 
   send ("{ENTER}") 
   sleep (1000) 
   sleep (2800) 
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   ; Set the spectrometer integration time back to 60ms  
   ; next seek 
   send ("{Alt}") 
   send ("s") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{DOWN}") 
   send ("{ENTER}") 
   send ("60") 
   send ("{TAB}") 
   send ("1") 
   send ("{TAB}") 
   send ("0") 
   sleep (210)  
   send ("{ENTER}") 
   sleep (960) 
   ; wait for qb45 to complete calculating ozone for last reading  
   ; and for spectrometer to finish last 400 ms scan 
   sleep (1200) 
   ; look at status from QB to determine if all reps are done 
   $chars = FileRead ("c:\QB45\status", 6) 
   sleep (960) 
   ; if status indicates done then exit loop 
  until $chars = "doneca" 
  ; Take a measurement of the solar spectrum for later use (DOAS) 
  WinActivate($QBtitle, "") 
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  ; tell qb45 to aim PT 
  send("a") 
  sleep(3300) 

 ; take new spectrometer samples until qb45 is done with auto fine  
 ; positioning 

  do 
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   sleep (300) 
   ; initiate one time acquisition on spectrometer 
   send ("{Alt}") 
   send ("t") 
   send ("s") 
   ; wait for last 60ms scan to complete 
   sleep (120) 
   ; wait for this time acquisition to complete 
   sleep (960) 
   ; Activate qb45 window 
   WinActivate($QBtitle, "") 
   ; tell qb45 that another sample has been stored 
   send ("n") 
   send ("{ENTER}") 
   sleep (960) 
   ; check if qb45 is finished fine tuning position 
   $chars = FileRead ("c:\QB45\status", 4) 
   sleep (960) 
  until $chars = "done" 
  sleep (1000) 
  WinActivate("OOIBase32 - [Spectrum1]", "") 
  ; Set the spectrometer integration time to 300 ms, and 20 averages 
  send ("{ALT}") 
  send ("s") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{DOWN}") 
  send ("{ENTER}") 
  send ("300") 
  sleep(100) 
  send ("{TAB}") 
  sleep(100) 
  send ("20") 
  sleep(100) 
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  send ("{TAB}") 
  send ("1") 
  sleep(100) 
  send ("{ENTER}") 
  sleep(12000) 
  send ("{Alt}") 
  send ("s") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{ENTER}") 
  sleep(6000) 
  ; update filecounter 
  $FileCounter = $FileCounter+1 
  ; initiate one time acquisition on spectrometer 
  send ("{Alt}") 
  send ("f") 
  sleep(100) 
  send ("s") 
  sleep(100) 
  send ("r") 
  sleep(100) 
  send ("{ENTER}") 
  send ("{ENTER}") 
  sleep(24000) 
  ; store adquisition 
  send ("{ALT}") 
  send ("s") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{DOWN}") 
  sleep(100) 
  send ("{ENTER}") 
  send ("30") 
  sleep(100) 
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  send ("{TAB}") 
  send ("1") 
  sleep(100) 
  send ("{TAB}") 
  sleep(100) 
  send ("0") 
  sleep(100) 
  send ("{ENTER}") 
  sleep(24000) 
  ; wait 2 minutes 
  $i=1 
  do 
   WinActivate($QBtitle, "") 
   sleep (10000) 
   WinActivate("OOIBase32 - [Spectrum1]", "") 
   send ("z") 
   sleep (10000) 
   $i=$i+1 
  until $i>2 
 until @hour >= $stophr AND @min >= $stopmin 
 ; At the end of a day   
 ; Send completion keystroke to quick basic 
 WinActivate($QBtitle, "") 
 ; tell qb45 that calibration is finished 
 send("f") 
 send("{ENTER}") 

; Close quick basic 
 WinActivate($QBtitle, "") 
 send("^C") 
 send("!f") 
 send("x") 
 ; Close spectrometer software 
 WinActivate("OOIBase32 - [Spectrum1]", "") 
 send("!f") 
 send("x") 
 ; Create "Today's directory" 
 $DirName = @YEAR & @MON & @MDAY  
 DirCreate($BaseDir & $DirName) 
 ; Move solar spectra to todays's directory 
 FileMove($OOiDir & $OOiName & ".reference", $BaseDir & $DirName & 
"\", 9) 
 ; set counters to 0 
 $FileCounter =0 
 $Restart=0 
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 ; Move CAS data to today's directory 
 FileMove("C:\QB45\o3data", $BaseDir & $DirName & "\", 9) 
 Sleep(5000) 
 ; Start DOAS main algorithm, wait for stop hour (define in $stophr2) 
 Sleep(5000) 
 RunR_Afternoon() 
 Sleep(5000) 
 do 
  MsgBox(4096,"Sleeping2","Waiting for starting time2",10) 
  sleep (1000) 
  send ("z") 
  sleep (5000) 
 until @hour >= $stophr2   
 ; Close R  
 CloseR() 
 Sleep(5000) 
 ; Send results to TEO  
 FtpResult() 
 Sleep(5000) 
until @mday=$stopday 
 
; Function definition 
Func FtpResult() 
 ; send results to TEO using the command window 
 Run("cmd.exe") 
 WinWait("C:\WINDOWS\system32\cmd.exe") 
 WinActivate("C:\WINDOWS\system32\cmd.exe") 
 send("ftp sensorweb.cse.unt.edu") 
 send("{ENTER}") 
 sleep(2000) 
 send("ozone") 
 send("{ENTER}") 
 sleep(1000) 
 send("***************") ; password 
 send("{ENTER}") 
 sleep(1000) 
 send("lcd c:\doas") 
 send("{ENTER}") 
 sleep(1000) 
 send("ascii") 
 send("{ENTER}") 
 sleep(1000) 
 send("put data.csv")  
 send("{ENTER}") 
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 sleep(7000) 
 send("quit") 
 send("{ENTER}") 
 send("exit") 
 send("{ENTER}") 
EndFunc 
 
Func RunR_Morning() 
 ; run getdst script 
 Run('C:\Program Files\R\R-2.13.0\bin\i386\Rgui.exe') 
 WinWait("RGui") 
 WinActivate("RGui") 
 send('source("C:\\DOAS\\GetDST.r")') 
 send("{ENTER}") 
EndFunc 
 
Func RunR_Afternoon() 
 ; run doas main algorithm script 
 Run('C:\Program Files\R\R-2.13.0\bin\i386\Rgui.exe') 
 WinWait("RGui") 
 WinActivate("RGui") 
 sleep(1000) 
 send('source("C:\\DOAS\\doas_algorithm.r")') 
 send("{ENTER}") 
EndFunc 
  
Func CloseR() 
 ; close R 
 WinActivate("RGui") 
 send("!f") 
 send("x") 
 send("N") 
EndFunc 
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