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Abstract

Ground-based UV-Visible measurements targeting BrO were made at Lauder, New Zealand

(45.0◦S, 169.7◦E) and Arrival Heights, Antarctica (77.8◦S, 166.7◦E). Differential Optical

Absorption Spectroscopy (DOAS) was used to determine differential slant column den-

sities (DSCDs) from the radiance measurements. UV-Visible measurements have been

made in the two complementary viewing geometries of direct-sun and zenith-sky.

A spherical curved earth single scattering radiative transfer model was developed. The

effects of refraction, molecular absorption, Rayleigh and Mie scattering were included.

Singularity at the tangent point was avoided and a complete intensity calculation per-

formed. The DSCDs for both the direct-sun and zenith-sky viewing measurements were

calculated with this forward model.

A general optimal estimation retrieval algorithm was developed to retrieve altitude

information by combining DSCDs from the direct-sun and zenith-sky viewing geometries.

A complete retrieval characterisation and error analysis was performed. The characteri-

sation illustrated that tropospheric sensitivity was obtained from the direct-sun viewing

measurements, while the zenith-sky measurements were essential for stratospheric sensi-

tivity.

Stratospheric and tropospheric BrO columns were retrieved for the diurnal stages of

80◦, 84◦ and 87◦ SZA for Lauder. The diurnal and seasonal variation of the stratospheric

column was successfully retrieved from the measurements. The stratospheric columns

were consistent with a stratospheric Bry loading of 20 ppt. The tropospheric BrO column

retrieved over Lauder was less than 0.9 ppt if a uniform distribution throughout the tro-

posphere is assumed. This is consistent with, though lower than, previous estimates of

BrO in the free troposphere of 0.5-2.0 ppt (Richter et al., 2002).

The results of a ten week measurement campaign at Arrival Heights for the spring

2002 are presented. Stratospheric and tropospheric BrO columns were retrieved at 80◦,

84◦ and 88◦ SZA. A high variability was observed for the retrieved stratospheric columns,

due in part to the unusual stratospheric warming in the Antarctic spring 2002 (Allen

et al., 2003). A mean ubiquitous tropospheric background of 0.3 ppt was retrieved. Also

a ‘bromine explosion’ event was observed, corresponding to a BrO mixing ratio of 7 ppt

for a uniformly mixed boundary layer.
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Chapter 1

Introduction

Approximately half of the stratospheric bromine loading is attributable to human activi-

ties (Schauffler et al., 1999). Bromine in the radical form bromine monoxide (BrO) plays

a key role in stratospheric ozone depletion processes both at mid- and polar latitudes. In

the troposphere, very high levels of BrO have been observed in both the polar boundary

layer and above salt plains. These high bromine levels in the troposphere have been linked

to the biogeochemical cycling of mercury (Schroeder and Munthe, 1998). Quantifying the

altitude distribution of BrO is important due to the very different implications that this

species has for the troposphere relative to the stratosphere.

Retrieval of the altitude distribution of trace gas species from UV-visible spectroscopic

measurements was first attempted by Brewer et al. (1973) for NO2. Brewer et al., and

later Noxon (1975) performed simple analyses to infer stratospheric and tropospheric

NO2 concentrations from measurements of the differential slant column density (DSCD -

defined in section 5.6.1). McKenzie et al. (1991) performed a formal retrieval of O3 and

NO2 profiles using zenith-sky DSCDs with no error treatment or characterisation in terms

of resolution or information content. Preston et al. (1997) implemented Rodgers (1990)

optimal estimation technique to retrieve NOx (NO2+NO) profiles (and subsequently NO2

profiles using a chemical box model) from zenith-sky NO2 DSCD measurements with a

complete error and sensitivity analysis. By retrieving NOx profiles Preston (1995) avoided

a state vector that varied with time (NO2 profiles have a strong diurnal variation).

The variation of trace gas profiles with time, typical of diurnally varying species,

causes complication in the ‘profile’ retrieval from DSCDs. The complication arises due to

the measurements being made over an extended time period during which the trace gas

profile is changing. The highest sensitivity to altitude is obtained using twilight spectra.

However, this is also when the photochemistry is changing most rapidly. Livesey and

Read (2000) detail the use of the optimal estimation technique in retrieving temperature

and composition profiles along the line of sight of limb sounding satellite measurements.

More recently, the concept of retrieving the ‘horizontal gradient’ has been developed by

Kemnitzer et al. (2002), also for the retrieval from limb sounding satellite measurements.

A similar concept is applied here to retrieve a set of profiles at different diurnal stages

concurrently from the DSCD measurements.

1



2 Chapter 1. Introduction

The concept of combining complementary measurements in a formal retrieval was

developed for ozone using the Huggins bands by Jiang et al. (1997) in a theoretical study.

Jiang et al., found combining direct and diffuse measurements had the potential to be an

effective technique to retrieve the tropospheric and stratospheric ozone column amounts.

In this study, the advantages of combining the two spectroscopic viewing geometries

of ‘direct-sun’ and ‘zenith-sky’, to give tropospheric and stratospheric sensitivity, are

investigated.

The retrieval of DSCDs from the radiance measurements using Differential Optical

Absorption Spectroscopy (DOAS - defined in section 4.3) is decoupled from the subsequent

retrieval of the altitude distribution. It is this latter retrieval that is explored in this thesis

to illustrate how different measurement platforms can be combined to provide altitude

distribution on a temporal scale for BrO trace gas concentrations. This retrieval method

can be adapted to use any spectroscopically derived quantity (SCD or DSCD) or the

radiance measurements directly. This retrieval method has the advantage that it may be

extended to include many measurement platforms.



Chapter 2

Stratospheric Chemistry

This Chapter discusses the chemistry of the stratosphere with a focus on ozone depletion.

Catalytic ozone depletion cycles of hydrogen, nitrogen, chlorine and bromine are outlined

in the homogeneous chemistry section. The role of polar stratospheric clouds and sulfate

aerosols are discussed. These provide the surfaces for the heterogeneous processes that

lead to ozone losses at polar and mid-latitudes. At polar latitudes chlorine heterogeneous

processes recycle chlorine from its reservoir forms, leading to severe ozone losses via homo-

geneous reactions. At mid-latitudes the heterogeneous processes of bromine and nitrogen

have consequences for ozone. Homogeneous reactions involving chlorine and bromine are

responsible for most of the polar, and about half of the mid-latitude ozone depletion.

Stratospheric sources and loadings of inorganic bromine are also discussed.

2.1 Stratospheric Ozone

Ozone was discovered by Schönbein in 1839. Ozone, so named for its pungent smell

(ozien is Greek for ‘to smell’), is the characteristic smell around photocopying equipment

and is probably the youngest gaseous member of the natural atmosphere. The primitive

atmosphere (more than four billion years ago) consisted only of carbon dioxide (CO2),

nitrogen (N2) and water (H2O) due to out-gassing of the earth’s mantle. The emergence

of green plant photosynthesis two billion years later in the oceans led to oxygen (O2)

production and hence ozone (O3) in our atmosphere. It is the ability of ozone to filter

damaging ultraviolet (UV) radiation that enabled the evolution of higher forms of cellular

life (Fraser, 1997).

UV radiation at wavelengths (λ) less than 290 nanometers (nm) is detrimental to

protein and nucleic acid molecules. Major components of the atmosphere, primarily O2,

absorb wavelengths less than 230 nm. Ozone is the only atmospheric species able to

attenuate UV at wavelengths greater than 230 nm. It does so with such efficiency that

at 250 nm only 1 part in 1030 of the incident UV is transmitted (Wayne, 1991). Ozone

is responsible for the attenuation of UV not only in the vital UV-C range between 230 -

280 nm but also, to a lesser degree, UV-B (radiation in the range 280 - 315 nm). Increased

UV-B radiation is associated with an increased incidence and morbidity due to skin cancer,

eye and infectious diseases as well as impeding growth of plants in both terrestrial and

3



4 Chapter 2. Stratospheric Chemistry

aquatic environments (Van der Leun et al., 1995).

The majority of ozone is located in the stratosphere (∼90%) in a layer ∼20 km thick

with peak mixing ratios at an altitude of 10 - 30 km of 6 (polar) and 10 (equatorial)

parts per million (ppm) (Fraser, 1997). The total column ozone amounts vary from 250

(equatorial) to 450 (polar) Dobson Units (1 DU = 2.7 × 1016 molecules.cm−2). This is

due to the peak mixing ratios in the polar regions occurring at lower altitudes where the

increased pressure corresponds to increased molecule numbers.

It is the residence of ozone in the stratosphere that is primarily responsible for the

dynamic stability of the stratosphere. The ozone absorption of UV radiation generates

heat resulting in a positive temperature gradient throughout the stratosphere with a

maximum temperature at an altitude of ∼50 km (Fraser, 1997).

Ozone measurements have been made since the beginning of the 20th century (Dobson,

1968; Staehelin et al., 1998a,b, and references therein). These long observation records

have shown that global ozone has decreased significantly since 1980 (Solomon, 1999b;

Bodeker et al., 2001), more than is expected due to seasonal, annual and latitudinal

variability.

2.1.1 The Antarctic Ozone Hole

The discovery of severe springtime ozone depletion over Antarctica, coined as the ‘ozone

hole’, was made in 1985 at Halley Bay by Farman et al. (1985). These large polar ozone

losses were unexpected given the current understanding of stratospheric chemistry. At

the time chlorine chemistry was predicted to produce significant ozone depletion between

35 - 45 km at low to mid-latitudes (Fraser, 1997).

Essentially no photodissociation of molecular oxygen occurs in the winter polar strato-

sphere due to the low UV intensities during this time. Catalytic ozone depletion cycles

involving atomic oxygen, such as the cycles involving nitrogen, become insignificant. How-

ever, radical ozone destruction cycles involving halogen species that occur without atomic

oxygen dominate. Homogeneous chemistry alone cannot explain the severe ozone losses

seen in the polar regions. It is now widely accepted that significant ozone polar losses are

sustained by the regeneration of active chlorine and to a lesser extent, bromine radicals,

from their reservoir species. Heterogeneous reactions on the surface of polar stratospheric

clouds (PSCs) and aerosols facilitate the large ozone losses in the polar spring stratosphere

(Solomon, 1999a).

2.2 Stratospheric Bromine Source

A variety of organic bromine-containing trace gases of both anthropogenic and natu-

ral origin contribute to the stratospheric bromine budget. About 52% of the current
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bromine loading of the stratosphere is attributable to human activities (Schauffler et al.,

1999; Wamsley et al., 1998). Methyl bromide is the primary source of bromine to the

stratosphere (55 - 60%) (Schauffler et al., 1998) and has both natural and anthropogenic

sources. Methyl bromide is produced industrially for use in produce, space and soil fu-

migation (Kourtidis et al., 1998). Other anthropogenic sources include burning of leaded

gasoline and biomass burning. Natural sources include biomass emissions from the oceans

of algae, phytoplankton and macroalgae (Schauffler et al., 1999, and references therein).

The halons are the second largest source of stratospheric bromine (comprising ∼38%

of the organic bromine at the tropopause (Schauffler et al., 1999)). The halon nomen-

clature is CaFbClcBrd where abcd is the number assigned to the identification of the halon

(i.e. halon-1211 describes the molecule CF2ClBr) (O’Sullivan, 1989). Halons are used as

fire extinguishing material where water is inappropriate, such as for electrical fires. Halon

production has been prohibited in developed countries since 1994 (WMO, 2003). In de-

veloping countries the continued manufacture of halons is permitted but is to be held at

1995 - 1997 production levels after 2002. Halons will continue to be an important source

of stratospheric bromine over the next few decades (Butler et al., 1998).

A discrepancy was highlighted by Wamsley et al. (1998) that the reactive bromine

(Bry) derived from long-lived organic tropospheric sources fell short of the reactive bromine

concentration inferred from inorganic BrO measurements of the lower stratosphere. The

combined input of halons and methyl bromide was found to account for only 16± 2 ppt at

20 - 25 km with the total reactive bromine mixing ratio inferred from BrO measurements

at this altitude range being reported to be 20± 2.5 ppt (Harder et al., 2000). While the

errors do overlap, there is a significant difference in the implications of bromine loadings of

16 ppt compared to 20 ppt, for ozone losses. Dibromomethane (CH2Br2) and bromoform

(CHBr3) are now considered to contribute up to 3 ppt to the total stratospheric bromine

loading (Wamsley et al., 1998; Sturges et al., 2000; Pfeilsticker et al., 2000). The addi-

tional source required to explain the remaining difference of ∼1 ppt is as yet unknown

(WMO, 2003).

2.3 Stratospheric Homogeneous Chemistry

The steady-state ozone concentration in the stratosphere was proposed to be maintained

by the oxygen-only reactions described by Sir Sydney Chapman (Chapman, 1930). Odd-

oxygen Ox describes the reactive oxygen species, where Ox=O3+O. Throughout most of

the stratosphere ozone completely dominates the odd-oxygen species such that Ox=O3

(Lee et al., 2002).
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Ox Reactions:

O2
hv−→ 2O (λ < 242 nm) (2.1)

O2 + O
M−→ O3 (2.2)

O3
hv−→ O + O2 (2.3)

O + O
M−→ O2 (2.4)

O + O3 −→ 2O2 (2.5)

Reactions 2.2 - 2.3 rapidly interconvert the odd-oxygen species O and O3. The loss re-

actions of O and O3 (given by reactions 2.4 and 2.5) as longer lived O2 occur at slower

rates.

Kinetic experiments conducted in the 1960s by Schiff (1969) demonstrated that ob-

served levels of O3 were inconsistent with levels predicted from reactions 2.1 - 2.5. Since

then, the catalytic ozone destruction cycles involving hydrogen, nitrogen, and the halogen

species of chlorine and bromine have been proposed to explain observed ozone levels. The

other halogens, fluorine and iodine, are not considered to have important roles in strato-

spheric ozone losses. Fluorine is removed rapidly from its radical form. The fluorine

reservoir HF is a strongly bound, unreactive molecule, unable to participate in ozone loss

mechanisms. Iodine, though thought to be quite reactive towards ozone (Solomon et al.,

1994), occurs in the stratosphere with such low abundances that it is not considered to

contribute to stratospheric ozone depletion.

2.3.1 Homogeneous Hydrogen Chemistry

Bates and Nicolet (1950) proposed the involvement of hydrogen in catalytic ozone deple-

tion cycles to explain observed ozone levels. The reactive hydrogen species of H, H2O2,

OH and HO2 are denoted with the generic term HOx. Catalytic ozone destruction cycles

involving HOx dominate ozone losses below 20 km. Above this altitude their role decreases

and at 30 km they are considered only minor stratospheric ozone loss processes (Fraser,

1997). Heterogeneous reactions of nitrogen and bromine at mid-latitudes cause increased

HOx levels. Of the total ozone losses in the lower stratosphere at southern mid-latitudes

30% result from the following reaction cycle (Lee et al., 2002).
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HOx Cycle:

OH + O −→ HO2 (2.6)

HO2 + O −→ OH + O2 (2.7)

OH + O3 −→ HO2 + O2 (2.8)

HO2 + O3 −→ OH + 2O2 (2.9)

Net : 2O + 2O3 −→ 4O2

The reaction of atomic oxygen with water and methane is the major source of the

hydroxyl radical (OH) in the stratosphere. As approximately half of the water in the

upper stratosphere is due to the multi-step oxidation of methane, methane levels in the

stratosphere are vital in the determination of hydroxyl radical levels (Fraser, 1997). Max-

imum methane levels are observed in the tropical stratosphere due to strong convection

processes occurring at the tropics (Jones and Pyle, 1984).

The major sink processes for the hydroxyl radical are the reaction with HO2 and with

nitric (HNO3) and hydrochloric (HCl) acids:

OH + HO2 −→ O2 + H2O (2.10)

OH + HNO3 −→ NO3 + H2O (2.11)

OH + HCl −→ Cl + H2O (2.12)

2.3.2 Homogeneous Nitrogen Chemistry

The role of nitrogen in stratospheric ozone depletion was proposed by Crutzen (1970,

1971). Catalytic ozone destruction cycles involving reactive nitrogen (NOx=NO2+NO)

dominate ozone depletion in the upper stratosphere:

NOx Cycle 1:

NO + O3 −→ NO2 + O2 (2.13)

NO2 + O −→ NO + O2 (2.14)

Net : O3 + O −→ 2O2
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NOx Cycle 2:

NO + O3 −→ NO2 + O2

NO2 + O3 −→ NO3 + O2 (2.15)

NO3
hv−→ NO + O2 (2.16)

Net : 2O3 −→ 3O2

NO3 combines with NO2 to form N2O5, which has consequences for heterogeneous chem-

istry (see equation 2.50). N2O5 undergoes photolysis regenerating the NOx species:

NO2 + NO3 −→ N2O5 (2.17)

N2O5
hv−→ NO2 + NO3 (2.18)

Nitrous oxide (N2O) is the major source of reactive nitrogen in the stratosphere. Tro-

pospheric N2O is produced by denitrifying and nitrifying soil bacteria (Fraser, 1997). N2O

is delivered to the stratosphere from the troposphere via tropical convection. Stratospheric

nitric oxide (NO) is formed primarily via the reaction of atomic oxygen with N2O:

O + N2O −→ 2NO (2.19)

Other sources contributing to the stratospheric NOx budget include tropospheric lightning

induced NO, and cosmic ray and proton production (WMO, 2003).

The major removal process for stratospheric NOx is via the formation of nitric acid:

NO2 + OH −→ HNO3 (2.20)

Nitric acid is the longest-lived stratospheric nitrogen species. Sedimentation processes in

the polar regions are a major sink for stratospheric nitrogen (see section 2.4.1). The OH

radical is involved in both the formation of HNO3, as well as its destruction (see reaction

2.11). HNO3 concentrations are largely dependent on OH concentrations. Photolysis of

HNO3 is slow with an atmospheric lifetime of ∼1 month in the lower stratosphere.

HNO3
hv−→ NO2 + OH (2.21)

2.3.3 Homogeneous Chlorine Chemistry

Around 85 % of stratospheric inorganic chlorine burden (Cly) in 1992 was attributable

to human activities (Montzka et al., 1996; Schauffler et al., 1993). Chlorofluorocarbons

(CFCs) are responsible for the release of radical chlorine species (ClOx) into the strato-
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sphere via photodissociation as identified by Molina and Rowland (1974). ClO has a

peak abundance at ∼40 km at mid-latitudes in unperturbed conditions. This led to the

prediction that the effect of CFCs on ozone concentrations would be most evident at this

altitude (Molina and Rowland, 1974) due to the following catalytic cycles:

ClOx Cycle 1:

Cl + O3 −→ ClO + O2 (2.22)

ClO + O −→ Cl + O2 (2.23)

Net : O3 + O −→ 2O2

ClOx Cycle 2:

ClO + HO2 −→ HOCl + O2 (2.24)

HOCl
hv−→ OH + Cl (2.25)

Cl + O3 −→ ClO + O2

OH + O3 −→ HO2 + O2

Net : 2O3 −→ 3O2

ClOx cycles 1 and 2 are responsible respectively for about 11 % and 8% of southern

mid-latitude ozone losses (Lee et al., 2002). Heterogeneous chemistry (see section 2.4.4)

in the polar springtime causes perturbations in the ClO profile and an additional, more

significant, peak abundance is observed at 20 km. In the perturbed polar springtime

stratosphere, the ClOx cycles 1 and 2 are thought to be each responsible for ∼5% of the

observed ozone losses (Anderson et al., 1991; Finlayson-Pitts and Pitts, 1999; Lee et al.,

2002).

Under perturbed polar conditions the dimerisation of ClO facilitates the large ozone

losses observed in the formation of the ozone hole. The dimerisation of ClO is important

for the regeneration of Cl in environments where UV levels and thus O concentrations are

very small (Molina et al., 1987; Wahner et al., 1989; Solomon et al., 1989):
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ClOx Cycle 3:

2× (Cl + O3 −→ ClO + O2)

ClO + ClO
M−→ (ClO)2 (2.26)

(ClO)2
hv−→ Cl + ClOO (2.27)

ClOO
M−→ Cl + O2 (2.28)

Net : 2O3 −→ 3O2

It is this termolecular ClO dimer reaction cycle that is responsible for about 40% of the

ozone losses between 13 - 18 km in the Antarctic springtime contributing to the ‘ozone

hole’ formation (Lee et al., 2002). Other pathways for the dimer reaction exist, producing

Cl2 and OClO. However, due to large activation barriers, these pathways are considered

insignificant (Nickolaisen et al., 1994; Finlayson-Pitts and Pitts, 1999).

The major stratospheric reservoir species for chlorine are ClONO2 and HCl. ClONO2

and HCl are produced by the reaction of nitrogen dioxide and methane with ClO and Cl

respectively. Due to the stability of these reservoir species they dominate the reactive

stratospheric chlorine budget:

ClO + NO2 −→ ClONO2 (2.29)

Cl + CH4 −→ HCl + CH3 (2.30)

Radical regeneration from the reservoir species is necessary to maintain the catalytic ozone

destruction. This ClOx regeneration is slow in the gas phase:

ClONO2
hv−→ ClO + NO2 (2.31)

HCl + OH −→ Cl + H2O

The partitioning of HCl/Cly and ClONO2/Cly strongly influences the effectiveness of one

chlorine atom to destroy ozone via catalytic cycles (Solomon, 1999b). HCl is the longest

lived chlorine species typically with a lifetime of over a week, and constitutes the largest

fraction of Cly in the lower stratosphere. The Cly loss process from the stratosphere is

slow, with chlorine being lost to the troposphere primarily as HCl.

2.3.4 Homogeneous Bromine Chemistry

Bromine is more reactive towards ozone than chlorine though its abundance is 200 times

less (Schauffler et al., 1993; Wamsley et al., 1998). The efficiency of a bromine atom in

destroying ozone is estimated to be 45 times that of a chlorine atom (Danilin et al., 1996;
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Daniel et al., 1999). This higher reactivity is attributable to bromine forming weaker

bonds than chlorine. The resultant partitioning between radical (BrOx) and reservoir

species favours the reactive radical forms of Br and BrO. In the mid-latitude lower strato-

sphere ∼50% of the reactive bromine (Bry) resides as BrO and ∼50% as BrONO2 during

the day (Fish et al., 1995; Sinnhuber et al., 2002).

The following ozone depletion cycles involving bromine were proposed by Wofsy et al.

(1975) and Yung et al. (1980). The ozone depletion cycle of BrO with odd-oxygen is less

significant than its chlorine analogue (Lary, 1997):

BrOx Cycle 1:

Br + O3 −→ BrO + O2 (2.32)

BrO + O −→ Br + O2 (2.33)

Net : O3 + O −→ 2O2

The most important ozone destruction catalytic cycle for bromine in the lower stratosphere

is that which involves coupling with the chlorine cycle (Lary and Toumi, 1997). At

southern mid-latitudes this reaction is the most important halogen ozone loss cycle. At

polar latitudes this reaction cycle equals the ozone losses seen with the chlorine dimer

reaction cycle. Together these cycles account for 80% of the ozone losses that lead to the

formation of the Antarctic ozone hole (Lee et al., 2002). The ClO+BrO catalytic cycle

involves the formation of ClOO or BrCl:

BrOx Cycle 2:

BrO + ClO −→ Br + ClOO (2.34)

ClOO
M−→ Cl + O2

Cl + O3 −→ ClO + O2

Br + O3 −→ BrO + O2

Net : 2O3 −→ 3O2

This cycle occurs with an rate of 2.3 × 10−12e
260
T (Sander et al., 2000) giving a yield of

(34%) for the BrO+ClO reaction at 200 K. Two other possible reaction pathways with

their respective yields and rates are:

BrO + ClO −→ Br + OClO
(
k = 9.5× 10−13e

550
T

)
(59%) (2.35)

BrO + ClO −→ BrCl + O2

(
k = 4.1× 10−13e

290
T

)
(7%) (2.36)
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The formation of OClO, though the pathway giving the largest yield, is a null reaction as

its photolytic products are ClO+O, thus regenerating odd oxygen. Reaction 2.35 is the

only significant formation process for OClO (though one of the minor pathways of the

ClO self reaction also forms OClO) and this is used as an qualitative indicator species

for chlorine activation (Miller et al., 1999). The reaction 2.35 pathway becomes most

significant at low temperatures. BrCl photolyses readily to give Br and Cl, which then

participate in further catalytic cycles.

BrCl
hv−→ Br + Cl (2.37)

(2.38)

In analogy to the chlorine dimerisation (see reactions 2.26 - 2.28), bromine is capable

of undergoing similar reactions:

BrO + BrO
M−→ (BrO)2 (2.39)

−→ Br2 + O2 (2.40)

−→ 2Br + O2 (2.41)

Due to the relatively small BrO concentrations, the BrO self-reaction is not considered

to be of importance.

Coupling of the BrOx and HOx cycles provides another important ozone depletion

cycle (Lary, 1997). The BrO+HO2 is most important at mid-latiudes accounting for 5%

of ozone losses in the lower stratosphere, slightly lower than its chlorine analogue (Lee

et al., 2002).

BrOx Cycle 3:

BrO + HO2 −→ HOBr + O2 (2.42)

HOBr
hv−→ OH + Br (2.43)

Br + O3 −→ BrO + O2

OH + O3 −→ HO2 + O2

Net : 2O3 −→ 3O2

Bromine can react with nitrogen in a catalytic ozone depletion cycle. Unlike the tightly

bound analogous chlorine reservoir species, BrONO2 is more rapidly photolyzed (Lary,

1996). The following ozone destroying catalytic cycle involving BrO and NO2 is only a

minor lower stratospheric ozone loss process:
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BrOx Cycle 4:

BrO + NO2
M−→ BrONO2 (2.44)

BrONO2
hv−→ Br + NO3 (2.45)

NO3
hv−→ NO + O2

NO + O3 −→ NO2 + O2

Br + O3 −→ BrO + O2

Net : 2O3 −→ 3O2

BrONO2 is the major daytime reservoir species constituting about half of total strato-

spheric Bry. At twilight BrO is converted to BrONO2, BrOH and to BrCl (this species

dominates at low temperatures), which form the main nighttime reservoir species for

bromine.

Stratospheric bromine is formed via the reaction of the tropospheric sources (see sec-

tion 2.2) with either the hydroxyl radical or excited atomic oxygen, i.e. for methyl bro-

mide:

CH3Br + OH
M−→ BrOH (2.46)

CH3Br + O
hv−→ BrO (2.47)

HBr is the longest-lived bromine species with a lifetime of ∼1 day at mid-latitudes in

the lower stratosphere (Lary et al., 1996). HBr is only a weakly bound molecule and not

a stable reservoir species (compare with the chlorine analogue HCl lifetime of ∼1 week).

HBr is formed via reactions of Br with HO2 and formaldehyde (HCHO):

Br + HO2 −→ HBr + O2 (2.48)

Br + HCHO −→ HBr + CHO (2.49)

The abundance of HBr is low due to the reaction of Br with HO2 being largely negligible

throughout the stratosphere (Mellouki et al., 1994; Fish and Jones, 1995). The removal

of bromine from the stratosphere is as yet not well established but expected to be via

mixing at the tropopause, thus the most abundant bromine species will make the largest

contribution to reactive bromine losses.

OBrO has recently been tentatively observed as a nighttime reservoir for bromine

(Renard et al., 1998). This is inconsistent with the current chemical understanding with

the only known gas-phase formation reaction of OBrO having a very slow rate (Erle et al.,

2000; Chipperfield et al., 1998).
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2.4 Stratospheric Heterogeneous Chemistry
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Figure 2.1: Recommended reactive uptake coefficients as a function of temperature for key stratospheric
heterogeneous reactions on sulfuric acid aerosols. Taken from Sander et al. (2000).

It is the reactions occurring on the surfaces of polar stratospheric clouds and sulfate

aerosols that are primarily linked to the dramatic ozone losses seen in the lower strato-

sphere. Figure 2.1 illustrates clearly the importance of the hydrolysis of both N2O5 and

BrONO2 at all temperatures. The reactions involving chlorine are notably more signif-

icant at lower temperatures. Heterogeneous reactions of nitrogen and bromine elevate

HOx levels and thus contribute to the HOx homogeneous reactions which dominate mid-

latitude ozone losses. ClOx and BrOx homogeneous reactions dominate polar ozone losses

as a result of the heterogeneous reactions of chlorine.

2.4.1 Polar Stratospheric Clouds (PSCs)

Iridescent or nacreous clouds that form in the winter stratosphere of the polar regions

play a critical role in the severe springtime ozone depletion observed over Antarctica

(Solomon, 1999b; Tie and Brasseur, 1995, 1996). PSCs form at cold temperatures below

∼195K, at altitudes between ∼12 - 25 km and persist in the Antarctic stratosphere from

June - September (McCormick et al., 1982). There are essentially two types of PSC, Type

II being usually associated with the colder, more stable polar vortex of Antarctic winters

(discussed in more detail below).
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Sulfate aerosols provide nuclei for the formation of PSCs. As the stratosphere cools

in the polar regions, the stratospheric sulfate aerosols (SSA) absorb both gaseous water

and nitric acid, forming ternary H2SO4 − H2O− HNO3 solutions. Continued water and

nitric acid absorption from additional cooling can dilute the H2SO4 concentration to the

extent that essentially the solution is a HNO3 − H2O mixture. Freezing out of nitric

acid trihydrate (NAT) (Molina et al., 1993; Iraci et al., 1994, 1995) and/or nitric acid

dihydrate (NAD) (Tisdale et al., 1997) ensues. These PSCs that contain large amounts of

HNO3 and water, are known as Type I PSCs. Type Ia refers to the PSCs containing solid

hydrates of nitric acid, while in type Ib the nitric acid is in the liquid ternary solution

with water and sulfuric acid (Anthony et al., 1997). Type I PSCs form below ∼195K

(WMO, 2003). There is still research continuing in this area with the possibility that

Type Ia PSCs only form below the ice frost point (Anthony et al., 1997). The ice frost

point is ∼188K for stratospheric temperatures and pressures.

Type II PSCs are formed when the temperature reaches and falls below the ice frost

point. The condensed water (ice) forms large particles which due to their size have a

large settling rate of ∼1 kmday−1. These PSCs are mainly composed of ice, though an

appreciable amount of HNO3 is also contained within them, and thus is also removed

via sedimentation to lower altitudes (lower stratosphere and troposphere) (Finlayson-

Pitts and Pitts, 1999). Denitrification and dehydration of the stratosphere results (Hintsa

et al., 1998). Water is more than 100 times more abundant than reactive nitrogen. The

reactive nitrogen (NOy) will preferentially condense, thus denitrification has been ob-

served with little dehydration, though this is an area of some debate (Solomon, 1999b).

Denitrification is dependent on particle size and occurs through sedimentation of large

NAT particles (Type Ia or Type II). Denitrification is observed in the Antarctic allowing

the reactive chlorine to be partitioned in the radical forms instead of the reservoir species

ClONO2. This has serious implications for ozone as total nitrogen removal via Type II

PSC formation and sedimentation alters the partitioning between active and reservoir

halogen species.

2.4.2 Aerosols

Sulfate forms a layer in the stratosphere known as the Junge layer (Junge et al., 1961).

The maximum sulfate density coincides with the maximum ozone density between 15 -

20 km (Fraser, 1997). Stratospheric sulfate aerosols (SSAs) provide a surface for impor-

tant heterogeneous reactions at both mid-latitudes and polar regions. The major source

of sulfur to the stratosphere is carbonyl sulfide (COS) in unperturbed conditions, which

undergoes oxidation to sulfuric acid (Crutzen, 1976; Kourtidis et al., 1995). Large vol-

canic eruptions inject huge quantities of SO2 into the stratosphere, increasing the number
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density of SSAs by 1 - 2 orders of magnitude (Russell et al., 1996; Solomon, 1999b). Under

volcanically perturbed aerosol loadings the effects of heterogeneous nitrogen and bromine

reactions have detrimental consequences for ozone at all latitudes and all seasons (Danilin

and McConnell, 1995; Tie and Brasseur, 1995, 1996; Fahey et al., 1993; Chartrand and

McConnell, 1999).

2.4.3 Heterogeneous Nitrogen Chemistry

The hydrolysis of N2O5 is instrumental in denoxifying the lower stratosphere. Denoxifying

is the removal of reactive NOx species, and a temporary process compared to denitrifica-

tion, which is the permanent removal of reactive nitrogen (NOy) species (Chartrand and

McConnell, 1999; Danilin and McConnell, 1995; Hendricks et al., 1999). The removal

of NOx by this heterogeneous nitrogen reaction alters the partitioning of chlorine species

between radical and reservoir species. Lower NOx levels result in increased ClOx levels

(refer to equations 2.29 and 2.31). This heterogeneous reaction is essentially independent

of temperature. Thus, it is considered to be important at all latitudes:

N2O5 + H2O(l) −→ 2HNO3 (2.50)

The subscripts (l) and (s) (below) refer respectively to the liquid and solid phases

of the chemical species. No subscript means the species is in the gaseous phase. nitric

acid/nitrous acid???

2.4.4 Heterogeneous Chlorine Chemistry

The relative stability of the chlorine reservoir species with respect to the active chlorine

species Cl and ClO means that most of the stratospheric inorganic chlorine exists as HCl

and ClONO2. HCl is effectively absorbed on ice (Type II PSC) and NAT (Type Ib PSCs)

solid phase surfaces, the efficiency being determined by various factors including tem-

perature and the partial pressure of HCl (Finlayson-Pitts and Pitts, 1999). A possible

mechanism is the efficient ionisation of HCl onto the ice surface. The following hetero-

geneous processes have the greatest consequences for ozone depletion in the springtime

polar regions (Solomon, 1999b).

ClONO2 + HCl(s) −→ Cl2 + HNO3(s) (2.51)

N2O5 + HCl(s) −→ ClNO2 + HNO3(s) (2.52)

The photoactive species Cl2 and ClNO2 are formed, which photolyse to produce active

Cl with the polar sunrise. The second process is a null reaction. When ClNO2 undergoes

photolysis NO2 is released, which is able to recombine with ClO to reform the reservoir
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species ClONO2. The low atomic oxygen concentrations associated with low UV levels

in the polar winter/spring force changes in the gas-phase chlorine chemistry relative to

mid-latitudes. Cl is only able to be reformed from ClO via dimerisation (ClOx cycle 3

reactions 2.26 - 2.28) (Molina et al., 1987).

The severe denitrification of the polar stratosphere occurs due to Type II PSC forma-

tion (refer to section 2.4.1 above). Denitrification enables chlorine radicals to complete

many catalytic ozone destruction cycles without being converted into the reservoir species

ClONO2. It is the heterogeneous chlorine chemistry and following gas-phase destruction

cycles that are fundamentally responsible for large ozone losses seen over Antarctica in

springtime. The dimerisation of ClO and the ClO+BrO reactions (refer to ClOx cycle

3 and BrOx cycle 2 respectively) account for 80% of the Antarctic lower stratospheric

ozone losses (Lee et al., 2002).

2.4.5 Heterogeneous Bromine Chemistry

Unlike the chlorine chemistry, the partitioning of bromine (Bry) in the stratosphere favours

the active bromine forms, BrO and Br; thus BrOx species are relatively abundant even

in the absence of heterogeneous chemistry (Hendricks et al., 1999). The most important

heterogeneous bromine reactions on PSCs are those, which are mixed halogen in nature

(Lary et al., 1996):

HOBr + HCl(s) −→ BrCl + H2O(s) (2.53)

BrONO2 + HCl(s) −→ BrCl + HNO3(s) (2.54)

HOCl + HBr(s) −→ BrCl + H2O(s) (2.55)

ClONO2 + HBr(s) −→ BrCl + HNO3(s) (2.56)

The solubility of HCl in SSA is strongly temperature dependent, increasing as the

temperature approaches from above the threshold for NAT formation (Fish and Jones,

1995). BrCl becomes the important nighttime reservoir under cold stratospheric condi-

tions. Thus the reaction 2.54 has the greatest implication for the polar regions when PSCs

are no longer present. BrCl undergoes photolysis readily (reaction 2.37). These reactions

are important because they regenerate active Cl from reservoir species. BrOx concen-

trations are relatively unchanged by these and indeed all of the heterogeneous reactions

(Hendricks et al., 1999).

It is the heterogeneous bromine reactions on cold SSAs that have the greatest impli-

cations for ozone for all latitudes, and all seasons. NOx concentrations are suppressed,

while ClOx concentrations are elevated by the reaction of bromine species on the surface of

aerosols. The hydrolysis of BrONO2 has been shown to be significant even in the presence
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of background aerosol loading. The hydrolysis of BrONO2 is found to increase the BrOx,

ClOx and HOx concentrations by ∼20% (Lary et al., 1996). apparent contradiction.

The hydrolysis of BrONO2 is represented by the following cycle (Lary et al., 1996):

BrONO2 + H2O(l) −→ HOBr + HNO3 (2.57)

HNO3
hv−→ NO2 + OH

HOBr
hv−→ Br + OH

2×(OH + O3 −→ HO2 + O2)

Br + O3 −→ BrO + O2

BrO + NO2
M−→ BrONO2

Net : 3O3 + H2O(l) −→ 2HO2 + 3O2

The increase in OH concentration results in a change in the chlorine partitioning,

by decreasing the lifetime of HCl (Lary et al., 1996; Hendricks et al., 1999). The nitric

acid concentration is affected also by changes in the OH levels. However, increasing OH

concentration results in enhanced production of this reservoir species. The decrease in

the NOx concentration reinforces the increase in the ClO/ClONO2 partitioning ratio.

The hydrolysis of BrONO2, the dominant species due to twilight homogeneous reactions,

converts essentially all of the reactive bromine during the night to HOBr at mid-latitudes

(Fish and Jones, 1995). It is HOBr that produces the dramatic increase of OH at sunrise

(Salawitch et al., 1988). HOONO2???

At low temperatures, but above the PSC threshold, typical of those in the polar regions

when PSC processing is not occurring, HOBr can react with HCl in sulfate aerosols and

directly release active Cl (Lary et al., 1996; Wagner, 1999):

BrONO2 + H2O(l) −→ HOBr + HNO3

HNO3
hv−→ NO2 + OH

HOBr + HCl(l) −→ BrCl + H2O(l)

BrCl
hv−→ Br + Cl

OH + O3 −→ HO2 + O2

Br + O3 −→ BrO + O2

Cl + O3 −→ ClO + O2

BrO + NO2
M−→ BrONO2

Net : HCl(l) + 3O3 −→ HO2 + ClO + 3O2
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This cycle provides a means for continued halogen processing of ozone after PSCs are

no longer present but temperatures are still low, and after NOx begins to return to the

denitrified polar stratosphere.
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Chapter 3

Tropospheric Chemistry of Bromine

This Chapter discusses the role that bromine plays in tropospheric chemistry. Similar

to its role in the stratosphere bromine is active in catalytic ozone depletion. High levels

of BrO have been observed at mid-latitudes in close proximity to coastal regions, salt

lakes and salt pans. BrO is also thought to play a role in the remote marine boundary

layer. BrO has been observed in the free troposphere at high latitudes and inferences

from observations of BrO at mid-latitudes indicate a free tropospheric background con-

centration of 0.5 - 2 ppt. In the polar regions large quantities of BrO have been observed

in the boundary layer over the sea-ice. The mechanism driving these events is discussed.

Bromine ions from the sea salt build up and the subsequent autocatalytic release transfers

large quantities of bromine to the atmosphere. These ‘bromine explosion’ events result

in large ozone losses in the boundary layer. During these events gaseous mercury is also

oxidised and this has consequences for enhanced mercury deposition in these regions.

3.1 Tropospheric Ozone

Ozone is a toxic gas that causes a number of respiratory problems with prolonged ex-

posure. Pre-industrial ozone concentrations at the surface were between 10 - 15 ppb, now

even in clean air remote sites concentrations of 30 - 40 ppb are found (Oltmans and Levy,

1994; Oltmans et al., 1998). Increases in NOx and volatile organic carbon (VOC) due

to increased fossil fuel combustion are the major causes of this increase in tropospheric

ozone. Photolysis of NO2 and photochemical production from VOC are the major sources

of anthropogenic tropospheric ozone. Injections of stratospheric ozone into the tropo-

sphere is another mechanism for the occurrence of tropospheric ozone. The international

guidelines for 8 hours of safe exposure to ozone typically should not exceed 55 - 80 ppb.

Levels of ozone as high as 500 ppb can be found in some densely populated urban areas

(Finlayson-Pitts and Pitts, 1999). (example...)

When is max and min for tropospheric ozone???

21
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3.2 Extra-Polar Boundary Layer

BrO has been measured at mid-latitudes from salt pans at the Dead-sea, Israel (Hebestreit

et al., 1999), and both BrO and ClO have been observed at Great Salt Lake, United States

(Stutz et al., 2002). IO has been observed in the remote marine boundary layer (Alicke

et al., 1999; Allan et al., 2000). Measurements of these halogen radicals have shown strong

anti-correlations with measurements of in-situ ozone.

Significant diurnal variations of ozone within the the remote tropical marine boundary

layer have been observed along a cruise course of a ship (Dickerson et al., 1999). Photolysis

of O3 and HOx chemistry can account for only half of the variation seen. Chemical cycles

involving BrO have been suggested to explain the magnitude of the ozone diurnal variation

in the remote marine boundary layer. Attempts to measure BrO above the remote marine

boundary have been largely unsuccessful (Platt, 2000), though recent work by Leser et al.

(2003) has successfully observed BrO in the remote marine boundary layer at 35◦N.

3.3 Polar Boundary Layer

The phenomenon of almost complete depletion of surface ozone was first reported at

Alert in the Canadian Arctic by Bottenheim and Gallant (1986). Since then several re-

ports of low ozone episodes (LOE) during the polar springtime have been made for the

Arctic sites of Alert (Barrie et al., 1988), Barrow, Alaska (Sturges et al., 1993; Bot-

tenheim et al., 1990), Ny-Ålesund, Spitsbergen (Solberg et al., 1996; Tuckermann et al.,

1997), and Kangerlussuaq, Greenland (Miller et al., 1997). LOEs have also been observed

in the Antarctic springtime at Arrival Heights (Kreher et al., 1997), Neumayer (Friess,

2001) and Syowa (Murayama et al., 1992). During LOEs, ozone levels drop from normal

(30 - 40 ppb) to unmeasurable (<2 ppb) (Tuckermann et al., 1997). Barrie et al. (1988)

observed a strong anti-correlation between particulate Br and ozone. The bromine has

been unequivocally verified experimentally to be in the form of BrO. During LOEs BrO

mixing ratios of between 20 - 60 ppt have been observed in the polar regions, this has led

to these events being referred to as ‘bromine explosions’. Measurements of SOx, Br, Cl, I

and NOx during the Polar Sunrise Experiment 1992 found bromine to be the only species

to display a strong correlation of any sort with surface ozone concentrations (Barrie et al.,

1994).

Images of the BrO column from GOME indicate that enhanced levels are frequent

and episodic above the sea ice in the springtime polar regions (Wagner and Platt, 1998;

Richter et al., 1998).
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Figure 3.1: The GOME satellite experiment BrO map of the southern hemisphere on 23rd October
2002. Areas of enhanced BrO columns are clearly evident around the Antarctic continent. Image is
courtesy of Andreas Richter, it is preliminary and obtained from the website http://www.iup.physik.uni-
bremen.de/gomenrt/

3.3.1 The Mechanism Driving BrO Explosion Events

The source of the bromine driving the ‘bromine explosion’ events was disputed. Methyl

bromide (CH3Br) is the most abundant tropospheric bromine containing gas, having both

natural and anthropogenic origins (Finlayson-Pitts and Pitts, 1999; Sturges et al., 2000).

Bromoform (CHBr3), though less abundant than methyl bromide due to its short tro-

pospheric lifetime, has the higher reactivity. For these reasons CHBr3 was suggested to

explain the high levels of BrO observed during LOEs (Sturges et al., 1993; Barrie et al.,

1988). The photodissociation of CHBr3, however, is too slow, and the CHBr3 levels too

low, to account for the BrO levels observed (Tang and McConnell, 1996). Similarly, the

proposal of N2O5 on air-borne sea-salt forming BrNO2 and ultimately producing BrO

(Finlayson-Pitts et al., 1990) was considered insufficient to be the primary source of the

BrO driving LOEs (Tang and McConnell, 1996; McConnell et al., 1992). Autocatalytic

release of bromine from the snow pack during the polar spring is suggested by Tang and

McConnell (1996) to account for the high levels of BrO observed during LOEs. Wind

borne sea-salt (bromine and chlorine ions) is suggested to accumulate on the snow pack
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during the polar night (Tang and McConnell, 1996; McConnell et al., 1992). The autocat-

alytic cycle proposed is activated by a bromine seed, such as one formed from photolysis

of CHBr3 .

CHBr3
hv−→ CHBr2 + Br (3.1)

The Br radical then reacts via heterogeneous reactions to produce BrO then BrOH,

which rapidly reacts with Br− ions from the sea salt accumulation in the snow pack

resulting in the production of two Br radicals to start the cycle again (see reaction 3.9).

While the photolysis of CHBr3 is slow, the rapid autocatalytic release of the Br− ions

from the snow pack to the atmosphere is rapid, occurring over only a few hours. The BrO

self reaction and the reaction with HO2 are the dominating catalytic cycles that lead to

boundary layer ozone depletion (Vogt et al., 1996; Honninger and Platt, 2002):

2×(Br + O3 −→ BrO + O2) (3.2)

BrO + BrO −→ 2Br + O2 (3.3)

Net : 2O3 −→ 3O2

BrO + HO2 −→ HOBr + O2

HOBr
hv−→ OH + Br

Br + O3 −→ BrO + O2

OH + O3 −→ HO2 + O2

Net : 2O3 −→ 3O2

The efficiencies of these reactions can be increased when IO or ClO replaces BrO in the

above cycles. In the troposphere, like the stratosphere the catalytic cycles are stopped by

the formation of reservoir species. The following reservoir forms of reactive bromine are

favoured in the troposphere (Fitzenberger et al., 2000):

BrO + HO2 −→ HOBr + O2 (3.4)

Br + RH −→ HBr + R (3.5)

BrO + NO2
M−→ BrONO2 (3.6)

where R is an organic radical. The formation of HBr, HOBr and BrONO2 ends the cat-

alytic ozone destruction cycles. An activation mechanism is required for the regeneration

of BrO and Br from the non-radical species of HBr, HOBr and BrONO2. Heterogeneous

reactions on the surface of ice and aerosol particles provide such a mechanism (Fitzen-
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berger et al., 2000):

BrONO2 + H2O −→ HOBr + HNO3 (3.7)

HOBr + Cl− + H+ −→ BrCl + H2O (3.8)

BrCl + Br− −→ Br2 + Cl− (3.9)

LOEs are observed with (and perhaps because of) the existence of strong surface tem-

perature inversions which stabilize the boundary layer, which extends from the surface

up to ∼2 km. A negative temperature gradient is seen within the boundary layer, this

is ‘capped’ by a thermally stable layer (positive temperature gradient), which inhibits

convection and thus suppresses vertical mixing of the boundary layer with the free tro-

posphere above (Solberg et al., 1996). The stability of the boundary layer breaks down

in summer allowing vertical mixing with the free troposphere (Kreher et al., 1997). It

cannot be discounted that ozone depletion due to these halogen reactions may be more

widespread and frequent, but only detectable within the confines of the stable boundary

layer (Solberg et al., 1996).

A study of historical ozonesonde records from Arctic and Antarctic sites indicates an

increased frequency of bromine explosion events in recent times (Tarasick and Bottenheim,

2002). This increased frequency has been postulated to explain the increased mercury

levels found in Arctic biota in recent years, as described in the next section.

3.3.2 Mercury

Unlike other heavy metals, which reside as particulates, mercury exists in the atmosphere

in its gaseous phase. Mercury is extremely toxic and bioaccumulative. Increased levels of

mercury are observed in Arctic food supplies and the inhabitants of circumpolar countries.

Elemental vapour phase mercury Hg0 has a long atmospheric residence time (∼1 year) and

undergoes long-range transport on a global scale. Anthropogenic sources are equal to, or in

excess of, natural sources of gaseous mercury. Mercury is converted to methyl mercury by

biological processes and a million-fold concentration is observed in aquatic food chains.

Methyl mercury is able to cross the blood-brain barrier, hence there are major health

concerns with being exposed to high levels of mercury (Schroeder and Munthe, 1998).

It is hypothesized that increased levels of bromine associated with the LOEs facili-

tates the oxidation of vapour phase Hg0 in the atmosphere (Lu et al., 2001). Oxidation

of Hg0 produces Hg2+ which has a higher reactivity, thus increasing levels of mercury

deposition in the Arctic (Schroeder et al., 1998). High mercury deposition levels have

also been observed at the coastal Antarctic station of Terra Nova (Sprovieri et al., 2002)

and at Neumayer (Ebinghaus et al., 2002). The correlation of high BrO with low surface
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ozone and high deposition of mercury indicates that some interesting chemistry could be

occurring in the polar boundary layer. The effects of increasing mercury deposition are

far reaching within the fragile polar biosphere.

3.4 Free Troposphere

Studies are accumulating that indicate that BrO is present in the free troposphere. A

tropospheric BrO profile has been observed from a balloon platform (Fitzenberger et al.,

2000) at Kiruna, 67◦N. McElroy et al. (1999) have also observed BrO in the free tropo-

sphere in the Arctic and suggest transport over ice leads as a mechanism for the transport

of boundary layer BrO into the free troposphere.

At mid-latitudes a tropospheric background of 1 - 2 ppt has been inferred from ground-

based zenith-sky, balloon observations and satellite measurements of BrO (Harder et al.,

1998; Van Roozendael et al., 2000, 2002; Mueller et al., 2002). BrO tropospheric columns

derived from the Global Ozone Monitoring Experiment (GOME) indicate that a ubiqui-

tous BrO background concentration of 0.5 - 2 ppt is present in the free troposphere above

the remote Pacific ocean (Richter et al., 2002).



Chapter 4

Measurements

In this chapter, the remote sensing ground-based UV-Visible spectroscopic techniques

employed in this work to sample the atmosphere for BrO are detailed. The viewing

geometries of direct-sun and zenith-sky are used to obtain complementary sensitivities to

different parts of the atmosphere. The spectral fitting procedure of Differential Optical

Absorption Spectroscopy (DOAS) is detailed. The determination of Differential Slant

Column Densities (DSCD) from the spectral measurements is outlined. It is the DSCDs

that are used to construct the measurement vector y. A retrieval (see Chapter 6) can then

be performed so that y is fitted using the forward model (see Chapter 5). A description

of the Langley plots and Air Mass Factors (AMFs) is also provided.

4.1 Spectroscopy

Spectroscopy is the study of electromagnetic radiation and its interaction with atoms and

molecules. In the Earth’s atmosphere electronic transitions involve the largest amount of

energy transfer (photons absorbed or emitted), and occur in the visible and ultraviolet

wavelength region (λ < 700 nm). When an electron changes its electronic state this gen-

erally leads to changes in the vibrational state of the molecule, so an electronic transition

usually has an associated vibrational structure. Vibrational transitions of the ground

electronic state are much less energetic and are generally associated with spectroscopy

in the infrared (IR) region (λ > 1000 nm). The third and very low energy transition is

the rotational transition. Pure rotational transitions occur in the microwave wavelength

region of the spectrum. Vibrational transitions have an associated rotational structure

(Atkins, 1994). Providing spectral parameters (i.e. absorption cross-sections) are known

the electronic spectral bands occurring at UV and visible wavelengths can be exploited

to study atmospheric composition.

Spectroscopy in the UV-Visible allows the detection of species with distinct absorption

features (∼5 nm in width or less) on a background that contains broadband absorbers, Mie

and Rayleigh scattering features. There are a vast number of trace gas species detectable;

for example, HONO, OH, BrO, ClO, OClO, NO, NH3, IO, NO2, NO3, O3, SO2, CS2,

HCHO, O4, and H2O.

Fluorescence spectroscopy has been successfully applied to the study the radical NO

27
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and OH species in the atmosphere, however it is not used to study BrO and ClO as these

species do not fluoresce. For the spectroscopic study of BrO in the atmosphere in this

work the vibrational transitions of the electronic transition A 2Π3/2 ← X 2Π3/2 is used.

4.2 Viewing Geometries.

Spectroscopic observations can be made from a number of viewing platforms. Direct-

sun spectroscopic measurements can be ground-based or made from a balloon platform

(Ferlemann et al., 1998). Spectroscopic observations of scattered light can be made at

a number of angles: zenith viewing elevation angle is 90◦ (Solomon et al., 1987), or

multi-axis with smaller elevation angles as well as 90◦ (Sanders et al., 1993). UV-visible

spectroscopy has also been successfully implemented in the satellite experiments of GOME

(Burrows et al., 1999) and SCIAMACHY (Noel et al., 1999).

The Solar Zenith Angle (SZA) (refer to figure 4.1) gives the angle of the sun in the

sky with respect to the observer. It is expressed from the zenith, thus high SZAs are

associated with the sun close to the horizon. The direct-sun geometry samples a single

light path through the atmosphere. The slant path enhancement over the vertical for the

troposphere is up to 20 times for the direct-sun geometry at high SZAs.

Zenith-sky spectroscopy samples light that has traversed a number of paths before

being scattered into the detector. The density of air, aerosols and the wavelength region

determine the altitude at which most of the detected light has been scattered. Very

generally at λ= 350 nm for SZAs between 60◦ and 70◦ this maximum scattering altitude

is ∼ 5 - 10 km. Below this altitude the light has traversed a vertical path into the detector.

For larger SZAs; between 80◦ and 90◦, this maximum scattering altitude is higher, ∼ 15 -

30 km. The light path enhancement for the stratosphere can be up to 20 times that of

the vertical path. However, in contrast to the direct-sun geometry, the light has only

traversed a vertical path through the troposphere into the detector.

Multi-axis viewing geometry at elevation angles of 10◦, 15◦ and 20◦ measures long

pathlengths through the troposphere at all SZAs. This method is very sensitive to tro-

pospheric trace gas absorption. The light scattered from the troposphere has a high

probability of being multiply scattered. Thus, the quantitative interpretation of multi-

axis measurements necessitates the use of a multiple scattering model.

The different atmospheric sampling with varying SZAs allows ground-based measure-

ments to provide altitude information about the atmospheric absorbers. The twilight peri-

ods are important for obtaining enhanced pathlengths for all these ground-based viewing

geometries. The atmospheric sensitivities of the direct-sun and zenith-sky viewing ge-

ometries are quite different, because of the different altitudes of path enhancement. The

direct-sun measurements are most sensitive to tropospheric absorbers, while the zenith-
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Figure 4.1: Schematic diagrams of the direct-sun viewing geometry (top) and zenith-sky and multi-axis
(bottom). The grey lines from the detector indicate the viewing geometries of the detector. The Solar
Zenith Angle (SZA) is the angle that the sun makes with the zenith. With changing elevation of the sun
the different viewing geometries sample different paths through the troposphere and stratosphere.

sky observations are more sensitive to the stratospheric component.

4.2.1 Direct-sun Instrument

A ‘direct-sun’ viewing instrument designed at NIWA, Lauder is used to obtain BrO

DSCDs. Figure 4.2 illustrates the instrumental set up for the direct-sun viewing ge-

ometry.The direct-sun spectrometer at Lauder was an Acton 275 (a Czerny Turner spec-

trometer with spherical mirrors). The detector was a Hamamatsu back tinned charge

coupled device (CCD) module with 1044 3.2mm×0.024mm pixels. The detector was

cooled to -20 ◦C. The 1200 g/mm grating provides a wavelength coverage of 324 – 395 nm

at a resolution of 0.5 nm. The sunlight was directed into the instrument using a solar

tracker. A telescope lens focuses the incident light on a dichroic filter, which reflects light
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Figure 4.2: Schematic diagram of the instrument set-up for the direct-sun viewing geometry.

between 325 – 475 nm into the instrument. This light was then filtered using switchable

neutral density filters on a filter wheel (providing factors of 0, 10, and 100 times attenua-

tion) to extend the dynamic range over which measurements were made. A UG11 Schott

filter attenuated light between 400 – 670 nm to reduce stray light within the instrument.

An integrating sphere was used at the entrance slit to ensure that the intensity across

the field of view was homogenized. A field of view of 1◦ towards the sun ensured the full

sun was always sampled despite small tracking errors. A National Instruments interface

card together with a Lab View program was used to collect, integrate and file spectra at

3 minute intervals.

Multiple-scattering in Direct sunlight

To investigate the contribution of scattered light in the direct sun intensity received by

the detector an intensity test was performed. This was done to ensure that the detected

intensity from the direct beam had a negligible multiple scattering component. On the

morning of day 137, 2002 the focused image of the direct sun beam was moved off the

entrance optics by 1◦ (twice the width of the sun’s image), referred to as ‘off-sun’. Figure

4.3 shows the result of this test.
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Figure 4.3: The intensity of the direct sun intensity is compared with the off-sun intensity. This is a
quality assurance test to ensure that the ‘direct-sun’ measurements contain only a negligible contribution
of light that has been multiple scattered. The red line is the off-sun intensity and is associated with the
right axis. The blue line is the direct sun intensity and is associated with the left axis. Where the lines
intersect the off-sun intensity is 1 % of the direct sun light, this is at 87◦.

The resultant intensity (signal volts per second at each angle) is compared with the

intensity of the direct sun light measured on the morning of day 138. Up until a SZA of

87◦ the off-sun intensity is less than 1% of the direct sun intensity. At 88◦ the off-sun

intensity made up 4% of the direct sun light intensity. Multiple scattering in the direct

sun light only becomes an issue for measurements above 88◦.

4.2.2 Zenith-sky Instrument

BrO zenith-sky measurements have been conducted at Arrival Heights since 1993. For

a complete instrument description refer to Kreher et al. (1996). Zenith scattered light

is directed into the entrance slit of the Czerny-Turner Acton 500 spectrograph. The

1200 g/mm grating provides a wavelength coverage of 324 - 600 nm at a resolution of

0.5 nm. A f/6.9 lens focuses the scattered light into the entrance slit of the spectrom-

eter (field of view of 8◦). The detector is a photodiode array detector consisting of 1024
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independent silicon diodes. The detector is cooled to -50◦C.

The zenith-sky instrument conducting measurements at Lauder is a polarised Czerny-

Turner spectrometer. Zenith scattered light is observed with a field of view of 14◦.

The 1200 g/mm grating provides a wavelength coverage of 331 - 390 nm at a resolution

of 0.6 nm. The Reticon 1024 photodiode array detector (Mount et al., 1992) is cooled to

-80◦C.

4.3 Spectral Fitting

Differential Optical Absorption Spectroscopy (DOAS) is associated with a large number

of definitions. The ‘differential’ originated from the fitting of an absorption feature above

the spectral background baseline (not the true baseline). It has now come to mean the

whole spectral fitting procedure by which a SCD or DSCD is determined from a spectral

measurement. It is not the only means of determining a line of sight measurement from

radiance measurements, in fact optimal estimation can be and is used for this purpose

(Rodgers, 2000). DOAS is the spectral fitting technique employed here to determine the

DSCDs from the radiance measurements (for DOAS reviews see Noxon (1975), and Platt

(1994)). DOAS targets the detection of species with distinct absorption features (∼ 5 nm

in width or less) on a background that contains broadband absorbers, Mie and Rayleigh

scattering features.

To eliminate solar spectral Fraunhofer features from the spectral measurements, the

twilight spectra are ratioed with a noon spectrum. The DOAS procedure is then applied

to this difference spectra to evaluate a differential SCD (differential with respect to the ref-

erence spectrum). When it is possible to measure a background with no absorber present,

such as satellite measurements, then SCDs can be determined using DOAS (Richter et al.,

2002).

Low order polynomials are fitted to approximate the Rayleigh, Mie and broadband

absorption features that vary slowly with wavelength. High pass filtering is used to de-

termine the background baseline. The differential cross-section of each absorber expected

to be present is fitted. A non-linear least squares fitting procedure (Aliwell et al., 2002)

is used to fit the cross-sections and to determine the absorption for each of the absorbers.

Figure 4.4 displays the BrO differential absorbance fits arising from twilight spectra over

Lauder.

4.3.1 Combining Instruments

The introduction of additional errors into the retrieval due to using the spectral mea-

surements from two different instruments was considered. Deriving DSCDs from the

zenith-sky and direct-sun viewing modes with the same instrument may avoid some of
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Figure 4.4: The typical spectral fits for BrO at 87.3◦ SZA for the direct-sun (left) and 88.1◦ SZA for
the zenith-sky (right) measurements made on day 254, 2001, sunset at Lauder. The small scale features
are remnants of Ring fitting procedure.

the instrumental unknowns, such as the instrument functions, field of view, spectral reso-

lution and grating differences. However, for one instrument to measure in both zenith-sky

and direct-sun viewing modes requires that quite different optics and spectral fitting are

used for the two different modes. In observing the direct-sun the attenuation of the

light intensity is necessary, which is not required in the zenith-sky mode. Zenith-sky ob-

servations contain a high Ring component (see section 4.3.3) and the wavelength range

considered is wider than in the direct-sun case. Direct-sun observations have only a low

Ring contribution as the direct-sun is not measuring scattered light. However, the direct-

sun measurements do contain strong absorption features from tropospheric species such

as O4 and HCHO that are absent in the zenith-sky spectra. A shorter wavelength range

is appropriate for the direct-sun DSCD derivations due to O4 absorption (refer to figure

4.4 for the spectral fitting windows). Two different instruments with instrumental differ-

ences optimized for each particular geometry is not a disadvantage over one instrument

measuring in two modes due to the very different requirements of the two modes.

4.3.2 Absorption Cross-Sections

The absorption cross-sections and their dependence on temperature lead to the greatest

uncertainties in the DSCD determination. The difference between experimentally deter-

mined cross-sections gives some indication of this uncertainty. Temperature dependence

of absorption cross-sections is another problem when measuring atmospheric trace gases.

Stratospheric absorbers are experiencing temperatures in the range of 230 - 250K but tro-

pospheric absorbers have a temperature range of 230 - 298K. When spectra are fitted with

a cross-section typical of one temperature, an error is introduced to the derived spectral
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quantity.

Two cross-sections are fitted for ozone (for the temperatures of 202K and 241K). For

NO2 cross-sections at both 227 K and at 294K are fitted. For BrO a cross-section at 228K

is used (Wilmouth et al. (1999) see figure 4.5). The cross-sections for BrO at 298K and

an older 228K cross-section are also displayed to illustrate the variation for BrO.
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Figure 4.5: The cross-section for BrO from Wahner et al. (1988) at 228 K shifted and stretched, and
the more recently measured cross-sections at 228K and 298 K of Wilmouth et al. (1999).

4.3.3 Rotational Raman Scattering - Ring Effect

When electromagnetic radiation interacts with a molecule such that the transmitted ra-

diation is of a different wavelength than the incident radiation, Raman scattering has

occurred. If the molecule absorbs some of the photon’s energy this is then known as

Stokes scattering. Conversely, if the molecule is initially excited and it can add to the

energy of the transmitted photon this is known as Anti-Stokes scattering. Rotational Ra-

man scattering requires that the molecule be anisotropically polarizable. This means the

alignment of the molecule parallel or perpendicular to the electric field results in different

induced dipoles. Different polarizations occur with respect to the molecule’s orientation

(thus rotation) in an electric field. Diatoms (H2, N2, O2 etc) therefore have rotational

Raman activity; in fact only rotationally symmetric molecules aren’t active (Atkins, 1994).
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The Fraunhofer lines in the spectra recorded for scattered sunlight have reduced inten-

sities relative to the spectra recorded for direct sun-light. This effect is termed the ‘Ring

effect’ after (Grainger and Ring, 1962). A number of causes for this effect were proposed

such as airglow and aerosol fluorescence, but it is widely accepted that rotational Raman

scattering by O2 and N2 is the cause of this infilling of the Fraunhofer lines (Fish and

Jones, 1995).

The Fraunhofer lines are eliminated by ratioing spectra with respect to a reference

spectrum. The magnitude of the infilling of the Fraunhofer lines due to Raman scattering

(‘Ring effect’) changes over the twilight period. Thus, when DSCDs are being determined

for the zenith-sky viewing geometry by ratioing a twilight with a noon spectrum not all

of the solar spectral effects are eliminated. The ‘Ring effect’ introduces structure in the

ratio spectra at the Fraunhofer lines, similar in magnitude to absorption features of NO2,

BrO and OClO.
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Figure 4.6: The spectral fit for ring at 88.1◦ SZA for the zenith-sky measurements made on day 254,
Lauder 2001, sunset.

To account for this ‘Ring effect’ an absorber-like differential cross-section is deter-

mined. The two most commonly used methods are; the determination from polarized

measurements (Solomon et al., 1987) or direct calculation from rotational Raman scat-

tering by O2 and N2 (Fish and Jones, 1995). Another method for determination of the

‘Ring’ cross-section is to approximate it using the reciprocal of the ‘Fraunhofer spectrum’

(Noxon, 1975). The ‘Ring’ cross-section is then fitted to eliminate the Ring effect structure
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in the ratio spectra.

Rotational Raman Scattering also reduces the intensities of absorption lines, (espe-

cially those features which have structures that are finer than 6 nm) and thus can lead to

an underestimation of the DSCDs. NO2 SCDs are underestimated by ∼ 8% at 90◦ and up

to 12% at 95◦ SZA (Fish and Jones, 1995). The effect of rotational Raman scattering on

BrO and OClO SCDs is expected to be similar to that of NO2. NO2 is typically observed

at 450 nm, OClO and BrO are at shorter wavelengths of 420 nm and 350 nm respectively.

The effect of rotational Raman scattering scales with the number of multiple scattering

events, and since the Rayleigh scattering cross-section is larger at shorter wavelengths this

could mean that Raman scattering may be more important for BrO and OClO zenith-sky

SCDs.

4.3.4 Polarization

Light is termed to be polarized if the light intensity is a function of the orientation of

the observation plane. Stokes parameters are used to parameterize polarization. Direct

sun-light is unpolarized; but when light undergoes either molecular scattering or reflection

the light becomes polarized. Light that undergoes Rayleigh scattering is highly polarized

if viewed perpendicular to the incident light direction.

Light that has undergone Raman scattering is largely (though not entirely) unpolarized

(Aben et al., 2001; Stam et al., 2002). It is on this premise that a cross-section for the

‘Ring effect’ can be measured using the ratio between the intensity of light of parallel (I‖)

and perpendicular (I⊥) orientations (Fish, 1994).

I‖
I⊥

=
σ‖ + σRing

σ⊥ + σRing

(4.1)

which rearranged gives

σRing =
σ‖ − σ⊥

I‖
I⊥

I‖
I⊥
− 1

(4.2)

4.3.5 Instrumental Resolution Function

The instrumental resolution function (or transmission) with respect to wavelength is com-

monly referred to as the slit function. The instrumental resolution function is required to

describe the properties of the instrument. The resolution of the instrument and its optical

properties contribute to each instrument having unique properties. The instrument reso-

lution function is measured using a mercury lamp emission light source, and is important

for the interpretation of all spectra. It is essential that the instrument is stable with

respect to the instrument resolution function. This function should not change during
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the measurement of solar spectra.

4.3.6 Dark Current

Dark current, as the name suggests, is the current that is present in the detector in the

absence of light. Thermal energy is largely responsible for this current. Only when the

detector is cooled to temperatures less than -80◦C can the contribution of this dark current

to the detector signal be considered negligible.

A constant temperature is essential to ensure that the background current does not

change during the measurement. The contribution of the dark current to each spectral

measurement must be subtracted. A linear subtraction is not adequate to account for the

dark current. The amount of dark current depends upon detector intensity saturation

levels, thus it is actually more complicated than a simple subtraction. The dark current

dependence on signal intensity levels is taken into account (for detailed descriptions on

this refer to (Stutz and Platt, 1996; Kreher, 1996)).

4.4 Langley Plots and Air Mass Factors

‘Air mass factor’ (AMF) calculations are a commonly used method of approximating

the vertical column densities (VCD) from the slant column amounts. AMFs give the

enhancement of the absorber light path over the vertical. It is a means of simplifying the

interpretation of the measurements. This approximation can introduce large errors if the

actual trace gas distribution differs from the assumed distribution. A vertical distribution

(shape and diurnal change) is required to be assumed in the determination of AMFs. The

AMFs are then used to determine vertical columns. The solution is biased by the pre-

determined vertical distribution (a fixed a priori if you like). It is a crude inversion, but

can be used effectively in the simple interpretation of the measurements.

AMF =
SCD

VCD
(4.3)

In the removal of the Fraunhofer features (see section 4.3) any absorber present in

the reference spectrum is also subtracted from all of the spectra. To account for this

approximately the use of a Langley plot is common. A Langley plot is a linear fit of the

DSCDs with AMFs. A rearrangement of the previous equation and the substitution of

SCD=DSCD+SCDR where SCDR is the slant column density of the reference angle, gives

the following linear expression:

DSCD = VCD×AMF− SCDR (4.4)
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This technique relies on a linear dependence of AMFs with SZA. Any diurnal variation

in the trace gas species is not dealt with using this method. When using the Langley plot

for BrO only those measurements made when no diurnal change is occurring are useful

in the determination of the amount of absorber present in the reference spectrum. This

reference amount once determined, is then added to all of the DSCDs to give the SCDs.

An example of a Langley plot is given in figure 4.7.
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Figure 4.7: The Langley plot for the direct-sun DSCDs for day 254, 2001 at Lauder is displayed on the
left. The Langley plot for the zenith-sky measurements is shown on the right.

Direct-sun Zenith-sky
Retrieved 6.2×1013 molecules.cm−2 5.8×1013molecules.cm−2

Langley plot - a priori AMFs 5.3×1013molecules.cm−2 5.7×1013molecules.cm−2

Langley plot - retrieved AMFs 5.4×1013molecules.cm−2 5.1×1013molecules.cm−2

Table 4.1: The values for the reference column amount derived using the Langley plot method for
direct-sun and zenith-sky measurements. For comparison the values are given using AMFs determined
for the a priori and retrieved vertical distributions of BrO. The reference column amount determined
using the optimal estimation retrieval for day 254, 2001 is also provided for comparison.

Table 4.1 displays the amount of absorber present in the reference column for day 254,

2001 Lauder derived using the Langley plot method. For comparison the AMFs derived

using the vertical distribution of BrO a priori and ‘retrieved’ are used. The ‘retrieved’

vertical distribution is obtained using the retrieval method outlined in Chapter 6. The

reference column amount derived using the retrieval method described in the subsequent

chapters is also provided. The difference between the two methods arises because the

diurnal variation is fully treated over all measurements in the ‘retrieved’ case.



Chapter 5

Forward Model - Radiative Transfer

The inversion of the BrO DSCD measurements to provide desired altitude information

requires a means of calculating the DSCDs from a vertical distribution of BrO. The

forward model provides this and is an approximation to the complete description of the

physics of the DSCD measurements and is related to these measurements by

y = F (x,b) + ε (5.1)

where y is the measurement vector (DSCDs), and F is the forward model. Here, the

forward model is the radiative transfer determination of the DSCDs. The forward model

requires a description of the state (x), the quantity that is being retrieved, and the forward

model parameters (b), which affect the DSCDs but are not retrieved. ε is the error in the

measurement.

The radiative transfer describes the ray tracing, scattering and absorption of the light

path through the atmosphere. Thus, it enables the light received by the instrument

to be modelled. The radiative transfer algorithms for the direct-sun and zenith-sky case

contain essentially the same core equations. A spherical curved earth divided into discrete

atmospheric shells is used in the model. Radiative descriptions for the two different

viewing geometries of direct-sun and zenith-sky include the effects of refraction, Rayleigh

scattering, Mie scattering and molecular absorption.

This chapter discusses how the DSCDs are determined. A single-scattering approxi-

mation is made in the zenith-sky DSCD determination and the implications of neglecting

multiple scattering are discussed. The sensitivity curves or weighting functions describing

how the forward model responds to changes in the state are derived. A validation of the

radiative transfer algorithm is also described. The forward model algorithm developed in

this work was written in Fortran90 c©.

5.1 Ray Tracing

The optical path(s) through the atmosphere must be determined to describe how the

measurement samples the atmosphere. A common assumption in early radiative models

was to assume a linear light path (Solomon et al., 1987; Sarkissian et al., 1995a). Refrac-

39
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Figure 5.1: The effect of refraction on the true SZA calculation for a single light ray at 5 km using a
model layer width of 20 m. Even with such fine layering the effects of the refraction equation singularity
at the tangent point is evident for the case where refraction occurs at the layer interface. The apparent
angle is the angle that the light ray is scattered into the field of view of the detector - θ and the true
angle is the local SZA ξ (see figure 5.6 to see how these quantities are determined).

tion is the optical property whereby the light bends due to the changing densities of the

atmosphere. Refraction allows us to still see the sun (which is 0.5◦ in diameter) when it

is actually below the horizon, and explains why the sun appears ‘squashed’ when on the

horizon. Refraction is most important for the long tangential light paths associated with

SZAs greater than 90◦. To include the effects of refraction in a linear path model, such

as that described by Solomon et al. (1987) refraction at the layer interface is necessary

(Fish, 1994; Preston, 1995). Formulae for refraction at a layer interface (where n is the

refractive index, θ is the apparent angle and dz is the layer width) are as follows:

n1

n2

=
sin θ2

sin θ1

(5.2)

or alternatively

dθ =
(n− 1)

H
dz tan θ1 (5.3)

Either way both these formulae are singular for the case where θ = 90◦, so are inadequate

for describing a tangential light path. Figure 5.1 shows how using a linear path integration
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and dealing with refraction at each atmospheric layer interface leads to noisy ‘shark tooth’

like features when describing the overall affect of refraction on the apparent versus actual

SZAs. A very fine layering of 20m is used and these features are still visible. Path and

hence SCD calculations also have these characteristics when refraction is implemented in

this manner and thus should be avoided by using the integrals described in the following

section.

5.1.1 The Refracted Path

The extent to which a light path is refracted is controlled by the wavelength depen-

dent refractive index (ns − 1). Under standard temperature and pressure conditions

(Ts =288.15K, Ps =101325Pa) the refractive index is given by the following expression

derived from experimental data (Bucholtz, 1995):

(ns − 1) =

(
5791817

238.0185− ( 1
λ
)2

+
167909

57.362− ( 1
λ
)2

)
×10−8 λ > 0.23µm (5.4)

A more general expression for the refractive index (nt,p − 1) for a given altitude (z)

is obtained by temperature (T (z)) and pressure (P (z)) weighting the standard refractive

index (ns − 1):

(nt,p − 1) = (ns − 1)
Ts

T (z)

P (z)

Ps

(5.5)

These formulae neglect the contribution of water vapour in the calculation of n, though

this has only a very small affect (∼0.3%) (Bucholtz, 1995).

Snell’s law in circular symmetry gives the following refractive index formula:

rg = n(r)r sin θ (5.6)

rg is a constant, known as the geometric tangent point or impact parameter. rg can

be evaluated at the scattering point as n, r and θ are all defined. Once rg is defined

then the apparent angle θ can be calculated at all points along the ray for any altitude r

(r = Re+z, the Earth centric radius), and n, which is defined for a given r (equations 5.4 -

5.5). Including refraction requires that the model is run to determine the true SZA that

corresponds to each apparent angle. The apparent angle is then able to be determined for

the calculation of each true SZA. Figure 5.2 illustrates the terms used and the relevant

geometries in the context of a layered atmosphere.

To avoid the singularity when including refraction in the ray tracing description, the

variable for integration becomes x = rcosθ = n−1(n2r2 − r2
g)

1
2 leading to the following
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Figure 5.2: Schematic diagram displaying the refracted light path through a modelled layered atmo-
sphere defined in spherical coordinates

integrals (Kneizys et al., 1983; Rodgers, 2000):

∫
ds =

∫
dx

1− γ(r)sin2θ
=

∫
n2r2dx

n2r2 − γ(r)r2
g

(5.7)

∫
dψ =

∫
nrgdx

n2r2 − γ(r)r2
g

(5.8)

where

γ(r) = −
( r

n

) dn

dr
(5.9)

A hydrostatic atmosphere is assumed, thus the temperature and pressure profiles are

related via the hydrostatic equation:

dP

dz
= −

(
g0P

RT

)
= −

(
g0P

RdTv

)
= −

(
P

H

)
(5.10)

Rd is the gas constant for dry air (Rd = 287JK−1kg−1), g◦ is the acceleration due

to gravity (g◦ = 9.8ms−2). Tv is a humidity weighted temperature, though even

at extremely moist, warm conditions Tv exceeds T only by a few degrees (Wallace and

Hobbs, 1977), thus for most purposes the approximation Tv = T can be made. For a

given temperature profile a pressure profile can be determined using an accurate measure
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of the surface pressure only:

P2 = P1exp

(−4z

H

)
(5.11)

H is the mean scale height for the atmospheric layer.

The following numerical integrations for the path and earth centric angle can be writ-

ten with the trapezium rule:

s(l) =
(xl − xl−1)

2

(
n2

l r
2
l

n2
l r

2
l − γl(r)r2

g

+
n2

l−1r
2
l−1

n2
l−1r

2
l−1 − γl−1(r)r2

g

)
(5.12)

ψ(l) =
(xl − xl−1)

2

(
nlrg

n2
l r

2
l − γl(r)r2

g

+
nl−1rg

n2
l−1r

2
l−1 − γl−1(r)r2

g

)
(5.13)

These formulae avoid the singularity problems that are associated with the light path

passing through a tangent point, and produce a smooth curve for the change in true

SZA with apparent SZA (see figure 5.1). These integrations are the basis of the path

calculation subroutines.

5.2 Rayleigh Scattering

Rayleigh scattering was initially proposed by Rayleigh (1871) to explain the blue colour

of the sky. Rayleigh scattering describes light elastically scattered by particles, (usually,

but not restricted to, molecules) with radii much less than the wavelength of the incident

light. In the case where the particles are comparable in size or larger than the incident

wavelength Mie theory must be used (see section 5.3). The intensity of Rayleigh scat-

tered light varies with wavelength as λ−4. Blue skies result from the fact that blue light

(λ'450 nm) is 4.4 times more likely to scatter relative to red light (λ'650 nm) (Wayne,

1991). At twilight the long light paths cause most of the blue light to be preferentially

scattered out of the rays with only the longer wavelength red light being left to scatter

by the over-head sky.

Rayleigh cross-sections and Rayleigh phase functions from Bucholtz (1995) are used

to account for the Rayleigh scattering out of the calculated light path and the single

scattering into the detector for the zenith-sky geometry. The total Rayleigh scattering

cross-section per molecule σ is calculated using equation 5.14 where λ is expressed in µm

and the values for the parameters are given in table 5.1 (taken from Bucholtz (1995)).

σRay = Aλ−(B+Cλ+D
λ

) (5.14)

The Rayleigh cross-section is multiplied by the number density of air (Nair) to calculate
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λ
Coefficients 0.2 - 0.5 µm > 0.5 µm

A 3.01577 × 10−28 4.01061 × 10−28

B 3.55212 3.99668
C 1.35579 1.10298 × 10−3

D 0.11563 2.71393 × 10−2

Table 5.1: Rayleigh Scattering cross-section parameters for the calculation (taken from Bucholtz (1995)).

the volume-scattering coefficient (or extinction coefficient):

βRay(λ, z) = σRayNair (5.15)

The Rayleigh phase function gives the angular distribution of the scattered light which

includes the effects of molecular anisotropy (physical properties that vary in a directional

fashion) (Bucholtz, 1995):

PRay(θ, λ) =
3

4(1 + 2γ)

(
(1 + 3γ) + (1− γ)cos2θ

)
(5.16)

where

γ =
ρn

2− ρn

(5.17)

ρn is the depolarization factor, a unitless wavelength dependent parameter that accounts

for the anisotropy of air (typically 4.545×10−2 < ρn < 2.730×10−2). Figure 5.3 displays

the Rayleigh phase function for (λ=350 nm). The phase function depicted in this figure

shows the relative probability of scattering out of the light path for each scattering angle.

This plot can be viewed as though the incident light is travelling from right to left in the

direction of the ‘Angle of Scattering’ axis. For example, if light is scattered with a 0◦ angle

(forward scattered) the probability of scattering is greater than if it is scattered at 90◦.

Phase functions are used to describe the amount of light that is scattered in any given

direction. This is important in determining how much light is scattered into the detector

(see section 5.6.1). The angular volume scattering coefficient for Rayleigh scattering can

be determined as follows:

βRay(θ, λ, z) =
βRay(λ, z)

4π
PRay(θ, λ) (5.18)

5.3 Mie Scattering

When the scattering particles are of comparable size to or greater than the wavelength

of incident light, the distribution of the scattered light intensity is more complex than
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Figure 5.3: Rayleigh scattering phase function calculated for λ=350 nm. The highest probability for
scattering is in the forward and backward directions. Scattering perpendicular to the incident light path
is least likely.

seen with Rayleigh scattering. Mie scattering (Mie, 1908) is invoked in such cases (for a

good review of Mie theory and how to evaluate coefficients see Hansen and Travis (1974)).

In the development of the forward model the incorporation of aerosol scattering is quite

simplistic in terms of Mie scattering theory, but adequate for the purposes of modelling

clear sky radiative transfer.

Aerosol scattering out of the light path is determined from aerosol extinction profiles

combining LIght Detection and Ranging (LIDAR) and aerosol backscatter sonde data

(Liley, 2003, personal communication). These aerosol measurements give the extinction

values directly for aerosol for 500 nm. To determine the extinction at another wavelength

these values scale as
(

500
λ

)−1.2
giving the volume-scattering coefficient for aerosol scattering

βMie(λ, z).

The contribution of Mie scattering to the light that is modelled to be received by the

detector is approximated using a one parameter Henyey-Greenstein based phase function

(Toublanc, 1996).

PHG(θ, g) =
1− g2

[1 + g2 − 2gcosθ]
3
2

(5.19)

where g is the asymmetry factor. For spherical particles with an effective radius of 6

µm g=0.86 over the wavelength range of 300 - 1200 nm (Bodeker and McKenzie, 1996).

The single scattering albedo for λ <1000 nm is very close to 1, indicating that for these

wavelengths a negligible amount of absorption occurs when a photon interacts with a
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particle and scattering will occur (Wiscombe et al., 1984). Analogous to the Rayleigh

Figure 5.4: Mie scattering phase function, the highest probability for scattering is in the forward
direction. This is calculated for aerosol particles with an effective radius of 6 µm for 300 nm< λ <1200 nm.

equation 5.18, a Mie angular volume-scattering coefficient can be expressed (equation

5.20). This equation is then used to determine the amount of light scattered from a given

altitude into the instrument (see section 5.6.1).

βMie(θ, λ, z) =
βMie(λ, z)

4π
PHG(θ, g) (5.20)

5.4 Molecular Absorption

The intensity of received radiation depends on absorption and scattering as described

in sections 5.2 and 5.3. Spectroscopy relies on the fact that the absorption features of

different molecules have very different signatures. Thus the targeted wavelength region

is chosen for its specificity for a given molecule, though it is almost a certainty that

other species will absorb in the same wavelength region. Where a species is optically

thick (τ > 1) in a given wavelength region, its absorption needs to be considered in

the radiative transfer calculation. Optically thin species have a negligible effect on the

radiative transfer.

Absorption from the optically thick species ozone is included in the forward model.

Ozone profiles for Lauder are obtained from ozonesonde data (Bodeker et al., 1998). This

is also the source of temperature and pressure profiles as forward model parameters.
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Absorption from NO2 is also included when calculating DSCDs for weaker absorbers.

NO2 profiles for Lauder are obtained from SAGE II (NASA-LaRC, 2003).

The effects of NO2 and O3 absorption on the calculated BrO DSCDs is negligible.

Rayleigh scattering dominates the attenuation of the light intensity along the incident

light paths.

5.5 Diurnal Variation of Target Species

Spectroscopy in the UV-Visible region is advantageous in the detection of highly reactive

species, many of which play critical roles in ozone chemistry. These species are either

radical in nature or their concentrations depend directly on radical chemistry. In general

their resultant vertical profiles have strong diurnal variations due to photochemistry. The

diurnal variation of BrO is displayed in figure 5.5.
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Figure 5.5: The diurnal variation of the BrO profile in the stratosphere at a range of SZAs calculated for
the sunset on day 254, 2001 at Lauder, New Zealand using a stationary Lagrangian box model (Kreher
et al., 2003).

The local SZA ξ (or true SZA) along any given light path decreases from the scattering

point to the top of the atmosphere. This effect is most pronounced when the light path

passes through a tangent point. For example, if light along a given path scatters at 93◦
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SZA, it has also sampled absorbers experiencing 90◦ SZA (at the tangent point) and at

the top of the atmosphere the absorbers are experiencing less than 87◦ SZA. When the

absorbing species has a strong diurnal variation the correct concentration associated with

each path segment must be used in the calculation of the modelled intensity.

When a path is refracted, the angle of the light path at the top of the atmosphere

along with the earth centric angle ψ is required to calculate ξ using simple trigonometry

as displayed in the schematic figure 5.6.

ξs=ξTOA+ψTotal

ξTOA=sin-1(rg/nTOArTOA)
ξ=ξS-ψ

ψ

ψTotal

Top of Atmosphere

Surface of Earth

Refracted Path

θ=sin-1(rg/nsrs)

Figure 5.6: Schematic diagram illustrating how the local SZA (ξ) is determined for each path segment
using the earth centric angle (ψ) associated with the path. Once ξ is obtained the correct value for
concentration of the diurnally variant absorber NY (z, ξ) can be found.

Once ξ is determined the correct value for the concentration can be assigned for the

diurnally varying absorber. The concentration is then combined with the cross-section to

give the extinction coefficient for the relevant model atmosphere layer.

βY (λ, z, ξ) = σY (λ)NY (z, ξ) (5.21)

The calculation of the extinction due to absorber Y is complicated in the case where

Y has a strong diurnal variation. For a tangential path the local SZA associated with the

two different passes through the same layer can be very different. Due to the symmetry

about the tangent point, βY for these layers is the average of the two different absorber
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concentrations. The absorber extinction coefficient is calculated as:

βY (λ, z, ξ) = σY (λ)
NY (z, ξ1) + NY (z, ξ2)

2
(5.22)

5.6 Slant Column Density Calculations

The SCD measured is the number of molecules of an absorbing species that is detected

after the radiation has travelled through the atmosphere. To model this in the case of

diffuse light, when the light has travelled many different paths before being detected, there

are two approaches. The exact method for evaluating the SCDs and the approximation of

this method called the ‘intensity weighting approximation’ are discussed in the following

sections.

5.6.1 The Exact Method

Beer-Lambert’s Law gives the following formula to describe the intensity of light after it

has traversed through a medium (here the atmosphere) containing an absorber Y:

I = I∗exp(−σY NY s) (5.23)

Where NY is the concentration of the species, σY is the cross-section of the species of

interest and s is the optical path traversed by the light sampled by the detector. I is the

intensity of light received at the detector with Y present, and I ∗ without Y present in

the medium being studied. It is feasible to measure these directly using laboratory based

spectroscopy, where the medium can be altered to suit, but in the atmosphere this can be

more challenging. In terms of modelling the intensity that is received by the detector, an

infinitely narrow field of view is assumed. Thus the integration becomes a summation of

the intensity contributions from scattering from all the different altitudes (z) in the line

of sight of the detector (Sarkissian et al., 1995b).

I = Io

N∑
z=0

(βRay(θ, λ, z) + βMie(θ, λ, z)) exp−τ(z)4z (5.24)

Where Io represents the arbitrary intensity before absorption has taken place (chosen to

be 1 in this work). The optical density τ for a single light path scattered from an altitude

z is defined as the following summation over all of the model atmospheric layers (l) as:

τ(z) =
N∑

l=0

(∑
Y

βY (λ, l, ξ) + βRay(λ, l) + βMie(λ, l)

)
s(l, z) (5.25)
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The path s(l, z) for a given scattering altitude z through a model atmospheric layer l

takes into account that below the scattering altitude the light path either passes vertically

through the layer or the light path goes through a tangent point. s(l, z) = 4z, the layer

width, for the vertical path case. Where the path is tangential, it is symmetric about the

tangent point, passing through all layers twice below the scattering altitude to, but not

including, the tangent layer.

The SCD φY is then calculated using a rearrangement of Beer’s law equation 5.23 with

I and I∗ calculated using equations 5.24 and 5.25.

φY =
1

σY

(
−ln

(
I

I∗

))
(5.26)

The evaluation of I and I∗ differ in the summation given by βY (λ, l, ξ) in equation 5.25. I

is the intensity integral over all absorbers and I∗ is the intensity integral over all absorbers

except the absorber of interest. The measurement y however is not the SCD but the

DSCD. The DSCD is the SCD less the SCD at some reference angle, usually when there

is little or none of the absorber present (or when the absorbance is low, e.g. a noon SZA).

Then the DSCD is evaluated as 4φ = φ− φR.

5.6.2 Intensity Weighted Approximation

The intensity weighted approximation evaluates the SCD by weighting each light ray with

its respective contribution to the total intensity that reaches the detector (Solomon et al.,

1987).

φY =

∑
z IzNY s∑

z Iz

(5.27)

where Iz is the intensity calculated for a single ray. The denominator
∑

z Iz is equivalent

to I calculated by equation 5.24. τ(z) is evaluated using equation 5.25.

Iz = Io (βRay(θ, λ, z) + βMie(θ, λ, z)) exp−τ(z)4z (5.28)

The SCD evaluated using the intensity weighted approximation (equation 5.27) equals

the more exact method (equation 5.26) only at the limit of weak absorption when τ¿1

(Sarkissian et al., 1995b). To study optically thick species this approximation should not

be made and is easily avoided using equation 5.26.

5.6.3 Multiple Scattering

Multiple scattering has the greatest implications for the radiative transfer of the tropo-

sphere. The atmospheric air density is largest in the troposphere, hence the probability of

scattering is greatest. As Rayleigh scattering scales as 1/λ4, the shorter wavelengths have
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a higher probability of scattering. The altitude at which most of the detected light is being

scattered from increases with increasing SZA and decreasing wavelength. Hence multiple

scattering is most important for the determination of SCDs of tropospheric absorbers,

short wavelengths and large SZA (> 88◦). The SCD determination for stratospheric ab-

sorbers is relatively insensitive to the effects of multiple scattering, with most zenith-sky

scattered light being singly scattered from the stratosphere (Perliski and Solomon, 1993).

In modelling the BrO zenith-sky DSCDs at λ =350 nm the effects of neglecting mul-

tiple scattering had to be considered. Absolute SCDs are underestimated by ∼ 15% by

making a single scattering approximation in the radiative transfer calculation (see figure

5.8). Zenith-sky DSCDs of BrO are found to have only a second-order response to the

inclusion of both multiple scattering and a tropospheric absorption component in the ra-

diative transfer (Sinnhuber et al., 2002). In this study Sinnhuber et al. (2002) found by

taking the differential any tropospheric quantity or multiple scattering effects are essen-

tially removed. Sinnhuber et al. (2002) also found the inclusion of aerosol scattering had

a greater impact in the modelling of zenith-sky DSCDs for BrO. Thus a single scattering

approximation for the modelling of cloud free zenith-sky DSCDs is considered reasonable.

5.7 Weighting Function Calculation

The weighting function matrix K gives the sensitivity of the DSCDs to changes in the

state. K is determined by perturbing each state vector quantity, and then calculating

the resultant change in each of the calculated DSCDs. The calculation of K is the most

computationally expensive part of the retrieval.

K =
δF

δx
(5.29)

The weighting functions for perturbing the state vector components for the 75◦, 84◦ and

87◦ SZA profiles are displayed in 5.7 for both the direct-sun and zenith-sky measurements.

Note that the two measurement modes have very different sensitivities to the three diurnal

BrO profiles. The weighting functions are calculated for the illustrative case study day

254, 2001 at Lauder.

Perturbing the 75◦ SZA state vector profile leads to a negative sensitivity for high

SZA measurements in both the direct-sun and zenith-sky cases. This is due to the fact

that the measurements are differential with respect to the lowest measurement of each

mode. Reference SZAs of 62◦ and 63◦ are used for the zenith-sky and direct-sun cases

respectively in this example. For example, the resultant change in the 86.13◦ zenith-sky

DSCD to a perturbation at any altitude of the 75◦ state profile is less than the resultant

change in the reference SCD for 62.13◦.
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The zenith-sky DSCDs display the highest sensitivities to perturbations in the strato-

sphere for all three state profiles. In contrast the direct-sun weighting functions display

a tropospheric sensitivity. The interesting shape of the direct-sun weighting functions for

the 84◦ profile perturbations illustrates nicely where along a given measurement path the

perturbation has the most influence. It is clear that the measurement sensitivities are

very different for each of the three state vector profiles. To retrieve only one of these

with an a priori assumed diurnal variation leads to complex and unusual features in the

weighting functions. These features propagate as errors into the retrieved quantities.

Efficiency in the calculation of K is achieved by only recalculating the βY (λ, z, ξ) for

altitudes (z ) and local SZA (ξ) which are affected by the change in x. The measurement

vector y in the retrieval algorithm is constructed using the direct-sun measurements to

make up the first m1 values, then the zenith-sky measurements make up the subsequent m2

values in the vector (see section 6.3). As K describes the sensitivity of each measurement

to changes in the state level n, it is constructed similarly with the direct-sun weighting

functions preceding the zenith-sky weighting functions.

Further measurement platforms could be added to the basic structure of a retrieval

displayed in figure 6.1 if a means of modelling the measurements and determining their

weighting functions is integrated into the forward model. The multiple-axis viewing geom-

etry for example could provide additional information about BrO columns at noon SZAs.

There is a large computational expense associated with calculating weighting functions

that account for the multiple-scattering inherent in this geometry. A means of minimizing

this would be necessary to allow the multiple axis geometry measurements to be included.
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Figure 5.7: Weighting functions for direct-sun (left panels) and zenith-sky (right panels) resulting from
perturbations in the 75◦ SZA state vector profile (top). The 84◦ SZA state vector profile is displayed
in the middle and 87◦ SZA state vector profile at the bottom. These weighting functions are calculated
for measurements taken on day 254, 2001 at Lauder. It can be clearly seen that the measurements,
both comparing between the measurement modes and within one measurement mode, have very different
sensitivities for the three diurnal state vector profiles.
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5.8 Validation of Forward Model

A validation exercise was performed to ensure that the forward model developed here in

this thesis produced similar results to other radiative transfer models in use. This inter-

comparison exercise was held as part of the European funded Quantification and Interpre-

tation of Long-Term UV-Visible Observations of the Stratosphere (QUILT) project. The

groups involved were IASB-BIRA (Brussels, Belgium), NILU (Kjeller, Norwary), UHB

(Bremen, Germany), U-Heidelberg (Heidelberg, Germany), ISAC-CNR (Bologna, Italy),

NERC (Cambridge, England), and NIWA (Lauder, New Zealand). The radiative transfer

models examined in this workshop were developed for different purposes. The workshop

focused on testing the consistency between the different models.

The radiative transfer model developed here was involved only in the single scattering

comparison exercise. Calculations of the BrO, OClO, and NO2 SCDs in zenith-sky geom-

etry including photochemistry were made. For the exercise BrO, OClO, and NO2 diurnal

variation matrices, O3, NO2, pressure and temperature profiles were provided. Model

parameters were defined on an altitude grid of 0-120 km with 1 km layer thickness. Fixed

wavelengths of 352 nm (BrO), 368 nm (OClO), and 422 nm (NO2) were used. Where ap-

propriate a fixed ground albedo value of 0.20 was used. Cross-sections for all absorbers

were also fixed. Aerosol scattering and refraction were not included. Calculations in single

scattering (SS) mode and multiple scattering (MS) mode were made if possible.

The upper plots of figure 5.8 displays the calculated SCDs from the different radiative

transfer models for BrO, NO2 and OClO. For all three of these SCD calculations the NIWA

model overlays the SCDs determined by the NILU and IASB single scattering models.

The lower plots display the ratio with respect to the IASB models, this illustrated that

the agreement between the NIWA, NILU and IASB models was within 3% for all the

three species investigated. The high agreement between the NILU and IASB groups

is due largely to the use of the same UVspec/DISORT package (Stamnes et al., 1988).

DISORT is a discrete ordinate radiative transfer model. It is the most flexible and widely

used pseudo-spherical plane-parallel model available to the atmospheric community. The

intensity calculation solves the radiative transfer equation using a scattering formalism.

The composition and detailed physics of the medium is not necessary. Optical depths,

single scattering albedos and phase function moments are all that is required (Spurr et al.,

2001).

The effect of multiple scattering is also displayed in figure 5.8. Multiple scattering

increases the calculated SCD by 10 - 15%, at all SZAs, acting like an offset.
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Figure 5.8: BrO, NO2, and OClO SCD calculations are compared between groups participating in the
European QUILT project. These groups included IASB (Brussels, Belgium), NILU (Kjeller, Norway),
U-Heidelberg (Heidelberg, Germany), ISAC-CNR (Bologna, Italy), and the model developed by this
work NIWA (Lauder, New Zealand). SS denotes single scattering model calculations and MS multiple
scattering calculations. The upper plots are corresponding to the SCDs and the lower plots to the ratios
between results from the different models and the IASB model arbitrarily taken as the reference model.
Two different scenarios have been considered: Harestua (Norway, 60◦N) in summer (NO2) and in winter
when chlorine activation occurs (BrO and OClO). Solid and dashed lines are corresponding to calculations
in SS and MS modes, respectively (Hendrick, 2003, personal communication).
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Chapter 6

Retrieval Model

Remote sensing techniques often have the disadvantage that what is being measured has a

complex relationship with what is desired to be known. Optimal estimation is a retrieval

method that allows the inversion of ‘measurements’ y (4φ) (Chapter 4) into the desired

state x̂, in this instance a set of profiles at different diurnal stages. For a given state x

a forward model must describe the expected 4φ. This is the radiative transfer part of

the algorithm (see Chapter 5). A detailed description of retrieval concepts is given by

Rodgers (1976, 1990, 2000). The basic structure of the retrieval algorithm used in this

work is displayed by figure 6.1, illustrating how complementary sets of measurements are

combined. This chapter discusses the expressions and terms used in the retrieval model

algorithm and is the basis of the paper Schofield et al. (2003). The formulation and nota-

tion used here follows Rodgers (2000) conventions. A exemplary retrieval was performed

for day 254, 2001 over Lauder, to illustrate the concepts of retrieval characterisation. An

algorithm was developed in IDL c© in this work to characterise the retrieval with averaging

kernels, resolution, area, degrees of freedom for signal and information content.

6.1 Linear Inversion

A linear inversion is the most simple and relies on the sensitivity of the measurements

to the state being independent of the state. If the sensitivity of the forward model

to changes in the state (K) is sensitive to the state, the problem is said to be non-

linear in nature. The measurements considered in this work are in optically thin spectral

regions and have a linear dependence on the profile of the trace gas. For a species to be

optically thin, the calculated optical depth τ must be much smaller than one. The optical

depth calculation depends on the path geometry of the measurement. It also requires

the extinction coefficients for Rayleigh and Mie scattering, and the absorbing species.

For linear problems the weighting function matrix is independent of the state. Species

that are optically thick influence the intensity, hence F, in a non-linear fashion (refer to

Chapter 5 for forward model details). If this general retrieval technique is applied to

retrieve profile information for a species that is optically thick, then a non-linear retrieval

will be necessary.

Inversion of the DSCD measurement vector y is performed using the following formula

57
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Forward Model
F(x,b)

Retrieval Model

A priori
(set of profiles)

xa, Sa

Forward Model Parameters
(Temperature, Pressure,

Ozone, Aerosol)
b

Measurements
(DSCDs)

y, Sε

Retrieval Parameters
(convergence criteria)

c

x

Retrieved Parameters

Direct-sun
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Figure 6.1: A schematic diagram displaying the basic structure of the retrieval algorithm. The inputs
that are necessary and how the forward model and inverse models can be effectively separated is clearly
shown.

for a linear problem (Rodgers, 2000):

x̂ = xa + SaK
T (KSaK

T + Sε)
−1(y−Kxa) (6.1)

where xa is the a priori of the state, Sa is the covariance of the a priori and Sε is the

measurement covariance. These terms are discussed in sections 6.3 and 6.4.

6.2 Non-Linear Inversion

The retrieval of profile information for an optically thick species requires a non-linear

retrieval. The error due to ignoring the non-linearity in a retrieval problem is given by

δx̂:

δx̂ = Gy(F (x̂)− F (xa)−K(x̂− xa)) (6.2)

Where Gy is the Gain matrix defined by equation 6.6.

A Gauss-Newtonian iteration linearizes the problem in the case where the problem

is slightly non-linear, and then iterates to find the solution. If the retrieval problem

is non-linear in nature (the error δx̂ is too large and equation 6.1 cannot be used) the

following iterative Gauss-Newtonian expressions are used to evaluate the retrieved state.

The non-linear expressions are given as the deviation of the xi+1 from the a priori xa.

xi tends to x̂ as i, the number of iterations, increases. Equation 6.3 gives the ‘n-form’

for the Gauss-Newtonian iterative expression solving the n×n matrix equation, where n

is the number of state vector quantities. This is effectively a non-linear weighted least

squares solution to the problem. This method is chosen for situations where the number



6.3. Measurements and Covariance 59

of state vector quantities is much smaller than the number of measurements (m).

xi+1 = xa + (S−1
a + KT

i S−1
ε Ki)

−1KT
i S−1

ε (y− F (xi) + Ki(xi − xa)) (6.3)

In the case where the number of state vector quantities is much larger than the number

of measurements an alternative inversion called the ‘m-form’ can be used (equation 6.4).

The ‘m-form’ is the more computationally efficient form as only one matrix inversion

is required compared to the four necessary when using the ‘n-form’. A method called

‘sequential updating’ can be invoked when using the ‘m-form’ to give further efficiency;

this allows the state estimate to be updated one measurement at a time. This was the

method chosen by Preston (1995) for the inversion of NO2 DSCDs to give a NOx profile.

xi+1 = xa + SaK
T
i (KiSaK

T
i + Sε)

−1(y− F (xi) + Ki(xi − xa)) (6.4)

Both these iterative methods for evaluation of the retrieved state requires K to be re-

calculated at each iteration, thus making it much more demanding on computer resources

than the linear case. Any gain in numerical efficiency by choice of Gauss-Newtonian ‘n-

form’ or ‘m-form’ to suit the DOAS problem is by far outweighed by the computational

expense of the K calculation.

In this retrieval algorithm it is actually the ‘n-form’ non-linear equation that is used,

due solely to historical reasons. In infrared and microwave retrieval algorithms this is the

equation chosen. These retrieval problems are non-linear and the ‘n-form’ of the Gauss-

Newtonian iterative method can be chosen for efficiency in these problems (equation 6.3)

(Connor et al., 1995). Since the evaluation of K dominates the computer resources there

was no advantage in using another formulation. BrO is a weak absorber and therefore it

is actually a linear retrieval problem, therefore the use of a non-linear equation is surplus

to requirements. As this is a general algorithm and the desire is that it can be used for all

absorbers the non-linear equation is used, and for the case where the problem is linear,

convergence occurs after one iteration.

6.3 Measurements and Covariance

Inversion algorithms can use the intensity measurements from the detectors directly in

construction of the measurement vector y. These measurements are a function of wave-

length and the measurement vectors may be huge. The magnitude of these type of re-

trievals make them quite complex.

It is common for some spectroscopic measurements to be reported as line of sight DSCD

measurements, the product of spectral fitting (refer to Chapter 4). DSCD are evaluated

from the intensity using a non-linear least squares fit, so essentially have already undergone
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a retrieval (see section 4.3). It is these ‘preprocessed’ quantities that are defined as the

measurements used in this retrieval algorithm.

The measurement vector y in the retrieval algorithm is constructed using the direct-

sun measurements to make up the first m1 values, then the zenith-sky measurements make

up the subsequent m2 values in the vector (see figure 6.1).

The covariance matrix of the uncertainties in the measurements, Sε, is constructed

by placing the variance arising from one standard deviation of the error from the DOAS

spectral fitting along the diagonal of the m×m matrix. The off-diagonal elements are

assumed to be zero. The measurement error covariance matrix Sε from the DOAS fitting

is assumed to incorporate all the errors that are present in determining the DSCDs.

6.4 A Priori Information and Covariance

Profile retrievals involving ozone and NOx (a quantity that doesn’t have a diurnal vari-

ation) avoid the complications that arise due to the strong diurnal variation such as is

typical of radical or radical-like trace gas species (NO, NO2, IO, OClO, BrO etc) involved

in photochemical cycles. This work explores the complications and errors arising from

diurnal variation when incorporated in the retrieval of altitude information.

There are two approaches that allow the retrieval of profiles of diurnally varying trace

gases. The first approach is to assume that the chemistry is known a priori from chemical

models and that a single profile varies in a predetermined way, for example as a scalar

multiple or a more complex change of profile shape. The diurnal variation is thus being

treated as a forward model parameter (see section 5.5). The retrieval errors associated

with this approach are explored below. However, the main concern with this approach

is that while existing chemical models explain diurnal variations for the stratosphere

(i.e. SLIMCAT (Chipperfield et al., 1993; Sinnhuber et al., 2002)), tropospheric diurnal

variations are essentially unknown and an area of active research. Assuming diurnal

variation from stratospheric models alone causes discontinuity in the weighting functions

at the troposphere-stratosphere boundary. Consequently this produces errors in the final

retrieved state.

The second possible method, used here to account for the diurnal variation of the

species, is to retrieve it. Sets of profiles defined on a time (or SZA) grid, to describe

the diurnal variation of the species, are retrieved. Thus the a priori xa supplied to the

retrieval model is a set of profiles, not just one profile. This does lead to an increased

number of retrieved parameters but avoids the problems associated with assuming the di-

urnal variation as a forward model parameter and allows direct comparison with chemical

models. The degrees of freedom for the signal and information content that characterise

the retrieval both improve employing this second method. This is due to the fact that
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less knowledge is being assumed initially so more can be learnt from the measurements.

The a priori profiles include a profile at 0◦. This is necessary as the measurements

made at one location sample the atmosphere at a previous time or lower SZA at the top

of the atmosphere. The retrieval of this profile is not meaningful, having a heavy reliance

on the initially supplied a priori information. It can be thought of as a noon profile.

The construction of the a priori covariance Sa is not straightforward. If the equation

is to be used formally as an optimal estimator, then Sa describes whatever is known about

the state (a priori knowledge), however little. In principle the best that can be done for

a case taken at random from some ensemble of profiles is to use the ensemble covariance.

If no ensemble is available then care is needed.

6.4.1 L-Curve Optimization

The use of Sa as a tuning parameter means that the retrieval is formally non-optimal, but

it provides a convenient means of determining where the retrieval should be run to give

the maximum information and minimum error. The variances used in the construction of

this diagonal matrix can be optimized such that the most information can be retrieved

from the measurements without over-fitting them (i.e. mapping measurement errors into

the retrieved state). Assuming low values in the construction of the Sa matrix implies

low error in the a priori for the state (xa), with the result that the retrieval is heavily

reliant on this a priori with the information from the measurements being largely ignored.

Conversely an assumed high error in the construction of Sa, results in the a priori being

ignored and the retrieval being an unrealistic over-interpretation of the measurements.

To determine an appropriate a priori error is complicated. It should be large enough

that the measurements are fitted well, yet small enough that the retrieved values are not

oscillatory or otherwise unrealistic. In this work, a percentage of the peak for each of the

temporal profiles is used as a conservative estimate of the a priori variance. The value

of this percentage is determined by an l-curve method. The percentage is varied from a

very low value (tightly constrained) to a very high value (loosely constrained). A plot of

the root mean square of the retrieval fit to the measurements versus this percentage is

constructed (see figure 6.2). The percentage chosen is the value where increasing the a

priori error no longer results in a marked improvement of the measurement fit.

6.5 Retrieval Parameters

As displayed in figure 6.1 the retrieval model requires retrieval parameters c. When the

problem is non-linear the convergence criterion is a retrieval parameter that is necessary.

The equations 6.3 and 6.4 for the inversion in the non-linear case allow for xi+1−x to be

used as a convergence criterion.
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Figure 6.2: The L-curve for the profile retrieval from measurements made at Lauder on day 254,
2001. Sa is adjusted to ascertain a error which obtains the maximum amount of information from the
measurements without mapping their errors into the retrieval.

The change in the state between iterations transformed into the space of the measure-

ments must at all values be some fraction of the measurement error. A tolerance value δ

is used to define this fraction.

Ki+1(xi+1 − xi) ≤ δσε (6.5)

where the squared values of σε make up the diagonal elements of the measurement

covariance matrix Sε.

6.6 Error Analysis and Characterisation

Optimal estimation allows a solution to be found that minimizes the differences between

the measured and modelled DSCDs, given their errors, the a priori information and its

associated errors.

An optimal estimation retrieval is used to obtain the best solution from a set of all

possible solutions for the case where the problem is ill posed. The retrieval problem
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here is formally ill posed, as there are more elements in the state vector than there are

measurements. There is an infinite set of solutions and the a priori constraint allows a

single solution to be determined. The a priori is important to provide a best estimate

of components of the state vector for which the measurements provide no information,

i.e. in the null space and near-null space of the retrieval problem. The 0◦ profile of BrO

retrievals performed here is in the near-null space of the retrieval problem. This is because

DSCDs remove almost all information about the 0◦ profile, thus it is not well sampled by

the measurements.

6.6.1 Gain Matrix - Contribution Functions

The Gain matrix (Gy) describes how changes in the measurements affect the retrieved

state. The contribution functions illustrate how each measurement contributes to the

final retrieval. The Gain matrix is calculated from the weighting function and covariance

matrices, for its derivation refer to Rodgers (2000).

Gy =
δx̂

δy
= (KTS−1

ε K + S−1
a )−1KTS−1

ε (6.6)

The contribution functions are extremely complex in this instance as figure 6.3 dis-

plays. How each measurement influences the final retrieved state cannot be clearly sep-

arated into direct-sun and zenith-sky components using the contribution functions. The

averaging kernels discussed in section 6.6.2 address this question more completely.
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Figure 6.3: Contribution functions for direct-sun (left panels) and zenith-sky (right panels). The
response of the 75◦ SZA state vector profile (top). The 84◦ SZA state vector profile is displayed in the
middle and 87◦ SZA state vector profile at the bottom. These contribution functions are calculated
for measurements taken on day 254, 2001 at Lauder. The contribution functions illustrate how each
measurement contributes to the final retrieved state.



6.6. Error Analysis and Characterisation 65

6.6.2 Averaging Kernel Matrix

Analysis of the smoothing of the true state by the retrieval is essential to understanding

what information can be obtained from a set of measurements. The smoothing functions

or averaging kernels are vital in the charactization of a retrieval. The averaging kernel

matrix (A) describes the sensitivity of the retrieved state (x̂) to the true state (x). The

averaging kernel matrix is calculated from the weighting function and gain matrices.

A =
δx̂

δx
= GyK = (KTS−1

ε K + S−1
a )−1KTS−1

ε K (6.7)

The rows of A are the averaging kernels and these indicate how the retrieved state rep-

resents the true state.

The averaging kernels produced by this retrieval method are not only a function of

altitude but also of profile or time (SZA). Each element of the state vector has an averaging

kernel that is two-dimensional. So while it is possible to view the averaging kernels in a

traditional altitude sense, their variation in the space of profiles (time sense) should also

be considered, thus they are best seen as two-dimensional. Contour plots are used to view

the averaging kernels and derived quantities such as resolution and area. While contours

give the impression of continuity, the values are discrete in both space and time.

Figure 6.4 displays the averaging kernels for the 0 km, 10 km, 20 km, 30 km, and 40 km

retrieval points of the 84◦ profile. The black crosses indicate the retrieval points that

each of the averaging kernels represent. Ideally the averaging kernel will be focused on

this point. The averaging kernels shown in figure 6.4 illustrate clearly how the retrieval

is improved by combining measurement geometries. The averaging kernels of the direct-

sun only retrieval illustrate how these measurements are sensitive to the lower altitudes.

Conversely, the zenith-sky only retrieval demonstrates this geometry to be more sensitive

to the stratosphere. The combination of the two geometries provides enhanced sensitivity

over all altitudes.

6.6.3 Area of Averaging Kernels

The area of an averaging kernel gives a qualitative indication of the influence of the a priori

on the retrieved state. The area of an averaging kernel is the sum of the elements in that

averaging kernel. When the area is approximately unity then most of the information on

a spatial scale greater than the width of the averaging kernel is being supplied by the

measurements rather than the a priori. When the area is close to zero then the retrieved

value has come from the a priori information and the measurements have not added any

information.

Figure 6.5 shows the area of the averaging kernels that characterise the direct-sun
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Figure 6.5: The area of the averaging kernels in altitude space (y axis in km) and profile space (x
axis) for the BrO profiles. The profile index refers to the solar zenith angle corresponding to the profile:
1=0◦, 2=75◦, 3=84◦, 4=87◦, 5=92◦ and 6=95◦. The area of the averaging kernels is calculated for
measurements made on day 254, 2001 at Lauder. The area of the averaging kernels, and is a qualitative
measure of how much information on the broad structure is being provided from the measurements rather
than the a priori. For the state vector profiles 75◦ and 84◦ the retrieved quantities have come from the
measurements, the 87◦ profile illustrates how there is a heavy reliance on the a priori data at 20 km due
to the fact that the zenith-sky measurement sensitivity is in the higher stratosphere (above 25 km) and
the direct-sun sensitivity is close to the surface.

only, zenith-sky only and combined geometry retrievals. This figure shows the direct-sun

measurements contribute to the total column, particularly the tropospheric component.

The zenith-sky measurements contribute to the stratospheric sensitivity and rely entirely

on the a priori information for the troposphere. The combination of these geometries

provides tropospheric and stratospheric sensitivity for the three profiles 75◦, 84◦, 87◦.

Where the area of the averaging kernel is negative, similar to where it is much larger than

one the retrieved values are not necessarily a good representation of the true atmosphere.

The area of the averaging kernels for the 84◦ profile between 55-65 km and the 87◦ profile

between 30 and 40 km is considerably greater than one and considerably less than one

for the 87◦ for the 87◦ at ∼20 km. The negative area in the 87◦ profile case is due to the

zenith-sky measurement sensitivity being higher in the stratosphere and the direct-sun

measurements sensitivity closest the ground. The enhanced stratospheric area can also

be explained by referring to the weighting functions which show maximum peaks at the

altitudes of high area.

6.6.4 Resolution

Resolution is a useful quantity in the evaluation of the quality of the retrieved data and

an essential criterion for reporting retrieved parameters. Resolution has a number of

definitions to describe the ‘width’ of the averaging kernel.

Full width half max of the averaging kernel peak is a commonly used definition, though

it leads to overestimation of the resolution when the peak of the averaging kernel is dis-
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placed from where it should be. Backus-Gilbert spread is another definition and emphases

the negative lobes of the averaging kernels. This method of determining the ‘width’ is

more complex in its determination.

A third definition utilizes the reciprocal of the averaging kernel peak. The spatial

resolution of a retrieval is in this work complicated by the two-dimensional nature of

the state vector. Rather than considering horizontal and vertical resolution separately as

some ‘width’ of the averaging kernel, the simpler measure of the reciprocal of the diagonal

values of A was used. The diagonal values of A give the number of degrees of freedom per

state vector element. The reciprocal gives the number of state vector elements required

to describe a degree of freedom.
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Figure 6.6: The resolution of the retrieval in altitude space (y axis in km) and profile space (x axis) for
the BrO profiles. The profile index refers to the solar zenith angle corresponding to the profile: 1=0◦,
2=75◦, 3=84◦, 4=87◦, 5=92◦ and 6=95◦. The resolution is calculated as the number of state vector
elements required per degree of freedom. In the troposphere for the state vector profiles 75◦, 84◦, and
87◦ the resolution is 5-15 km and in the stratosphere it is 40 km for the 75◦ profile and 20 km for the 84◦

and 87◦ profiles.

Figure 6.6 displays the resolution for the retrievals for the direct-sun only, zenith-sky

only and the combined geometries. The result that the highest resolution is achieved by

combining the measurement geometries is not unexpected given the area of the averaging

kernels. A resolution of 5-15 km is achieved in the troposphere for the three retrieved

profiles 75◦, 84◦ and 87◦. In the stratosphere the resolution is 40 km for the 75◦ profile

and 20 km for the 84◦ and 87◦ profiles. The resolution is poorer in the stratosphere for the

75◦ profile retrieval while the area of the averaging kernel is actually good. Conversely,

while the area of the averaging kernel for the stratosphere of the 87◦ profile retrieval

shows some reliance on a priori information, the resolution is good. This illustrates that

all characterisation details need to be considered to best determine the final retrieved

quantities.
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Retrieved Profile 0◦ 75◦ 84◦ 87◦ 92◦ 95◦ Total
Information content(bits) 0.03 2.9 4.0 2.3 0.02 0.0 13.5

Degrees of Freedom 0.05 2.1 2.6 2.3 0.04 0.0 7.1

Table 6.1: Information Content (bits) and Degrees of Freedom for signal for the direct-sun and zenith-
sky combined geometries retrieval. The retrieval is performed for measurements made on day 254, 2001
at Lauder. Two independent pieces of information can be retrieved from the measurements for each of
the retrieved profiles of 75◦,84◦ and 87◦.

6.6.5 Degrees of Freedom and Information Content

The degrees of freedom for signal describe the number of useful independent quantities

that can be determined from a set of measurements. The degrees of freedom are evaluated

by taking the trace of the averaging kernel matrix A. As described in the previous section

each value along the diagonal of A can be viewed as the degrees of freedom per retrieval

point.

The information content of the measurements can be thought of as a measure of the

factor by which knowledge is improved by making the measurement. It can be thought

of as a multivariate generalization of the scalar concept of signal-to-noise ratio for the

retrieval. Shannon’s definition of information content is the reduction of entropy (or

uncertainty) in the state that is achieved by making the measurement:

H =
1

2
log2|Ŝ

−1
Sa| = −1

2
log2|I−A| (6.8)

where Ŝ is the retrieval covariance (see next section) and the units of H are bits. Two bits

of information means that the volume of the entropy in the state space has been reduced

by a factor of four in making the measurement. I is the identity matrix.

The information content and degrees of freedom for signal are displayed in table 6.1

for measurements taken on day 254, 2001 at Lauder. There are two pieces of independent

information for the three retrieved profiles 75◦, 84◦ and 87◦. These details combined with

the characterisation of the retrieval obtained from the area of the averaging kernels and

the resolution provide a good basis for determining what should be reported from the

retrieval. A tropospheric and stratospheric column for the retrieved profiles 75◦, 84◦ and

87◦ can be determined for this retrieval.

6.6.6 Retrieval Error Covariances

The error covariance of the retrieval Ŝ is the summation of the smoothing covariance Ss

and retrieval noise covariance Sm:

Ŝ = (KTS−1
ε K + S−1

a )−1 (6.9)
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Ss = (A− In)Sa(A− In)T (6.10)

Sm = GySεG
T
y (6.11)

The covariance due to each forward model parameter (Sf ) is a useful error term to

evaluate. This covariance provides a quantitative evaluation of the error that a forward

model parameter produces in the final retrieved quantity. When this error is too large,

consideration should be given to retrieving the forward model parameter. Sf is evaluated

as:

Sf = GyKbSbK
T
b GT

y (6.12)

The forward model parameter covariance converts the errors in the space of the forward

model parameters into the state space. This gives a quantification for the error relative

to other errors arising in the retrieval, such as smoothing and retrieval noise.

6.7 Post Processing of the Retrieval

The area, resolution, information content and degrees of freedom collectively indicate

that the usefully resolved retrieval product is the tropospheric and stratospheric column

amount for the 75◦, 84◦ and 87◦ state vector profiles. A matrix g is defined to evaluate

the stratospheric and tropospheric columns from the retrieved state (x̂) summing over

the relevant altitudes in the state vector to give tropospheric and stratospheric columns

for each of the six state profiles (x̂c):

x̂c = gx̂ (6.13)

The averaging kernels for the tropospheric and stratospheric columns for each of the

six state profiles are evaluated using the following equation:

Ac = gA (6.14)

The averaging kernels for the tropospheric and stratospheric columns for the 75◦, 84◦

and 87◦ retrieved profiles are displayed in figure 6.7. These display how there is a clear

separation of the tropospheric and stratospheric columns for the BrO profiles of 75◦, 84◦

and 87◦. The stratospheric column for the 87◦ profile is somewhat poorer than the other

profiles, with some of the retrieved value being derived from the 92◦ profile at ∼ 25 km.

Thus for the 87◦ stratospheric column the error in the retrieved value is expected to be

higher. This is the case as displayed in the results in table 6.2.

The covariance matrices for the retrieved column quantities are evaluated in a similar
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Tropospheric Column 75o Profile Stratospheric Column 75o Profile 

Tropospheric Column 84o Profile Stratospheric Column 84o Profile 

Tropospheric Column 87o Profile Stratospheric Column 87o Profile 

Figure 6.7: The column averaging kernels of the the combined measurement geometries retrieval in
altitude space (y axis in km) and profile space (x axis) for the BrO profiles. The profile index refers to
the solar zenith angle corresponding to the profile: 1=0◦, 2=75◦, 3=84◦, 4=87◦, 5=92◦ and 6=95◦. The
left panels display the column averaging kernels for the tropospheric columns and the right panels the
column averaging kernels for the stratospheric columns. The top panels display the averaging kernels for
the 75◦ profile, the middle panels the 84◦ profile and the lower panels the 87◦ profile.
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fashion to the averaging kernels ie:

Sc = gSgT (6.15)

Table 6.2 displays the values for the a priori and retrieved tropospheric and strato-

spheric columns along with the error breakdown for the state vector profiles of 75◦, 84◦

and 87◦. The error contribution from the forward model parameters to the final retrieval

error is important in the assessment of which parameters should be retrieved rather than

assumed to be known to a high enough precision a priori. The contribution of errors aris-

ing from the variability of temperature, ozone and aerosol profiles is negligible in the total

retrieval error. The covariance matrices for the forward model parameters used in the Sf

calculation are derived from the variability of these measured quantities over Lauder.

The error reduction from the a priori to the retrieved value demonstrates the factor by

which the entropy has been reduced by making the measurement, i.e. is indicative of the

information content of the measurement.
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6.8 Measurement Fit

The ‘measured’ DSCDs are the products of the DOAS spectral fitting procedure described

in Chapter 4. The fit of the forward model calculated DSCDs (ŷ) to the measured DSCDs

is essential for the retrieved quantities to represent the measurements. Figure 6.8 displays

the modelled fit of the measured DSCDs with the residuals. The residuals give a good

indication of how well the measurements are fitted by the forward model. A good fit is

achieved with fairly low residual.
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Figure 6.8: The measured and retrieved (modelled) DSCDs and the residuals for the direct-sun and
zenith-sky sunset measurements made at Lauder on day 254, 2001.



Chapter 7

Measurements at Lauder, New Zealand

BrO zenith-sky measurements have been conducted at Lauder since 1995. A direct-

sun viewing instrument targeting BrO has been making measurements since 2001. This

Chapter presents the retrieved tropospheric and stratospheric columns for data recorded

at Lauder from 2001-2003. The seasonal and diurnal variation was successfully retrieved.

The stratospheric columns agree well with the coupled chemistry-climate Unified Model

with Eulerian TRansport And Chemistry (UMETRAC) with an assumed total reactive

bromine of 20 ppt in the lower stratosphere. The total retrieved columns agree well with

coincident GOME satellite BrO measurements. An error analysis and retrieval charac-

terisation was performed. The error contributions due to the forward model parameters

are found to be negligible. A sensitivity test was conducted to establish the response of

the retrieved columns to the a priori information and to the Ring effect. Then a brief

summary is provided.

7.1 Measurement Site

 

Lauder (45.0 oS, 169.7 oE) 

Figure 7.1: Lauder is located on state highway 85 north of Alexandra, Central Otago, New Zealand
(45.0◦S, 169.7◦E).

75
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Lauder is located at an altitude of 370m above sea level in Central Otago, New

Zealand. It is one of the five primary sites in the Network for the Detection of Stratospheric

Change (NDSC). One of the world’s longest spectroscopic records has been made at

Lauder, New Zealand (45.0◦S, 169.7◦E) targeting NO2 in the zenith-sky viewing mode

(Liley et al., 2000).

7.2 Retrieval of BrO Columns Over Lauder

Tropospheric and stratospheric columns were retrieved over Lauder. Only measurements

made under cloud-free conditions were considered for the retrieval of tropospheric and

stratospheric columns using the concepts developed in Chapters 5 and 6. A cloud-free

bias is unavoidable for the direct-sun measurements, which can only be made with an

unobscured sun.

72 twilight measurements were investigated for Lauder, 41 sunrise and 31 sunset pe-

riods. These measurements were made from March 2001 to April 2003. The summer and

autumn months were much better sampled than the winter and spring months, since the

measurement period began in summer 2001 and ended in autumn 2003. The instrument

was also relocated to Arrival Heights for the late winter-spring period of 2002, as will

be discussed in Chapter 8. The summer retrievals for December, January and February

were calculated with 13 sunrise and 6 sunset measurements, with a tropopause height of

11.5 km. The autumn months of March, April and May were the best sampled with 22

sunrise and 18 sunset measurements, these retrievals were conducted with a tropopause

height of 11.2 km. The winter retrievals for June, July and August were calculated with

4 sunrise and 4 sunset measurements, with a tropopause height of 10.6 km. The spring

months of September, October and November were the least well sampled with 2 sunrise

and 3 sunset measurements, these retrievals were conducted with a tropopause height of

10.8 km. The tropopause is determined from the mean seasonal tropopause heights over

Lauder from ozonesonde measurements (Bodeker et al., 1998).

The retrievals were conducted with the model atmosphere described up to 70 km,

with 1 km model atmospheric layers (see Chapter 5 for details). The effects of refraction,

molecular absorption, Rayleigh and Mie scattering were included. The aerosol extinction

profiles for the stratosphere were provided by LIDAR and aerosol backscatter sonde data

(Liley, 2003, personal communication). Ozone, temperature and pressure profiles were

obtained from the ozonesonde measurements conducted at Lauder (Bodeker et al., 1998).

To ensure consistency, constant a priori information and forward model parameters were

used for all retrievals over Lauder.

Six a priori profiles at the diurnal stages of 0◦, 80◦, 84◦, 87◦, 92◦ and 96◦ SZA were

chosen to adequately describe the diurnal variation while minimizing the number of re-
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Figure 7.2: The stratospheric diurnal variation was calculated using a Lagrangian box model (Kreher
et al., 2003) for Lauder, New Zealand day 254, 2001. The tropospheric column was from the literature
(Richter et al., 2002) and a diurnal decrease assumed. These profiles were used as the a priori for the
column retrievals of all measurements at Lauder.

trieval parameters. A profile at 80◦ SZA was chosen instead of the example given in

Chapter 6 of 75◦ SZA to ensure that adequate information was obtained for the whole

data set. Figure 7.2 displays the a priori profiles used in the column retrievals for Lauder.

The stratospheric diurnal variation was obtained from a stationary Lagrangian chemical

box model run over Lauder for sunset on day 254, 2001. A constant tropospheric number

density of 5×106 molecules.cm−2 was used in the construction of the 0◦ a priori, consistent

with current estimates of an ubiquitous free tropospheric mid-latitude BrO concentration

(Richter et al., 2002) and a diurnal decrease was assumed.

In the construction of Sa, 50 % of the peak value (for each of the profiles in the a priori

state vector) was used as the error. 50 % was chosen to ensure the measurements were

interpreted to provide the maximum amount of information, without over-fitting them

(for more details refer to section 6.4.1).

The range of SZAs described by the DSCDs differed between measurement days due

to cloud, season and the topography. A maximum of ∼88◦ SZA was possible most days

for the direct-sun measurements. This was limited by the hills that surround the Lauder

measurement site. The zenith-sky measurements had a maximum SZA of ∼93◦ most days,

with light intensities becoming too small above this angle. The different SZA ranges for
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both the zenith-sky and direct-sun geometries between days did affect the individual

retrieval characterisations slightly. However, the 80◦, 84◦ and 87◦ columns were well

described for all of the measurement days investigated, with retrieval characterisations

almost identical to those seen in Chapter 6, the averaging kernels for the 80◦ columns

being almost identical to the 75◦ column averaging kernels.
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Figure 7.3: The retrieved tropospheric (top plot), stratospheric (middle plot) and total (lower plot)
columns for BrO over Lauder 2001-2003. The retrieved columns are divided into sunrise and sunset
columns for the three SZA of 80◦, 84◦ and 87◦.

The retrieved tropospheric, stratospheric and total columns for all measurement days

for Lauder are displayed in figure 7.3. The seasonal and diurnal variation was captured by

the retrieved stratospheric and total columns. The stratospheric columns display a clear

decrease from 80◦ to 84◦ to 87◦ SZA, with the winter columns higher than the summer

columns. The variance weighted means and errors for each season are displayed in figure
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7.4 and table 7.1. The seasonal and diurnal variations are discussed in more detail in the

following sections.

Column retrievals for each season - sunrise
Tropospheric Column Stratospheric Column

SZA 80◦ 84◦ 87◦ 80◦ 84◦ 87◦

Summer 0.35±0.15 0.02±0.14 0.14±0.13 2.35±0.18 1.83±0.28 1.72±0.38
Autumn 0.25±0.17 0.14±0.14 0.24±0.14 2.63±0.18 2.21±0.28 1.83±0.38
Winter 0.22±0.18 0.20±0.15 0.17±0.14 3.16±0.18 2.70±0.29 2.02±0.39
Spring -0.17±0.14 -0.14±0.13 0.13±0.14 3.02±0.18 2.07±0.28 1.85±0.39

Column retrievals for each season - sunset
Tropospheric Column Stratospheric Column

SZA 80◦ 84◦ 87◦ 80◦ 84◦ 87◦

Summer -0.19±0.15 0.01±0.15 0.09±0.15 2.23±0.18 1.81±0.28 1.61±0.38
Autumn 0.20±0.16 0.08±0.14 0.15±0.14 2.39±0.18 2.11±0.28 1.95±0.38
Winter 0.46±0.17 0.09±0.13 0.09±0.13 2.57±0.19 2.49±0.29 2.16±0.39
Spring 0.26±0.14 0.04±0.12 0.15±0.12 2.74±0.17 2.27±0.28 1.94±0.38

Table 7.1: The retrieved column amounts (×1013 molecules.cm−2) for the troposphere and stratosphere
of each season over Lauder 2001-2003. The upper table gives the sunrise values and the lower table the
sunset values.

The retrieved tropospheric columns have an average close to zero, though scatter over

a large range was observed. The variation of the retrieved tropospheric columns be-

tween measurement days (figure 7.3) illustrated that for some days elevated tropospheric

BrO was observed, while other days clearly no tropospheric BrO was seen. A number

of the tropospheric columns retrieved were negative with their associated retrieval errors

being small, indicating a high information content is retrieved from the measurements.

The negative tropospheric columns are consistent with the uncertainties within the re-

trieval problem (even if non-intuitive). The maximum retrieved tropospheric column

of 1.2×1013 molecules.cm−2 is equivalent to a tropospheric mixing ratio of 0.9 ppt if the

BrO is assumed to be uniformly mixed vertical profile throughout the troposphere. The

seasonal mean tropospheric column amounts (figure 7.4) indicate no clear diurnal or sea-

sonal variation. The variance weighted mean for the tropospheric column over all days

was 0.14×1013 molecules.cm−2 (0.1 ppt if uniformly mixed throughout the troposphere).

However, due to the large variability of the tropospheric column this is misleading. The

Lauder ground-based measurements are consistent with a highly variable ubiquitous tro-

pospheric column equivalent to 0.0-0.9 ppt. The majority of the tropospheric column

retrievals were below 0.8×1013 molecules.cm−2 (0.6 ppt if uniformly mixed throughout the

troposphere). These retrieved values are consistent with, but lower than the estimate of

0.5-2.0 ppt made from GOME measurements over the remote Pacific ocean (Richter et al.,

2002).
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7.2.1 Seasonal Variation

Stratospheric bromine monoxide has a strong seasonal cycle. The seasonal cycle of BrO

is driven by both the Bry maxima and NO2 minima (Sinnhuber et al., 2002). The total

amount of stratospheric bromine Bry has a seasonal variation similar to that of ozone,

being driven by dynamical transport. The maximum of the Bry column is in late winter-

spring with the minimum in autumn. The chemical partitioning of BrO/Bry is driven

mainly by the NO2 seasonal cycle which is strongly temperature dependent (Fish et al.,

1997). A study by Sinnhuber et al. (2002) found the maximum BrO/Bry partitioning

of 70% occurred in winter (NO2 minima) and the minimum partitioning ratio of 50%

in the summer months at mid-latitudes. Thus minimum BrO columns are expected in

the summer months (December, January and February) and maximum columns in winter

(June, July and August).

The retrieved columns over Lauder clearly display this seasonal behaviour. Table

7.1 shows that the maximum BrO columns were observed in winter and the minimum

columns in summer. The total magnitude of seasonal variation of the columns was found

to be slightly larger for the sunrise columns compared to the sunset columns. The higher

BrO columns in winter, and the rapid release of BrO from HOBr and BrCl at sunrise is

one possibility for this seasonality difference between sunrise and sunset. Also at colder

temperatures the nighttime reservoir for bromine favours BrCl, over HOBr having impli-

cations for sunrise photolytic BrO production (Fish et al., 1997).

7.2.2 Diurnal Variation

At mid-latitudes the most abundant inorganic daytime bromine species is BrO. The

bromine daytime reservoir species are, in order of prevalence, BrONO2, HOBr and BrCl

(Fish et al., 1995). BrO disappears into BrONO2 at sunset. As a result of heterogeneous

processing, BrONO2 is converted to HOBr overnight, to be the major reservoir species

before sunrise. The release of BrO from HOBr with sunrise is quite different from the

conversion to BrONO2 at sunset.

The decrease in the 80◦, to the 84◦, to the 87◦ stratospheric column was observed in the

retrieved columns (see figures 7.3 and 7.4). The difference between the sunrise and sunset

columns are displayed in figure 7.5 as the difference in the variance weighted monthly mean

columns. In the stratosphere the 87◦ column sunset-sunrise difference shows that there

persists more BrO at sunset than at sunrise (radical loss to reservoir species compared

to radical formation by photolysis). This diurnal difference has a seasonality for the

stratosphere. The sunset-sunrise difference is largest in the winter months consistent with

model and observation studies (Sinnhuber et al., 2002). The 84◦ column sunset-sunrise

difference shows that these columns are approximately equal for the sunset and sunrise
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Figure 7.5: The sunset-sunrise difference in the tropospheric, stratospheric and total columns for BrO
over Lauder 2001-2003. The retrieved columns are divided into sunset-sunrise difference for the variance
weighted monthly mean columns of 80◦, 84◦ and 87◦. The summer and autumn months January through
to April were well sampled for this data set. The months of June, October, November and December
were less well sampled.

periods. The 80◦ column sunset-sunrise difference illustrates that the sunrise column

is larger than the sunset column for this SZA. The seasonal difference seen for the 80◦

columns compared to the 87◦ columns is about the same in magnitude, but opposite in

sign. The tropospheric and total column sunset-sunrise differences have no clear diurnal

or seasonal trends.

The diurnal variation with SZA of the total columns is displayed in figure 7.8. The

total columns display a diurnal variation which is dominated by the stratospheric diurnal

variation. Figure 7.8 clearly illustrates the increase in columns with decreasing SZA for

each season and is discussed in more detail in the GOME comparison section 7.3 below.
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7.2.3 Retrieval Residuals

The mean residuals for the forward model fit to the measurements for all of the Lauder

column retrievals are displayed in figure 7.6. The mean residuals (y-ŷ) allow many types

of systematic errors to be determined. The upper plot of figure 7.6 clearly illustrates that
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Figure 7.6: The mean residuals for all retrieval fits to the data. The upper plot displays the mean
residuals for the direct-sun measurement fits. The lower plot displays the mean residuals for the zenith-
sky measurement fits. Clear systematic errors are evident in the direct-sun fit with filter changes. The
zenith-sky residuals show a systematic low residual for the highest SZA.

some systematic errors were present in the direct-sun viewing geometry. These features

were caused by the filter changes which are necessary in this geometry to avoid high

levels of light intensity saturating the detector. Filter changes occurred at 77◦ - 78◦ and

at 82◦ - 84◦. The mean residuals for the sunrise of the direct-sun geometry indicated that

the forward model values were systematically too low compared to the measurements for

low SZAs. This indicated that in the sunrise direct-sun measurements the reference SCD

was often lower than expected (due to cloud, sun-tracker drift etc).

The mean residuals for the retrieval fit of the zenith-sky measurements indicated that
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the measurements were systematically lower than the forward model for large SZA. This

is indicative that perhaps the forward model is no longer a good approximation to the true

atmospheric radiative transfer at large SZA. Alternatively the low measurement intensities

of these measurements may be introducing errors.

These residuals are small compared to the DSCDs, except at low SZA where the

residuals are about equivalent to the DSCDs. The total residuals for the direct-sun

represent about an error of 50% error for the DSCDs less than 60◦. The systematic errors

caused by the filter changes represent an error of about 10% in the DSCDs (refer to figure

6.8 for typical DSCD values). The systematic high residuals in the highest SZA for the

zenith-sky DSCDs correspond to an error of about 15%.

7.3 Comparison with GOME

The Global Ozone Monitoring Experiment (GOME) is one of the experiments on the

ERS-2 satellite, which was launched in April 1995 (Burrows et al., 1999). GOME is a

nadir viewing experiment with a footprint of 40×320 km2 and covers the whole earth in

3 days. As well as monitoring ozone, columns of NO2, BrO, OClO, HCHO and SO2 can

be retrieved. The global coverage and column retrievals make this satellite experiment

seem ideal for a comparative study with the columns retrieved in this work for Lauder.

However, the comparison is complicated by the different SZAs of the two methods. Near

realtime column maps are available on http://www.iup.physik.uni-bremen.de/gomenrt/.

Comparative ground-based and balloon studies with GOME have led to the conclusion

that there exists a free tropospheric background concentration of BrO at all latitudes

between 0.5 - 2 ppt (Van Roozendael et al., 2002; Richter et al., 2002; Fitzenberger et al.,

2000).

The GOME overpasses within 200 km of Lauder made at the same time as the sunrise

ground-based measurements were used for this comparative work (Richter, 2003, personal

communication). Richter (2003) retrieved DSCDs for GOME with a reference spectrum

taken for each equatorial crossing. A reference amount of 4×1013 molecules.cm−2 was

added to account for the equatorial slant column amount. Then the VCDs were deter-

mined with AMFs calculated with a climatology that only included stratospheric BrO

(Richter, 2003). The ERS-2 satellite overpasses Lauder at 10.30 am local time, with SZAs

in the range of 40◦-70◦.

The comparison was not straightforward due to the columns retrieved from ground-

based measurements being at higher SZA than the GOME columns. Figure 7.7 shows

the comparison between the ground-based retrieved columns and the columns measured

by GOME on the same day (concurrent). Unfortunately only eight GOME overpasses

were concurrent with the sunrise ground-based measurements, even though the GOME
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Figure 7.7: The total BrO columns retrieved from ground-based sunrise measurements over Lauder
2001-2003 are compared with the total columns from concurrent GOME overpasses (2001-2002).

sampling was frequent (every three days). Clear-sky conditions generally persisted for 2-4

days, and some periods occurred without a satellite overpass within 200 km of Lauder. The

GOME columns were on the whole higher than the 80◦ retrieved columns from the ground-

based measurements in this work. The difference between the 80◦ retrieved columns

and the GOME columns was ∼0.9×1013 molecules.cm−2, but the methods agreed within

their respective errors. Of this 0.9×1013 molecules.cm−2 about 0.3×1013 molecules.cm−2

accounts for the difference in SZA (from diurnal variation of BrO (see the noon versus

80◦ profiles in figure 7.2)). The GOME satellite is measuring total BrO columns with a

bias (high) of between 15–18% of the 80◦ columns at Lauder.

The variation of the sunrise and sunset total columns with SZA for all of the seasons is

displayed in figure 7.8. The retrieved columns as discussed above in section 7.2.2 increased

with decreasing SZA. The sunrise columns were slightly higher than the sunset columns

for 80◦, but the reverse was true at 87◦.

The seasonal variation of the columns is evident in both the retrieved ground-based

and GOME columns. The winter columns were the highest retrieved columns, and the

summer columns were the lowest. The GOME columns at large SZA represent the winter

columns, and these were slightly higher than the low SZA GOME columns measrued at

smaller SZAs in summer.

While the different SZAs of the GOME and ground-based column retrievals compli-

cates their comparison, they agree within their errors. The GOME columns were overall

higher than the 80◦ total column retrievals from the ground-based measurements.
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Figure 7.8: The variance weighted mean total columns for each season retrieved from ground-based
measurements at Lauder, 2001-2003 are displayed with SZA. The concurrent GOME measurements made
over the 2001-2002 period are also displayed.

7.4 Comparison with UMETRAC

UMETRAC (Unified Model with Eulerian TRansport And Chemistry) is a three dimen-

sional chemistry-climate coupled model (Austin, 2002). A set of important stratospheric

chemical reactions is included. The model is run on a 2.5◦ (latitude) × 3.75◦ (longitude)

grid on 64 vertical levels from the surface to 0.01 hPa. UMETRAC model runs were

conducted for Lauder 2002 (Struthers, 2003, personal communication).

At midlatitudes the BrO/Bry ratio is calculated by the UMETRAC model to be about

50%, which is consistent with the stratospheric chemical model SLIMCAT calculations

(Sinnhuber et al., 2002). A Bry loading of 20 ppt has been recently inferred from modelling

and observational studies (Fish et al., 1997; Harder et al., 2000; Sinnhuber et al., 2002).

The UMETRAC model assumes 16 ppt from early estimates of the stratospheric Bry

loading (Austin, 2002). A more current Bry loading of 20 ppt is assumed in the lower

stratosphere for the comparison here.

Figure 7.9 illustrates the comparison of the tropospheric and stratospheric columns

over Lauder calculated with the UMETRAC model for 2002 and the columns retrieved in

this work (2001-2003). The year 2002 of the UMETRAC model run was chosen for this

comparison as it was representative of the model calculations for the years 2001-2003.

The agreement between the retrieved columns over Lauder and those calculated by the

UMETRAC model with a Bry loading of 20 ppt was very good. The UMETRAC model

stratospheric columns were overall slightly lower than the observed columns. The seasonal

variation of the columns was more pronounced for the UMETRAC model columns than

that seen with the retrieval. The tropospheric columns calculated by the UMETRAC
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model had a tropopause height of 11 km. The lower tropopause in winter explains the

higher winter columns for the troposphere calculated by the model. However, overall the

agreement was good, with the seasonal and diurnal variation quite consistent between

the UMETRAC model (with 20 ppt for Bry in the lower stratosphere) and the retrieved

columns.
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7.4.1 Implications for Mid-Latitude Ozone Loss

The implications of increased bromine loadings in the stratosphere are far reaching. A

modelling study of the effect of reducing the stratospheric bromine burden from 20 ppt

to 10 ppt was conducted by Sinnhuber (2000). Sinnhuber (2000) found that reducing the

bromine loading to pre-industrial levels of 10 ppt led to an increase in ozone of 10 DU

or 3% at 45 ◦S in autumn. When the chlorine loading was also halved (reduced from

3.6 ppb to 1.8 ppb) the ozone increase was larger; 20DU or 8%. Ozone depletion cycles

that directly involve bromine account for ∼25% of southern hemispheric mid-latitude

ozone losses (Lee et al., 2002). The role of bromine in mid-latitude ozone losses is further

extended by the heterogeneous hydrolysis of BrONO2. This process is indirectly involved

in mid-latitude ozone losses by increasing the HOx and ClOx abundances (Hendricks et al.,

1999).

The column amounts retrieved in this work are consistent with a Bry loading in the

lower stratosphere of ∼ 20 ppt. Neglecting the increased bromine loadings will result in

an underestimation of the ozone loss by chemical models.

7.5 Retrieval Characterisation and Error Analysis

A rigorous analysis was conducted to determine the errors that are produced by the

retrieval and the forward model parameters over all of the twilight measurements at

Lauder. Table 7.2 displays the mean error contribution from the retrieval and forward

model parameters for all of the Lauder retrievals.

The retrieval error is broken down into the components of noise and smoothing. The

noise error is the measurement error covariance in the space of the retrieval. The smooth-

ing error is the largest and least well estimated source of error in the retrieved quantities.

The use of Sa as a tuning parameter means that the smoothing error is not necessarily

meaningful, and is likely to be an overestimate with the formulation used here, because

the diagonal covariance describes a relatively large amplitude of fine structure. The real

state will probably have longer scale correlations, and less fine structure (Schofield et al.,

2003). The smoothing errors produced in the column retrievals over Lauder were not

grossly unrealistic, though they contribute the largest component to the total retrieval

error.

The covariance matrices for the forward model parameters Sb used in the Sf calculation

are derived from the variability of these measured quantities over Lauder (Bodeker et al.,

1998). The temperature profile variability was found to be ∼ 2% and the surface pressure

variability was ∼ 1%. The ozone profile and aerosol extinction profile variabilities were

found to be about ∼ 10%. The variability in the temperature profile, surface pressure,



90 Chapter 7. Measurements at Lauder, New Zealand

Error breakdown for Lauder retrievals (2001-2003)
Tropospheric Column Stratospheric Column

Retrieved Profile 80◦ 84◦ 87◦ 80◦ 84◦ 87◦

Total Retrieval Error 0.16 0.14 0.14 0.18 0.28 0.38
Noise Error 0.09 0.08 0.08 0.07 0.13 0.09

Smoothing Error 0.13 0.11 0.11 0.16 0.25 0.37
Temperature Error 0.02 0.009 0.004 0.02 0.01 0.006

Pressure Error 0.004 0.003 0.002 0.005 0.006 0.006
Ozone Error 0.0005 0.0002 0.0001 0.0004 0.0002 0.0001
Aerosol Error 0.0003 0.0002 0.0001 0.0003 0.0002 0.0001

Information Content 0.8 0.7 0.5 2.1 1.8 1.1
Degrees of Freedom 0.8 0.8 0.6 1.6 1.9 1.3

Table 7.2: The error breakdown for the entire Lauder data set is tabulated. The error contribution to
the retrieved columns is separated into noise and smoothing for the retrieval error. The forward model
parameter errors of temperature, surface pressure, ozone and aerosol extinction are also tabulated. The
errors are expressed in units of absolute vertical columns (×1013 molecules.cm−2). Also provided is the
information content (bits) and the degrees of freedom for the whole data set.

ozone profile and aerosol extinction profile all produced negligible errors in comparison to

the total retrieval error.

The mean Shannon information content and degrees of freedom for signal for each of

the derived columns are also displayed in table 7.2. The information content describes

the reduction in the uncertainty in the state that results from making the measurement.

The degrees of freedom for signal describes the number of useful independent pieces of

information in the retrieved quantity. There is an average of between 0.6 and 0.8 inde-

pendent pieces of information in the tropospheric column retrievals over all the retrievals.

The information content of the tropospheric column retrievals is between 0.5 and 0.8 bits.

The stratospheric column retrievals showed between 1.3 and 2.0 independent pieces of

information and an information content between 1.1 and 2.2 bits. Having less than one

degree of freedom for signal indicated that generally the tropospheric columns were not

as well described by the measurements as the stratospheric columns.

Information content and degrees of freedom for signal are just two of the parameters

used in the characterisation of the retrievals, and are derived from the averaging kernels.

The averaging kernels themselves give the best description of how well the retrieved values

represent the true atmosphere. The averaging kernels for each of the 71 column retrievals

performed over Lauder illustrated clear tropospheric and stratospheric column separation.

While the averaging kernels for each individual column retrieval was slightly different due

to different measurement ranges, they were well represented by the exemplary column

averaging kernels displayed in figure 6.7. The stratospheric column of the 87◦ profile was

consistently the poorest representation of the true atmosphere. This was reflected in the
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larger smoothing error for this column.

7.6 Retrieval Sensitivity Studies

The response of the retrieval to three sensitivity tests (a, b and c) involving perturbations

in the a priori were investigated. Changing the a priori to exclude a tropospheric amount

(test a) resulted in less being retrieved for the tropospheric columns, without having much

influence on the stratospheric columns. This is consistent with the tropospheric a priori

having more influence on the tropospheric column retrievals than the stratospheric column

retrievals.

Difference from standard retrieval
Tropospheric Column Stratospheric Column

Retrieved Profile 80◦ 84◦ 87◦ 80◦ 84◦ 87◦

Standard Column 0.19 0.06 0.14 2.63 2.19 1.89
No troposphere: a -0.12 -0.09 -0.13 -0.01 0.05 -0.002

30% a priori error: b 0.03 0.04 0.04 -0.02 0.06 0.04
70% a priori error: c -0.004 -0.02 -0.01 0.002 -0.04 -0.03

8% increase in zenith-sky -0.13 -0.09 -0.03 0.17 0.10 -0.03

Table 7.3: The effect of changing the a priori information on the retrieved column amounts for the
troposphere and stratosphere for Lauder 2001-2003 is tabulated. The standard retrieved columns are
the variance weighted means of all of the retrievals over Lauder. The response is given as the difference
from the standard retrieved column amounts (×1013 molecules.cm−2) calculated with an a priori error of
50%. The retrieval response to assuming no tropospheric BrO in the construction of the a priori results
in a decrease in the retrieved tropospheric columns while not altering the stratospheric columns. The
retrieval response to assuming 30 % and 70 % error in the a priori information used in the construction
of Sa is small. The result of adding 8% to the zenith-sky measurements to simulate the underestimation
by Raman scattering reduces the tropospheric column at the expense of the stratospheric column.

The affect of reducing the a priori error estimate from 50% to 30% was investigated

(test b). This resulted in the retrieval being more heavily reliant on the a priori. The

resultant columns were closer to the a priori columns, but the change was fairly negligible.

By increasing the a priori error to 70% (test c) there is an increased dependence on the

measurements. The response of the retrieval to this perturbation was negligible indicating

the 50 % a priori error was adequate to achieve a good measurement fit.

The Ring effect due to rotational Raman scattering (see section 4.3.3) is one of the

influencing factors in the determination of the zenith-sky DSCDs. It is thought that BrO

DSCDs are underestimated by ∼8% (Fish and Jones, 1995) due to the reduction in inten-

sity associated with viewing scattered light in this geometry. A further sensitivity test was

performed where the zenith-sky DSCDs were increased by 8% and the direct-sun mea-

surements were left unaltered. An 8% underestimation of the zenith-sky measurements
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is probably too high for this data set because the Lauder measurements were conducted

with a polarized instrument and there was a clear-sky bias.

The resultant retrieval response to this Ring test was to change the tropospheric and

stratospheric partitioning. The zenith-sky measurements are most important for obtaining

stratospheric sensitivity thus an 8 % increase in the DSCDs resulted in∼7% increase in the

stratospheric columns. As the direct-sun measurements give good tropospheric and total

column information, the absolute increase in the stratospheric column was compensated

for by a similar decrease in the tropospheric column. The total columns increased slightly.

This test highlighted the reliance of the column retrievals upon both measurement sets.

This is advantageous in that information inaccessible by examining one measurement set

independently can be retrieved. However, it also demonstrates that if one measurement

set is not adequately described in terms of its absolute values and errors this will result

in errors in the final retrieval.

7.7 Summary

The retrieved stratospheric columns at 80◦, 84◦ and 87◦ SZA over Lauder capture seasonal

and diurnal variations of the stratosphere. The largest BrO stratospheric columns were

observed in winter and the smallest in summer. The decrease in the stratospheric column

from 80◦ to 84◦ to 87◦ was seen in both the sunrise and sunset column retrievals. The

sunrise columns, while smaller than the sunset columns for 87◦, were larger for the 80◦

columns. The magnitude of this sunset-sunrise column difference was largest in winter.

The retrieved tropospheric columns showed large variability. A large range of tro-

pospheric columns were retrieved from -5.6×1012 to 1.2×1013 molecules.cm−2. No clear

diurnal or seasonal variation was obvious. The maximum retrieved tropospheric column of

1.2×1013 molecules.cm−2 is equivalent to a tropospheric mixing ratio of 0.9 ppt if the BrO

is assumed to be uniformly mixed throughout the troposphere. The direct-sun and zenith-

sky measurements for Lauder are consistent with a variable ubiquitous tropospheric BrO

mixing ratio between 0.0 - 0.9 ppt with an error of 0.2 ppt. The majority of the BrO tro-

pospheric column retrievals over Lauder were below 0.8×1013 molecules.cm−2 and below

0.6 ppt if BrO is assumed to be uniformly mixed throughout the troposphere.

The comparison with GOME was not straightforward because of the different SZAs

of the GOME and ground-based column retrievals. The agreement between the total

columns retrieved by the ground-based measurements and the GOME measurements was

within their respective errors. The GOME columns overall were slightly higher than the

80◦ total column retrieved from the ground-based measurements.

The overall consistency between the retrieved columns and the columns calculated by

the UMETRAC model was good. The UMETRAC model showed the retrieved strato-
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spheric columns over Lauder to be consistent with a Bry loading of 20 ppt in the lower

stratosphere. The seasonality of the retrieved columns was not as pronounced as that

seen by the model, though the general trend was quite consistent between the two data

sets.

The errors for the whole Lauder data set due to the variability of the forward model

parameters were found to be negligible. The retrieval errors of smoothing and noise

dominated the errors of the columns retrievals. The averaging kernels for the Lauder

measurements consistently showed good tropospheric and stratospheric column separa-

tion. The parameters of information content and degrees of freedom for signal showed

that the columns were well described by the measurements.

The column retrievals demonstrated good stability to increasing the a priori error.

Decreasing the a priori error resulted in larger changes in the retrieved columns as the

retrievals were constrained more by the a priori information. Changing the a priori tro-

pospheric description had the largest implications for the retrieved tropospheric columns.

A test where the zenith-sky DSCDs were increased by 8% altered the partitioning between

the retrieved partial columns for the troposphere and the stratosphere.
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Chapter 8

Measurements at Arrival Heights, Antarctica

A direct-sun BrO measurement campaign was run over ten weeks from the 20th of Au-

gust to the 30th of October 2002. Zenith-sky measurements have been routinely made

at Arrival Heights since 1995. This chapter presents the stratospheric and tropospheric

columns retrieved for Arrival Heights, 2002 over the ten week spring campaign. Auxil-

iary surface ozone and multi-axis measurements were used to identify high tropospheric

BrO events. The retrieved columns were compared with columns from the GOME satel-

lite experiment and with the UMETRAC coupled climate-chemistry model. A complete

characterisation and error analysis for all of the retrieved columns over Arrival Heights

was performed. The sensitivity of the retrieved columns to changing the a priori error

and to changing the cross-section used to derive the zenith-sky DSCDs was explored. A

brief summary is provided.

8.1 Measurement Site

 

Arrival Heights, 
Antarctica (77.8oS, 166.7oE) 

Figure 8.1: Arrival Heights is on Ross Island at the edge of the Ross Sea ice shelf. The picture depicts
the view to the north west from the measurement site, over the sea-ice.

A New Zealand laboratory is situated at Arrival Heights, Antarctica (77.8◦S, 166.7◦E).

Arrival Heights is located at an altitude of 250m above the sea-ice on Ross Island, at the

edge of the Ross Sea ice shelf. Arrival Heights is one of the sites that makes up the

Antarctic NDSC primary measurement station.

95
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8.2 BrO DSCDs and Surface Ozone Measurements

The polar spring of 2002 in the Antarctic was an unusual year with the polar vortex

splitting in two and becoming weaker. Stratospheric ozone losses were not as great as in

previous years (Hoppel et al., 2003; Allen et al., 2003). During the measurement campaign

twilight runs at the beginning and end of the measurement period were the only ones made

while Arrival Heights was under the polar vortex.

The direct-sun viewing instrument used at Lauder was relocated to Arrival Heights

for the spring period of 2002. The lower horizon surrounding the Arrival Heights site

compared to the Lauder site, allowed measurements to be made up to 89◦ SZA. The

SZA range at Arrival Heights was much less than at Lauder, with a maximum range of

66◦-89◦ at the end of October. The azimuthal change though was much larger than at

mid-latitudes with the sun taking twelve hours to complete this change in SZA. As a result

the integration times for one DSCD measurement were quite long. A complete twilight

run in the direct-sun viewing mode required clear conditions over the entire twelve hours.

In the polar spring the phenomenon of almost complete depletion of ozone in the

boundary layer has been attributed to very high levels of bromine (Tang and McConnell,

1996). These natural ‘bromine explosion’ events have been recorded in both the Arctic

(Barrie et al., 1988, 1994; Hausmann and Platt, 1994) and Antarctic (Kreher et al., 1997;

Wagner and Platt, 1998) (see section 3.3 for mechanistic details). Figures 8.2 and 8.3

display both the direct-sun and multi-axis DSCD measurements for Arrival Heights and

the corresponding surface ozone measurements for spring 2002.

The lower panels of figures 8.2 and 8.3 illustrate the measurements made over the ten

week spring period of 2002, in the direct-sun and the multi-axis viewing modes. Multi-axis

measurements have been made at Arrival Heights since 1999 (for instrument description

see Friess (2001)). The multi-axis measurements are made at four alternating elevation

angles of zenith (90◦), then 20◦, 15◦, and 10◦, 20◦ behind the sun (see section 4.2 for

viewing geometry information) (Friess, 2003, personal communication). The 90◦ viewing

angle is equivalent to the zenith-sky viewing geometry. The radiative transfer through the

stratosphere is similar for each of these multi-axis viewing angles. The difference between

the viewing angles is their respective tropospheric paths. The longest tropospheric path is

associated with the smallest elevation angle, thus the 10◦ measurements have the highest

DSCDs when observing tropospheric absorbers. The separation of the DSCDs for the

different viewing angles is indicative of tropospheric BrO, if the DSCDs decrease such

that 4φ(90◦)< 4φ(20◦)< 4φ(15◦)< 4φ(10◦).

Surface ozone measurements were made at Arrival Heights with a Dasibi instrument

using UV-photometry. Hourly averages of the surface ozone measurements made for the

2002 spring period at Arrival Heights are displayed in the upper panels of figures 8.2 and
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8.3 (Oltmans, 2003, personal communication).

Figures 8.2 and 8.3 show a strong anticorrelation between the BrO DSCDs and low

surface ozone. The DSCDs for the different viewing angles of the multi-axis measurements

overlay each other for most of the measurement days, indicating low tropospheric BrO

concentrations. Two events of high tropospheric BrO were observed with the multi-axis

viewing geometry during the spring campaign. The days of 262 and 297-300 show clear

separation of the DSCDs for the different multi-axis viewing angles and a corresponding

decrease in surface ozone. Clear-sky conditions existed for just two of the twilight periods

during these high tropospheric BrO periods, allowing direct-sun DSCDs to be made for

the sunset on day 297 and sunrise on day 298. The direct-sun DSCDs made on these

days were much higher than all previous twilight periods, consistent with an elevated

BrO column.

The surface ozone decreased over the measurement campaign consistent with the an-

nual cycle of tropospheric ozone. The maximum surface ozone is in winter, with a mini-

mum in summer due to photolysis rates (see Chapter 3). There were some lower surface

ozone measurements which did not have corresponding high tropospheric BrO, (days 281

and 290), the cause of these is unknown. After day 302 the lower ozone values returned to

∼24 ppb, this showed the high tropospheric BrO concentrations persisted for about five

days.
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8.3 Retrieved BrO Columns

Over the measurement campaign, nine sunrise and twelve sunset clear-sky twilight periods

were examined. Zenith-sky measurements were made with an existing instrument at

Arrival Heights, which has been making measurements since 1995 (for details on the

zenith-sky measurements and analysis refer to (Kreher et al., 1996; Kreher, 1996)). The

zenith-sky measurements made with the multi-axis viewing instrument are identical, but

shorter integration times for each angle are required, due to scanning over four angles. The

column retrievals were performed using the zenith-sky DSCDs derived from the instrument

devoted to just zenith-sky viewing.

A Lagrangian stationary chemical box model was used to determine a stratospheric a

priori set of profiles. Unlike the mid-latitude case where there is a clear decrease in the

profiles from 80◦ to 84◦ to 87◦, the slower rate of change of SZA in the polar case meant

that the diurnal variation was quite different. Seven profiles were chosen to describe the

diurnal change (0◦, 80◦, 84◦, 88◦, 90◦, 92◦ and 97◦) with the model predicting a decrease

in the profiles to occur after 90◦ for the sunset on day 280. There is almost no diurnal

variation between 80◦ and 90◦ stratospheric profiles. There is however, a rapid decrease in

the BrO profile from 90◦ to 92◦, with almost no BrO present at 97◦. Figure 8.4 shows the

a priori diurnal variation for Arrival Heights in the spring used for the column retrievals

in this work. The polar 0◦ tropospheric profile was assumed from balloon measurements

made at Kiruna (Fitzenberger et al., 2000) and a diurnal decrease was assumed.

The retrieval was conducted with the model atmosphere described up to 70 km, with

1 km model atmospheric layers (see Chapter 5 for details). The effects of refraction,

molecular absorption, Rayleigh and Mie scattering were included. The aerosol extinc-

tion profiles for the stratosphere were provided by the Italian group who conducted and

analysed Lidar measurements at McMurdo (4 km from Arrival Heights) as part of the

NDSC program (NDSC, 2003). For the troposphere, an aerosol extinction profile from

the winter climatology of Lauder was assumed (Liley, 2003), derived from back-scatter

sondes. Ozone, temperature and pressure profiles were obtained from the ozonesonde

measurements conducted from McMurdo as part of the NDSC program by a group from

Wyoming University (NDSC, 2003).

An a priori error of 30 % was assumed in the construction of Sa. The heavier reliance

on the a priori compared to the Lauder data set, was due to the smaller SZA range for

the DSCDs, especially at the beginning of the measurement period. The 30 % error was

sufficient to provide a good fit for all of the measurements without overfitting them. The

sensitivity of the column retrievals to changing the a priori error is explored in section

8.7 below.

The columns retrieved over the measurement campaign period at Arrival Heights are
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Figure 8.4: The stratospheric diurnal variation calculated using a Lagrangian box model (Kreher et al.,
2003) for sunset on day 280, 2002 at Arrival Heights, Antarctica. The polar 0◦ tropospheric profile is
from polar balloon measurements (Fitzenberger et al., 2000) and a diurnal decrease was assumed. These
profiles are used as the a priori for the column retrievals from all measurements at Arrival Heights.

displayed in figure 8.5. The retrieved columns had a high variability between twilight

measurements. The two twilight measurements on days 297 and 298 were conducted when

the auxillary multi-axis and surface ozone measurements indicated increased tropospheric

BrO.

Retrieved columns for BrO over Arrival Heights
Tropospheric Column Stratospheric Column

Profile 80◦ 84◦ 88◦ 80◦ 84◦ 88◦

Sunrise 0.71±0.17 0.43±0.13 0.24±0.15 3.12±0.17 3.05±0.27 2.64±0.51
Sunset 0.24±0.17 0.22±0.13 0.31±0.13 2.57±0.29 2.71±0.29 2.51±0.51

High BrO 1.65±0.14 1.89±0.12 1.67±0.13 2.61±0.16 3.10±0.26 3.14±0.50

Table 8.1: The retrieved columns for the entire Arrival Heights data set is tabulated. The columns are
expressed in units of 1013 molecules.cm−2. The data set is divided into sunrise, sunset and high BrO
(comprising the twilight measurements of the sunset day 297, and sunrise day 298).

Table 8.1 displays the variance weighted mean columns over all of the sunrise and

sunset column retrievals excluding the high tropospheric BrO days of 297-298 for Arrival

Heights. The two high tropospheric BrO twilight retrievals were combined and tabulated

separately for comparison.

The stratospheric column retrievals for the background and high BrO retrievals were
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within their respective errors. The variance weighted mean stratospheric BrO columns

over Arrival Heights were similar to the mid-latitude 80◦ and 84◦ columns retrieved for

winter over Lauder (see Chapter 7).

The mean sunrise stratospheric columns increase from 88◦-80◦ SZA. The mean sunset

stratospheric columns are lower than the mean sunrise columns and do not display a

change with SZA. The change with SZA in the retrieved total columns for sunrise and

sunset are displayed in figure 8.8 and are compared with the total columns retrieved from

GOME (see section 8.4.1).

The variance weighted mean background tropospheric column over all days excluding

the high tropospheric BrO days was 0.35×1013 molecules.cm−2. This is equivalent to

0.3 ppt if the BrO is assumed to be well mixed throughout the troposphere. The retrieved

tropospheric column for the high BrO case of ∼1.73×1013 molecules.cm−2 was almost a

third of the total column. If this tropospheric BrO is assumed to all be located and well

mixed in the lowermost 2 km boundary layer, consistent with a ‘bromine explosion’ event,

it corresponds to a mixing ratio of 7.3 ppt. The Arrival Heights sunrise tropospheric

columns were higher than the sunset columns.

The tropospheric columns retrieved for Arrival Heights over the spring period were

higher than those seen at Lauder. The a priori tropospheric columns used for in the

Lauder retrievals were slightly higher than those used for the Arrival Heights retrievals

(with the tropopause being higher at mid-latitudes). The tropospheric a priori columns

were 0.50×1013 molecules.cm−2 (0.4 ppt) and 0.45×1013 molecules.cm−2 (0.4 ppt) for the

80◦ profiles of Lauder and Arrival Heights retrievals respectively.
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Figure 8.5: The retrieved tropospheric (upper plot), stratospheric (middle plot) and total columns
(lower plot) for BrO over Arrival Heights, 2002 are displayed.
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8.3.1 Retrieval Residuals

The model fit to the measured DSCDs is given by the retrieval residuals (y-ŷ). The mean

residuals for the forward model fit to the measurements for all of the Arrival Heights col-

umn retrievals are displayed in figure 8.6. The upper plot of the mean direct-sun residuals

show these to be quite noisy, relative to the residuals seen for the Lauder retrievals (refer

to figure 7.6). The filter changes can account for some of the gross features (78◦ and 84◦).
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Figure 8.6: The mean residuals for all retrieval fits to the data. The upper plot displays the mean
residuals for the direct-sun measurement fits. The lower plot displays the mean residuals for the zenith-
sky measurement fits. Clear systematic errors are evident in the direct-sun fit with filter changes. The
zenith-sky residuals show a systematic large residual for the highest SZA.
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The high direct-sun residuals at low SZAs can be partially explained by only data at

the end of the season contributing; the sun was too low at the beginning of the season

(low SZAs not possible). Drift of the sun-tracking system, which was important for

ensuring that direct-sun intensities were being measured and patchy cloud at noon also

may be contributing factors. It is interesting to note that these residuals indicate that

the calculated direct-sun DSCDs from the forward model seem to underestimate the

measurements at most SZA.

The lower plot of the zenith-sky residuals show much less noise, and good forward

model fits of the measurements. Similar to the residuals seen for Lauder, at high SZA

the measurements are lower than the calculated DSCDs from the forward model. This is

indicative that perhaps the forward model is no longer a good approximation to the true

atmospheric radiative transfer at large SZA. Alternatively the low measurement intensities

of these measurements may be introducing errors.

8.4 Comparison with GOME

At polar latitudes the 10.30 am overpass time for the ERS-2 satellite coincides with large

SZAs at the beginning of the polar spring. It was therefore possible to directly compare

the total columns retrieved in this work with those obtained by GOME (Richter, 2003,

personal communication) at the same SZAs. Furthermore at this high latitude site, (78◦S)

the probability of concurrent measurements was greater than at mid-latitudes, due to the

higher sampling of the polar regions with this satellite.

Figure 8.7 displays the sunrise total column comparison between the columns obtained

using the ground-based zenith-sky and direct-sun measurements and the columns from the

GOME experiment within 200 km of Arrival Heights. The qualitative agreement is good.

The increase in the total column from day 284 onwards is seen with both methods. The

agreement between the absolute columns for days 265-275 is fairly good. The agreement

between the absolute columns is poorer after day 284. There are two possible explanations

for this difference. The SZA for the GOME overpasses are less than 80◦ for these days

so the two methods report columns at different times. The other possible explanation

is that the Air Mass Factors (AMFs) (refer to section 4.4 for AMF details) for GOME

are stratospheric only and it is during this time that high tropospheric BrO is being

observed. Incorporation of tropospheric AMFs in the GOME data analysis would reduce

the columns dramatically, especially if the BrO is located close to the surface, which is the

case for the high tropospheric BrO amounts observed during ‘bromine explosion’ events.
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Figure 8.7: The retrieved total sunrise columns for BrO over Arrival Heights, 2002 are displayed along
with the total columns measured by the GOME experiment.

8.4.1 Diurnal Variation

The diurnal variation of the mean sunrise and sunset retrieved total columns over all

measurement days (excluding the high tropospheric BrO days) is displayed in figure 8.8.

The sunrise columns increase with decreasing SZA. The sunset columns do not show a

diurnal variation from 80◦ - 88◦ SZA. This is consistent with the diurnal variation shown

in figure 8.4 calculated by the stationary chemical box model.

All of the concurrent GOME sunrise measurements are also displayed with their corre-

sponding SZA. This comparison was complicated due to the fact that the total column was

changing over the measurement period. Overall the GOME total columns are higher than

the mean retrieved columns from the ground-based measurements where the SZAs are

coincident. The agreement between GOME and the retrieved total columns is within the

errors for the two methods. The high GOME columns at low SZA, were those at the end

of the measurement period when there was the occurrence of high tropospheric BrO and

stratospheric vortex columns. The absolute difference in the total columns between the

GOME total columns and those retrieved from the ground-based measurements, where

the comparison is possible, is about 0.8×1013 molecules.cm−2 when the mean columns for

the entire spring are considered. This corresponds to a bias (high) of ∼20% in the 80◦

columns, slightly higher than the bias observed in the Lauder data-set.
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Figure 8.8: The variance weighted mean total columns retrieved from ground-based measurements at
Arrival Heights, 2002 are displayed with SZA. The concurrent GOME measurements made over the same
period are also displayed.

8.5 Comparison with UMETRAC

The coupled chemistry-climate model UMETRAC that was used to compare with the

Lauder data set was also used to compare with the retrieved columns for Arrival Heights

(Struthers, 2003, personal communication). The Bry assumed within the model was 20 ppt

for the lower stratosphere, consistent with the calculations for Lauder.

The comparison of the UMETRAC model calculated columns with the retrieved

columns is displayed in figure 8.9. The shaded parts of figure 8.9 indicate when Ar-

rival Heights was under the stratospheric polar vortex (Kreher et al., 2003). Most years

Arrival Heights would be under the polar vortex for the entirety of the campaign period.

2002 however, was an unusual year and the vortex split meant that Arrival Heights was

outside the vortex between days 265 and 284.

Overall the agreement was good between the UMETRAC model and the retrieved

stratospheric columns for all angles studied. The discrepancies between the BrO columns

calculated by the UMETRAC model and those retrieved from the ground-based measure-

ments were when Arrival Heights was under the polar vortex at the end of the examined

period. The lower temperatures associated with the polar vortex resulted in a decrease in

the total amount of NO2 (a strongly temperature dependent species) (Otten et al., 1998).

As the concentration of BrO is dependent on NO2 concentrations, the depressed quan-

tities of NO2 result in elevated BrO levels. This is because less of the reservoir species
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BrONO2 is formed. The observed increase in the retrieved columns was expected when

the polar vortex returned on day 284. The temperatures within the UMETRAC model

did not change as dramatically as the real temperatures over Arrival Heights for 2002.

The UMETRAC model did not capture the really low temperatures that were associated

with being in the polar vortex, nor did it capture the high temperatures of the unusual

vortex split of 2002. Within the UMETRAC model the polar vortex is stronger, but

more tightly confined than in reality, thus Arrival Heights is always calculated as outside

of vortex conditions. The agreement between the UMETRAC model and the retrieved

columns was good when Arrival Heights was outside the polar vortex (thus 2002 was a

fortuitous year for this comparison).

The sunrise columns calculated by the UMETRAC model and those retrieved were

higher than the sunset columns (refer also to figure 8.8 for this diurnal variation). This

is consistent with the enhanced reservoir release from BrCl compared with only HOBr at

seen at Lauder and also the extended time spent at each SZA at this high latitude site.

The tropospheric columns calculated by the UMETRAC model were much lower than

those retrieved over Arrival Heights. The tropospheric chemistry within the UMETRAC

model does not include the unusual chemistry associated with the high BrO events in the

polar regions.
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8.6 Retrieval Characterisation and Error Analysis

A complete error analysis and retrieval characterisation was performed on the Arrival

Heights measurement set. Similar to the analysis performed for the Lauder measurements,

the errors due to the retrieval and forward model parameters were calculated and these

are displayed in table 8.2. In the same table the degrees of freedom and information

content are given for the tropospheric and stratospheric columns for the SZAs of 80◦, 84◦

and 88◦.

Error breakdown for Arrival Heights retrievals (2002)
Tropospheric Column Stratospheric Column

Retrieved Profile 80◦ 84◦ 88◦ 80◦ 84◦ 88◦

Total Retrieval Error 0.17 0.13 0.14 0.23 0.28 0.51
Noise Error 0.08 0.06 0.07 0.08 0.12 0.14

Smoothing Error 0.14 0.12 0.12 0.21 0.26 0.49
Temperature Error 0.02 0.01 0.005 0.03 0.01 0.01

Pressure Error 0.003 0.004 0.002 0.006 0.007 0.007
Ozone Error 0.0005 0.0002 0.0002 0.0006 0.0002 0.0003
Aerosol Error 0.005 0.002 0.002 0.006 0.003 0.003

Information Content 0.4 0.6 0.6 2.1 2.1 1.2
Degrees of Freedom 0.5 0.7 0.7 1.7 2.1 1.5

Table 8.2: The error breakdown for the entire Arrival Heights data set is tabulated. The error contribu-
tion to the retrieved columns is separated into noise and smoothing for the retrieval error. The forward
model parameter errors of temperature, surface pressure, ozone and aerosol extinction are also tabulated.
The errors are expressed in units of absolute vertical columns (×1013 molecules.cm−2). Also provided is
the information content (bits) and the degrees of freedom for the whole data set.

The information content and degrees of freedom for signal for the Arrival Heights

retrievals were different than those seen for the Lauder retrievals. The SZA range was

quite different for the Arrival Heights retrievals compared to the Lauder retrievals. Early

in the measurement period the retrievals had few or no independent pieces of information

about the 80◦ columns, with the sun not reaching this SZA. The retrievals towards the end

of the measurement period had a much larger SZA range, and with the long integration

times, much more information about the 80◦, and slightly less about the 88◦ columns.

At Arrival Heights with the longer integration times and the elevation of the site above

the surrounding horizon it was possible to retrieve 88◦ columns, as opposed to the 87◦

columns retrieved at Lauder. The information in the column retrievals for Arrival Heights

was generally slightly better than that seen for Lauder. This was despite the lower a priori

error which decreased the information in the retrievals. The lower measurement errors

due to the longer integration times, and the ability to measure in both geometries to

high SZAs provided information that wasn’t possible at Lauder. The lower tropopause

height of the Arrival Heights retrievals compared to the Lauder retrievals did reduce the
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information content and degrees of freedom for the tropospheric columns. A tropopause

height of 8.8 km (compared to ∼11 km for Lauder) was used for all of the polar retrievals.

This height was derived by considering all of the ozonesonde data available for the spring

period of 2002.

The averaging kernels for the tropospheric and stratospheric columns for the Arrival

Heights retrievals were different than for the Lauder retrievals. This was a result of

the different SZA ranges of the measurements. However, the main features are well

represented by the exemplary averaging kernels given in Chapter 6. The tropospheric

and stratospheric columns had really good separation for all days. The stratospheric

column for the 88◦ profile was consistently the poorest described column, this being the

cause of the large smoothing error for this column.

The forward model error parameter sensitivity at Arrival Heights was similar to that

seen at Lauder for the temperature profile, the surface pressure and the ozone profile.

The retrieved columns were an order of magnitude more sensitive to the aerosol extinction

profile (though still negligible). This was due to the higher stratospheric aerosol extinction

values and higher variability seen at Arrival Heights relative to Lauder. The higher

stratospheric aerosol extinction values were typical of the colder temperatures of the

polar spring stratosphere.

8.7 Retrieval Sensitivity Studies

The retrieval sensitivity to the a priori information over all of the Arrival Heights column

retrievals was investigated. A test was also performed to demonstrate the effect of chang-

ing the cross-section set in the zenith-sky DSCD determination on the retrieved columns.

The results of these tests are displayed in table 8.3 and the details are discussed below.

Difference from standard retrieval
Tropospheric Column Stratospheric Column

Retrieved Profile 80◦ 84◦ 88◦ 80◦ 84◦ 88◦

Standard Column 0.52 0.44 0.39 2.68 2.86 2.62
10% a priori error -0.06 -0.02 -0.06 0.06 -0.02 -0.02
50% a priori error 0.03 0.002 0.02 -0.02 0.02 0.002
Old cross-section -0.20 -0.20 -0.09 0.06 0.35 0.22

Table 8.3: The effect of changing the a priori information on the retrieved column amounts for the
troposphere and stratosphere for Arrival Heights, 2002 is tabulated. The standard retrieved columns
are the variance weighted means of all of the retrievals over Arrival Heights. The response is given as
the difference from the standard retrieved column amounts (×1013 molecules.cm−2) calculated with an a
priori error of 30 %. The retrieval response to assuming 10 % and 50 % error in the a priori information
used in the construction of Sa is small. The retrieval response to using the older BrO cross-section from
Wahner et al. (1988) in the calculation of zenith-sky DSCDs is significant.



112 Chapter 8. Measurements at Arrival Heights, Antarctica

The effect of reducing the a priori error of 30 % for the standard column retrievals

to 10% showed that the increased constraint reduced all of the columns slightly, with

the exception of the 80◦ stratospheric column. Increasing the a priori error to 50%

resulted in a slight increase in the tropospheric columns and a negligible change in the

stratospheric columns. The very small percentages associated with increasing the a priori

error indicated that the 30% error was sufficient to fit the measurements well. An a

priori error of 50% resulted in oscillatory behaviour in the column retrievals when the

measurement range was small (at the beginning of the measurement campaign).

A sensitivity test where the zenith-sky DSCDs were derived using the older BrO

cross-section of Wahner et al. (1988) was conducted. The direct-sun measurements were

unaltered and determined by the more recent BrO cross-section of Wilmouth et al. (1999).

The old cross-section resulted in increased zenith-sky DSCDs. Similar to what was seen

in the Ring sensitivity test for the Lauder data set, (see section 7.6) the partitioning

between the tropospheric and stratospheric columns was changed. The use of the older

cross-section set did not produce a simple scalar increase in the DSCDs. The diurnal

change of the DSCDs was therefore also affected. As a result the retrieved columns at the

different angles responded differently. The use of the older cross-section resulted in a large

decrease in the tropospheric columns and large increase in the stratospheric columns. The

change in the tropospheric columns is an absolute decrease of ∼0.2×1013 molecules.cm−2,

which is of the same magnitude as the total retrieval error.

The test using a different cross-section in the derivation of the DSCDs of one of the

measurement sets highlighted the importance of consistency. The use of this retrieval

method using DSCDs from different measurement geometries requires that the DSCDs

are derived as consistently as possible to avoid these errors.

8.8 Summary

The stratospheric columns retrieved over the spring measurement campaign at Arrival

Heights, Antarctica were similar to the columns observed at the mid-latitude site of

Lauder during winter-spring. The variability of the stratospheric column retrievals was

high, in part due to the unusual 2002 Antarctic spring. Higher stratospheric BrO columns

were seen while Arrival Heights was under the polar vortex, which is typical polar spring

conditions. The diurnal variation of the stratosphere for Arrival Heights was quite dif-

ferent than for Lauder. No diurnal variation was associated with the retrieved sunset

stratospheric columns.

The tropospheric columns retrieved for Arrival Heights over the spring period were

higher than those seen at Lauder. The sunrise columns were slightly higher than the sunset

columns. A mean background (excluding the high tropospheric BrO days) tropospheric
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column of 0.35×1013 molecules.cm−2 was determined. If the BrO is assumed to be well

mixed throughout the troposphere this is equivalent to 0.3 ppt. The retrieved tropospheric

column for the high BrO days was ∼1.73×1013 molecules.cm−2. For a well mixed 2 km

boundary layer this corresponds to a mixing ratio of 7.3 ppt.

The comparison with GOME was not straightforward as GOME measured at a dif-

ferent SZA each day. A further complicating issue was that the stratospheric column

changed as the polar vortex returned. Also high tropospheric BrO at the end of the mea-

surement period meant that the total columns were changing over the campaign period.

The agreement between GOME total columns and the retrieved columns from ground-

based measurements was good at the beginning of the measurement period. When the

GOME measurement angles were higher and tropospheric columns larger, the agreement

was poorer. The use of stratospheric AMFs in the GOME derivation of total columns

may account for some of this difference. Qualitatively the agreement was good, with

the data sets exhibiting similar variations. Overall the GOME measurements were about

0.8×1013 molecules.cm−2 higher when the mean columns were considered for SZA where

a comparison was possible.

The retrieved columns compared very well with the UMETRAC model with a Bry

loading of 20 ppt. The tropospheric columns were not well calculated by the UMETRAC

model, due to the limited tropospheric chemistry within the model. The unusual Antarctic

polar vortex behaviour of 2002 allowed for a comparative study, showing good agreement

with the measurements when Arrival Heights was not under the polar vortex. The agree-

ment was poorer when Arrival Heights was under the polar vortex.

The error analysis for the whole Arrival Heights data set showed sensitivity to the

forward model parameters of the temperature profile, the surface pressure, the ozone and

aerosol extinction profiles to be negligible. Relative to the Lauder retrievals the Arrival

Heights retrievals were about an order of magnitude more sensitive to the aerosol extinc-

tion profile (but still negligible) due to the higher variability of this profile in the polar

region. The retrieval errors were similar for the Arrival Heights and Lauder retrievals.

The information content and degrees of freedom for signal demonstrated that the mea-

surement set for Arrival Heights had good information for the tropospheric and strato-

spheric columns. This was largely due to the ability to measure to high SZAs at the

Arrival Heights site and because of the longer integration times.

The column retrievals demonstrated good stability to increasing the a priori error.

Decreasing the a priori error resulted in larger changes in the retrieved columns as the

retrievals were constrained more by the a priori information. A test where an older cross-

section set was used to evaluate the zenith-sky DSCDs had a dramatic effect on all of the

retrieved columns, illustrating the necessity of consistency in the derivation of DSCDs

from different instruments.
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Chapter 9

Conclusions

Ground-based UV-Visible spectroscopic measurements were made in the two complemen-

tary viewing modes of direct-sun and zenith-sky. The use of DSCDs from two differ-

ent instruments allowed each instrument and spectral fitting procedure to be optimized,

without compromising the subsequent column retrieval. The radiative transfer model

developed in this work was validated against other existing models used for atmospheric

radiative transfer, agreeing within 3 % of the DISORT model.

The retrieval characterisation displayed how combining measurements provided en-

hanced sensitivity over all altitudes. The direct-sun measurements provided sensitivity

to the troposphere, while the zenith-sky measurements were more sensitive to the strato-

sphere. A resolution of 5-15 km was achieved for the troposphere and for the stratosphere

the resolution was between 20-40 km.

Measurements conducted at Lauder from 2001-2003 allowed the retrieval of tropo-

spheric and stratospheric columns at 80◦, 84◦ and 87◦ SZA. The stratospheric seasonal

variation was well captured by the retrieved stratospheric columns. The BrO columns

retrieved for winter were larger than those seen for summer, consistent with stratospheric

BrO concentrations being driven by the Bry maxima and the NO2 minima. The diurnal

variation of stratospheric BrO over Lauder was also retrieved. The decrease in the strato-

spheric column from 80◦ to 84◦ to 87◦ was seen in both the sunrise and sunset column

retrievals. The sunrise columns, while smaller than the sunset columns for 87◦, were larger

for the 80◦ columns.

The direct-sun and zenith-sky measurements for Lauder are consistent with a vari-

able ubiquitous tropospheric BrO mixing ratio between 0.0 - 0.9 ppt with an error of

0.2 ppt. The majority of the BrO tropospheric column retrievals over Lauder were below

0.8×1013 molecules.cm−2 or 0.6 ppt if BrO is assumed to be uniformly mixed throughout

the troposphere.

A measurement campaign was conducted at Arrival Heights in the spring of 2002.

Tropospheric and stratospheric columns were retrieved at 80◦, 84◦ and 88◦ SZA. The

variability of the stratospheric column retrievals for Arrival Heights was high, in part

due to the unusual 2002 Antarctic spring. Higher stratospheric BrO columns at 80◦, 84◦

and 88◦ SZA were seen while Arrival Heights was under the polar vortex. The diurnal

115
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variation of the stratosphere for Arrival Heights was quite different than for Lauder. No

diurnal variation was associated with the retrieved sunset stratospheric columns.

The tropospheric columns retrieved for Arrival Heights over the spring period were

higher than those retrieved for Lauder. A mean background tropospheric column of

0.35×1013 molecules.cm−2 or 0.3 ppt (if uniformly mixed throughout the troposphere) was

determined. The tropospheric BrO column of an observed ‘bromine explosion’ event was

∼1.73×1013 molecules.cm−2. This corresponds to a mixing ratio of 7.3 ppt if uniformly

mixed throughout the boundary layer.

The comparison of the retrieved total columns with the total columns from GOME

was not straightforward because of the different SZAs of the GOME and ground-based

column retrievals. The qualitative agreement between the retrieved columns and GOME

was good at both measurement locations. Where a comparison was possible, the GOME

columns overall were higher than the retrieved 80◦ total columns from the ground-based

measurements for both Lauder and Arrival Heights.

The UMETRAC model showed the retrieved stratospheric columns over Lauder to be

consistent with a Bry loading of 20 ppt in the lower stratosphere. The seasonality and the

diurnal variations were consistent between the model and retrieved stratospheric columns.

At Arrival Heights the UMETRAC model with 20 ppt in the lower stratosphere showed

good agreement with the retrieved columns when Arrival Heights was not under the polar

vortex.

9.1 Outlook

Stratospheric and tropospheric sensitivity was achieved in this work by combining two

ground-based viewing geometries. The addition of the multi-axis geometry would be

advantageous with this instrument’s sensitivity to the troposphere at noon. This would

require a multiple scattering radiative transfer description to be incorporated into the

forward model.

The Arrival Heights data set had really good information content as a result of being

able to measure up to 89◦ in the direct-sun, and the zenith-sky measurements up to 95◦.

Measurements at a high altitude, marine tropical site such as Mauna Loa would have a

very large SZA range, so there would potentially be an increased amount of information.

Observations at a marine site would be interesting for the question of the role that BrO

plays in the remote marine boundary layer.

Tests of the seasonality of the stratospheric columns over Lauder illustrated the value

of having a large data set. If direct-sun measurements were made routinely alongside

zenith-sky and multi-axis measurements, many more modelling and satellite comparative

exercises would be possible.
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An improvement in the light throughput of the instruments would facilitate measure-

ments to higher SZAs. For the direct-sun an increase in the aperture, detector area and

an improvement in the tracking system would allow routine measurements to be made to

high SZA. An improvement in the O4 cross-section would also be advantageous. For the

zenith-sky measurements; a larger area detector and improved ozone cross-sections would

improve the retrieval.

The error analysis would be improved if the retrieval was performed from the spectra,

instead of having a two step retrieval. The lack of transparency of the errors in the DOAS

retrieval into the final retrieved columns is inhibiting.
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Index

F - Forward model, 39
H - Information content (bits), 69
H - Scale height, 43
I - Intensity integral over all absorbers, 50
I∗ - Intensity integral over all absorbers except

absorber of interest, 50
Io - Initial intensity, 49
N - Concentration or number density (molecules.cm−3),

44
P - Pressure, 40
P (θ, λ) - Phase function, 44
Ps - Standard pressure, 40
Rd - Gas constant for dry air Rd = 287 JK−1kg−1,

43
Re - Radius of the Earth, 42
T - Temperature, 40
Ts - Standard temperature, 40
Tv - Humidity weighted temperature, 43
H - Mean scale height, 43
A - Averaging kernel matrix, 65
Ac - Averaging kernels for the tropospheric and

stratospheric columns, 70
Gy - Gain matrix, 63
I - Identity matrix, 69
K - Weighting Function matrix, 51
Sa - Covariance matrix of the a priori uncertain-

ties, 61
Sb - Forward model parameter covariance, 70
Sc - Covariance matrix for the tropospheric and

stratospheric columns, 72
Sf - Forward model parameter covariance in state

space, 70
Sm - Retrieval noise covariance, 69
Ss - Smoothing covariance, 69
Sε - Covariance matrix of the measurement un-

certainties, 60
x̂ - Retrieved state, 58
x̂c - Retrieved state for tropospheric and strato-

spheric columns, 70
ŷ - Forward model calculated DSCDs, 74
Ŝ - Retrieval covariance, 69
b - Forward model parameters, 39

x - State vector, 39
xa - A priori state, 58, 60
y - Measurement vector, 27, 39
g◦ - Acceleration due to gravity g◦ = 9.8 ms−2,

43
l - Model atmospheric layer, 50
n - Retractive index, 40
ns - Standard refractive index, 40
r - Earth centric radius, 42
rg - Geometric tangent point, 42
s - Light path, 50
x - Integration variable x = rcosθ, 42
z - Altitude coordinate, 40
α - Elevation angle for multi-axis viewing, 28
β - Volume-scattering coefficient or extinction

coefficient, 44
ε - Measurement error, 39
λ - Wavelength, 3
φR - SCDR, 50
φ - SCD, 50
ψ - Earth centric angle, 43
ρn - Depolarization factor, 44
σ - Cross-section, 33, 44, 49
σ - Standard deviation, 62
τ - Optical density, 49
θ - Apparent angle, 40, 42
4φ - DSCD, 50
ξ - Local Solar Zenith Angle, 47, 52

AMF - Air Mass Factor, 27, 37

CCD - Charge Coupled Device, 30

DISORT - DIScrete Ordinate Radiative Trans-
fer, 54

DOAS - Differential Optical Absorption Spec-
troscopy, 2, 32

DSCD - Differential Slant Column Density, 1, 50

GOME - Global Ozone Monitoring Experiment,
85, 105

IASB - Institut d’Aéronomie Spatiale de Bel-
gique, 54
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136 Index

ISAC - Istituto di Scienze dell’Atmosfera e del
Clima, 54

LIDAR - LIght Detection And Ranging, 45
LOE - Low Ozone Episodes, 22

NAD - Nitric Acid Dihydrate, 15
NASA-LaRC - National Aeronautic and Space

Administration - Langley Research Cen-
ter, 47

NAT - Nitric Acid Trihydrate, 15
NDSC - Network for the Detection of Strato-

spheric Change, 76
NERC - National European Research Centre, 54
NILU - Norsk Institutt for Luftforskning, 54
NIWA - National Institute of Water and Atmo-

spheric research, 54

ppb - parts per billion, 21
ppm - parts per million, 4
ppt - parts per trillion, 5
PSC - Polar Stratospheric Cloud, 4, 14

SAGE II - Stratospheric Aerosol and Gas Exper-
iment II, 47

SCD - Slant Column Density, 37, 48
SCDR - Slant Column Density for the reference

spectrum, 37
SSA - Stratospheric Sulfate Aerosols, 15
SZA - Solar Zenith Angle, 28, 29

UMETRAC - Unified Model with Eulerian TRans-
port And Chemistry, 87, 107

UV - Ultraviolet, 3

VCD - Vertical Column Density, 37
VOC - Volatile Organic Carbon, 21


