
MeasureMent of ozone 

16.1	 general

Ozone is a molecule made up of three oxygen 
atoms which is naturally formed by the photoly-
sis of normal oxygen by ultraviolet solar radiation 
at wavelengths below 242.5 nm in the strato-
sphere. A certain amount of ozone is also 
produced in the troposphere in a chain of chem-
ical reactions involving hydrocarbons and 
nitrogen-containing gases. Though ozone is a 
minor atmospheric constituent, with an average 
concentration of about 3 parts per million 
volume (ppmv), the radiation properties of this 
“greenhouse” gas make it a significant contribu-
tor to the radiative energy balance of the 
atmosphere, and an important regulator of the 
ultraviolet solar radiation received at the Earth’s 
surface. Most of the atmospheric ozone (90 per 
cent) is located in the stratosphere with a maxi-
mum concentration of between 17 and 25 km 
(see figure 16.1), depending on latitude and 
season, where its presence causes stratospheric 
temperature inversion and results in maximum 
temperature at the stratopause. In addition to its 
radiation properties, ozone reacts with many 
other trace species, some of which are anthropo-
genic in origin. The geographical and vertical 
distributions of ozone in the atmosphere are 
determined by a complex interaction of atmos-
pheric dynamics and photochemistry.

Ozone near the ground is monitored because it 
is a product of industrial and urban pollution. 
Measurements of tropospheric and stratospheric 
ozone are used for the verification of models 
that simulate the photochemistry or general 
circulation of the real atmosphere. Ozone is also 
measured to determine attenuation of the ozone 
layer by man-made gases, to validate model esti-
mations of changes in ozone and to confirm the 
efficiency of the Montreal Protocol on Substances 
that deplete the Ozone layer and its 
Amendments.1 This monitoring of the ozone 
layer requires high-quality, long-term records of 
ozone at stations with well-maintained instru-
ments, which are crucial for reliable trend 
analyses.

1 See http://ozone.unep.org/pdfs/Montreal-Protocol2000.pdf.

16.1.1	 Definitions

There are basically three characteristics of atmos-
pheric ozone that are routinely measured and 
reported by ground and satellite monitoring 
systems, namely:
(a) Surface ozone;
(b) Total ozone; 
(c) The vertical profile of ozone.

Surface ozone expresses the concentration of local 
ozone in the layer a few metres above the ground at a 
particular site on the Earth’s surface. Surface ozone 
measurements are commonly given in units of partial 
pressure or mixing ratio (by either mass or volume).

Total ozone refers to the total amount of ozone 
contained in a vertical column in the atmosphere 
above the ground extending from the earth’s 
surface to the upper edge of the atmosphere. 
Commonly used units of total ozone are (a) column 
thickness of a layer of pure ozone at standard 
temperature and pressure (STP) and (b) vertical 
column density (number of molecules per area).

The vertical profile of ozone expresses ozone concen-
tration as a function of height or ambient pressure. 
The amount of ozone at each height or pressure 
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level in the atmosphere is commonly expressed as 
partial pressure, mixing ratio or local concentration 
(number density). The integral of the ozone profile 
from the ground to the top of the atmosphere is the 
total column amount of ozone.

The following are definitions of other terms used 
frequently in this context:

Aerosols: A suspension, in a gaseous medium, of 
solid particles, liquid particles, or solid and liquid 
particles

Relative optical air mass: The ratio of the slant path 
of solar radiation through the atmosphere (or 
through a layer) to the vertical path.

Dobson unit (DU): A measure of total ozone equal-
ling a thickness of 10–5 m of pure ozone at STP 
(commonly used but not a unit in the International 
System of Units).

Milliatmosphere centimetre (m-atm-cm): A measure 
of total ozone equal to 10–3 cm of pure ozone at 
STP (1 m-atm-cm is is equivalent to 1 DU).

Ozone: An unstable blue gaseous allotrope of 
oxygen and a strong oxidant. It absorbs selectively 
radiative energy in the 100–340- and 550–650-nm 
bands of the solar spectrum and at 4 700, 9 600, 
and 14 100 nm in the infrared.

Spectrophotometer: An instrument for creating a 
spectrum and measuring the spectral radiance at 
selected wavelengths.

Ultraviolet (UV): Electromagnetic radiation in the 
100–400-nm range which is often divided into UV-
A (315–400 nm), UV-B (280–315 nm) and UV-C 
(100–280 nm).

Umkehr: An optical effect appearing close to sunrise 
or sunset when relative zenith sky radiances increase 
with increasing solar zenith angle. By taking a series 
of zenith measurements with spectrophotometers 
at selected UV wavelengths, it is possible to infer 
the vertical distribution of ozone. These 
ground-based measurements are performed only 
for clear skies.

16.1.2	 units	and	scales

A complete description of the units is given in 
Annex 16.A, and a brief summary is given in Table 
16.1 below:

table 16.1. summary of units and scales used

Local ozone Units Column 
ozone

Units

Partial pressure Millipascal total 
ozone

m-atm-cm 
10–3 cm 
ozone at 
stP Du

Mass mixing 
ratio 
Volume mixing 
ratio

μg g–1

ppmv

local 
concentration

Molecules cm–3 
Molecules m–3

column  
density

m-atm-cm 
km–1

local density g m–3 
μg cm–3

note: In honour of the pioneering work of g.M.B. Dobson, 

the unit of the vertical column of ozone (total ozone), the 

milliatmosphere centimetre (m-atm-cm), may also be called 

the Dobson unit (DU). One Dobson unit defines the amount 

of ozone in the vertical column which, when reduced to a 

temperature of 0°C and a pressure of 10 1325 Pa, will occupy a 

depth of 10–5 m. 

16.1.3	 Measurement	methods	

Atmospheric ozone is measured both by remote 
sensing and by in situ techniques. In situ measure-
ments of ozone are taken by analysing a sample 
of the air to determine its ozone content by opti-
cal, chemical or electrochemical techniques. 
Remote- sensing measurements are taken by using 
differential absorption techniques. Ozone has a 
strong and variable absorption spectrum for UV 
wavelengths shorter than 340 nm, a weaker broad 
absorption peak centred around 600 nm in the 
visible light, and many absorption and thermal 
emission lines at infrared and microwave wave-
lengths. By measuring spectral irradiance from a 
natural (sun) or man-made source after it has 
passed through atmospheric ozone, it is possible 
to determine the amount of ozone in the optical 
path. The amount of thermal radiation emitted 
by atmospheric ozone is also measured and used 
to determine ozone amounts.

The accuracy of virtually all types of routine 
ozone measurements could be affected by errors 
in the knowledge of the ozone absorption 
spectrum. All surface and ground-based total 
ozone measurements depend on the ozone 
absorption coefficient (α) of the wavelength used 
(see equations 16.1 and 16.2). Umkehr and 
ozonesonde measurements of the ozone profile 
are normalized to a nearly coincident ground-based 
total ozone measurement. Absorption coefficients 
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are used in the inversion algorithms for light 
detection and ranging (lIDAR) and for satellite 
measurements of total ozone and the ozone 
profile.

Several groups have made a significant effort to 
measure the ozone-absorption spectrum in the 
laboratory. Measurements have been taken over a 
wide range of temperatures because there is a 
strong temperature dependence of the absorp-
tion. The International Ozone Commission of 
the International Association of Meteorology and 
Atmospheric Pysics (IAMAP) (http://www.esrl.
noaa.gov/gmd) recommended (Megie, Miller and 
Bojkov, 1991), and wMO adopted, a standard 
ozone spectrum effective as of 1 January 1992 
based on measurements provided by Bass and 
Paur (1985). This absorption spectrum has 
replaced the Vigroux ozone absorption coeffi-
cients previously used for ozone measurements 
(IAMAP, 1967). As the absorption spectra are 
temperature dependent, further investigations 
were carried out, e.g. by Molina and Molina 
(1986), Brion and others (1993) and Burrows and 
others (1999), to determine how the absorption 
depends on temperature. The same absorption 
spectrum has to be used if ozone observations 
from different instruments are compared. There 
are a number of other sources of errors in the 
measurement of ozone which depend on what is 
being measured and the method used to take the 
measurements. These are discussed below.

16.2	 surface	ozone	MeasureMents

16.2.1	 instruments	for	measuring	surface	
ozone

Surface ozone is routinely measured by ozone 
analysers, which measure the concentration of 
ozone in ambient air in situ. The most commonly 
used instruments for measuring surface ozone are 
UV photometric ozone analysers. These instru-
ments measure ozone by UV absorption 
photometry in a narrow wavelength interval (≈ 0.5 
to 1 nm) at 254 nm. The dry chemical analyser – 
which applies the chemiluminescence method 
–  and the wet chemical analysers used to be in 
routine operation, but their use is becoming less 
common because these methods are not as reliable 
as the UV absorption method. UV absorption 
photometry is the method recommended by the 
wMO/global Atmosphere watch (gAw) Scientific 

Advisory group on Reactive gases. Technical 
information regarding ambient ozone-monitoring 
instruments is given by Paur and McElroy (1979). 
Intercomparisons of surface ozone instruments 
have been made (Attmannspacher and 
Hartmannsgruber, 1982; Klausen and others, 
2003).

16.2.2	 uv	photometric	measurement	of	
surface	ozone

Surface ozone is routinely measured by in situ tech-
niques. The most commonly used method is that of 
UV photometry, where ambient air is drawn 
through a cell in which the absorption of UV radia-
tion is measured at the 254-nm emission line of a 
mercury lamp. The strong absorption by ozone at 
this wavelength produces a detectable absorption 
measurement when ozone is present in the cell. 
The absorption cell alternately samples ambient air 
coming directly from the atmosphere and ambient 
air diverted through a manganese dioxide “scrub-
ber” that converts ozone catalytically to oxygen but 
leaves all other trace gases intact and the relative 
humidity almost constant. The UV irradiance is 
therefore measured in the presence and absence of 
ozone in the ambient air. The measured irradiance 
in the presence of ozone, I, is related to the meas-
ured irradiance in the absence of ozone, I0, by the 
following expression:

 I = I0 exp (–αCL) (16.1)

where α is the absorption cross-section of ozone 
at 254 nm (cm2), C is the concentration of ozone 
in the cell (molecules cm–3), and L is the length of 
the cell (cm). By comparing the two irradiance 
signals it is possible to determine the concentra-
tion of ozone in the cell, provided that the length 
of the cell and the absorption cross-section for 
ozone are known. Ozone measurements are 
reported as parts per billion volume or partial 
pressure. The range of detectability is from  
1 to 1 000 ppbv.

16.2.3	 exposure	of	instruments	for	
surface	ozone

The in situ instruments for measuring surface 
ozone usually operate in an indoor laboratory, 
with the ambient air being pumped to the analyser 
through a clean Teflon tube. The intake of the tube 
is mounted so that the air being sampled is repre-
sentative of the local atmosphere. The intake 
should be at a height of at least 3 m above the 

http://www.esrl.noaa.gov/gmd
http://www.esrl.noaa.gov/gmd
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ground (usually on a rooftop). The inlet should be 
inverted and protected by a funnel to avoid the 
intake of rainwater and to minimize the intake of 
particles and dirt. All potential causes of a distur‑
bance in the composition of the local atmosphere 
(for example, a roadway, chimney, ventilation fan, 
and the like) should be avoided. There should be a 
Teflon particle filter at the intake in order to prevent 
particles and dirt from contaminating the transfer 
tube and the filter should be changed when required 
(about once a week depending on the atmospheric 
conditions). The inlet tube must be kept clean and 
as short as possible to ensure that ozone is not 
destroyed before it is measured. A compromise 
between a high intake height and a short tube 
usually results in the length of the tube being 
between 3 and 5 m. 

If background (non‑polluted) surface ozone values 
are being measured, the site should be located 
away from major pollution sources (cities). The 
stations should satisfy the regional and/or global 
station criteria of the GAW, as specified in WMO 
(1988) and approved by the forty‑fourth session of 
the Executive Council, held in June/July 1992 
(WMO, 1993).

16.2.4	 Errors	in	measuring	surface	ozone

The main source of error for all in situ ozone 
analysers measuring surface ozone is the loss of 
ozone along the inlet tube and at the particle 
filter. This error can be minimized by ensuring 
that the tube and the particle filter are kept clean 
and dry. 

Some other trace gases absorb radiation at the 
254‑nm wavelength, which is used to measure 
ozone absorption. The differential methods of 
comparing between ambient air with ozone and 
with ozone removed avoid the problem of other 
absorbing gases because they are present during 
both measurements. However, should the concen‑
tration of another gas change between the ozone 
and non‑ozone sampling periods, an erroneous 
ozone measurement will result. Also, incomplete 
removal of ozone due to a defective scrubber will 
compromise the measured ozone values.

In general, ozone measurements taken using the 
UV photometer method are very stable because 
they are relative measurements (comparing  
absorption in a cell containing ozone with that in a 
cell without ozone present). The output of the lamp 
and the sensitivity of the detector may drift  

without affecting the ozone‑absorption measure‑
ment. The uncertainty and bias of surface ozone 
measurements using the UV absorption method 
has been assessed by Klausen and others (2003).

16.2.5	 Comparison,	calibration	and	
maintenance	of	instruments	for	
surface	ozone

UV photometric instruments are recognized as 
being absolute instruments. The absolute calibra‑
tion of a UV photometric analyser depends on the 
accuracy of the value of the absorption cross‑section 
of ozone at 254 nm. This measurement is taken by 
measuring the absorption in a cell containing a 
known amount of ozone. The amount of ozone in 
the cell must be determined by a chemical or physi‑
cal process which yields the number of ozone 
molecules in the cell. These absolute concentration 
measurement methods include passing ozone 
through a potassium iodide solution, titrating 
ozone with nitric oxide, and measuring pressure 
change as oxygen is converted to ozone. The ozone 
cross‑section is estimated to have an uncertainty to 
within ± 5 per cent.

The UV photometric measurement is also recog‑
nized as a reliable method to transfer the primary 
calibration to the field. The world reference for in 
situ ozone measurements is the Standard Reference 
Photometer (SRP) maintained by the National 
Institute of Standards and Technology and the 
International Bureau of Weights and Measures. 
Transfer standards are calibrated against an SRP. A 
field instrument is then inter‑compared by meas‑
uring a sample of ozone (generated either in the 
laboratory or in ambient air) by both the field 
instrument and the transfer standard (Klausen 
and others, 2003).

16.3	 ToTal	ozonE	mEasurEmEnTs

16.3.1	 methods	for	measuring	total	
ozone

Total ozone is measured by remote‑sensing tech‑
niques using ground‑based and satellite instruments 
that measure irradiances in the UV absorption spec‑
trum of ozone between 300 and 340 nm. Total 
ozone is measured from the ground using the direct 
sun, direct moon and zenith sky irradiances and 
from space by measuring the solar UV radiation 
scattered back to space by the Earth’s atmosphere. 



cHaPter 16. MeasureMent of oZone I.16–5

In this section, the basic ground-based techniques 
are described. Space observations are characterized 
only generally in section 16.6 as their technologies 
are very complex and tied to individual satellite 
missions. 

16.3.2	 ground-based	instruments	for	
measuring	total	ozone

ground-based remote-sensing instruments which 
measure the intensity of UV light at wavelengths 
in the absorption spectrum of ozone can be used 
to determine total ozone by differential optical 
absorption spectroscopy (DOAS) techniques. The 
most commonly used ground-based instruments 
in the ozone network of the wMO gAw 
Programme are the Dobson (Dobson, 1957; wMO, 
1980) and Brewer (Kerr, McElroy and Olafson, 
1980; wardle and others, 1987) ozone spectro-
photometers, and the M-124 filter ozonemeter 
(gushchin, Sokolenko and Kovalyev, 1985). Other 
measuring instruments have been developed but 
their use has been limited to special experimental 
applications rather than to routine monitoring 
and data reporting.

16.3.2.1 direct sun measurements

The most accurate and the best-defined method 
for determining total ozone is to measure direct 
solar radiation from the ground at UV wavebands 
between 305 and 340 nm. The method comes 
from the lambert-Beer law that defines the  
direct spectral irradiance I0λ reaching the Earth’s 
surface at wavelength λ after attenuation by  
column amounts by particular atmospheric 
constituents Xi:

 I
λ
= I

oλ
e– α λ i X iμ i∑  (16.2)

where I0λ is a constant identified as the reading of 
Iλ by the instrument if it is located above the 
atmosphere (the extraterrestrial constant), αλiα≡are 
the laboratory-measured extinction coefficients 
of the attenuating species, and μi are the ratios of 
the slant paths of the beam through the layers of 
the absorbing/scattering species to the vertical 
paths (relative optical air masses). If a spectro-
photometer measures spectral irradiances Iλ at 
several wavelengths λi with different ozone 
absorptions, the influences of other atmospheric 
attenuators (mainly aerosols) can be eliminated 
by linear combinations of equation 16.2. A 
general relation for the calculation of total ozone 

from direct sun observations XDS can be determined 
(see Annex 16.B) by:

 X
DS

=
F

0
− F − βm
αμ

 (16.3)

where F is the combination of log (Iλi), F0 is the 
combination of log (I0λi), the constants for the 
instrument, α and β, are the differential absorp-
tion and scattering coefficients of ozone in pure 
air, μm are the relative optical air masses of the 
ozone layer and the whole atmosphere, respec-
tively. In equation 16.3, the value F comes from 
measurements taken by the instrument, F0 is the 
calibration constant of the spectrophotometer, α 
and β are laboratory-determined values, and μm 
are calculated for the time and the geographical 
location of the measurement from astronomical 
relationships. Direct sun measurements are limited 
to daylight hours at times when the direct solar 
beam is not obscured by clouds or other obstacles 
for a period of at least 2 min (Dobson) or 5 min 
(Brewer). The solar zenith angles suitable for obser-
vations differ for particular types of 
spectrophotometers and wavelengths used for the 
measurements but usually do not exceed 72° for 
the Dobson and M-124 filter instruments and 75° 
for the Brewer spectrophotometer. while the 
Dobson spectrophotometer measures relative 
ratios of spectral irradiances at three wavelength 
pairs (A: 305.5/325.4; C: 311.5/332.4;  
D: 317.6/339.8 nm), the Brewer spectrophotome-
ter registers spectral irradiances (photo counts) at 
five operational wavelengths (306.3, 310.1, 313.5, 
316.8 and 320.1 nm). The M-124 filter instrument 
measures at 302 and 326 nm with the spectral 
band pass of 20 nm. Details on modification of the 
relation (equation 16.3) for particular types of 
instruments and their application for the process-
ing of total ozone observations can be found in 
the references in section 16.3.2 or in the relevant 
gAw publication (wMO, 2003).

The Brewer spectrophotometer measures UV irra-
diances at several wavelengths that make it 
possible to calculate the total column amount of 
sulphur dioxide in the atmosphere using an equa-
tion similar to 16.3. The relevant equation is 
developed by other linear combinations of differ-
ential absorption and scattering coefficients and 
spectral irradiances Ii. for processing total sulphur 
dioxide measurements, an extra-terrestrial 
constant for sulphur dioxide has to be defined in 
the calibration of the instrument. 
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16.3.2.2 direct moon measurements

Total ozone can also be measured by the direct 
moon method where the solar radiation reflected 
by the moon is used as the source of the UV 
radiation. This method is similar in principle to 
the direct sun measurement method but is less 
precise because of the reduced amount of available 
UV and the difficulty in taking measurements. The 
measurement period is limited to within five days 
of the full moon, so complete coverage on a daily 
basis is not possible. Also, the direct beam from the 
moon must be clear of clouds, and the apparent 
zenith distance of the moon must be less than 75°. 
The direct moon measurements may be useful 
during polar nights. nevertheless, this method is 
not widely used at gAw stations.

16.3.2.3 zenith sky measurements

The zenith sky measurement method has been 
developed for use on days when the sun is 
obscured by clouds, in order to satisfy the desire 
to measure total ozone on a daily basis. Empirically, 
evidence shows that the information content of 
UV scattered from the zenith sky to the Earth’s 
surface is sufficient to provide a reasonable meas-
urement of total ozone. The measurement of the 
relative magnitude of UV at a set of wavelengths 
is dependent both on total ozone and on the μ 
value. If a large set of near-simultaneous zenith 
sky and direct sun observations (hundreds) are 
available, the direct sun total ozone values can be 
used to develop empirical regression functions 
ƒ(F,μ) that make the calculation of zenith sky 
total ozone values XZS possible as follows:

 X
ZS
= f (F ,μ)  (16.4)

The statistical functions ƒ(F,μ) are defined as 
multi-regression polynomials (zenith polynomials) 
to replace the previously used manual charts. The 
zenith sky measurements are limited to daylight 
hours when the solar zenith angle does not exceed 
80°. They are less accurate than the direct sun 
measurements because the path of the scattered 
light through the atmosphere and the ozone layer 
is longer and its attenuation depends on other 
variables, such as the vertical distribution of ozone 
and the presence of clouds. The results of the zenith 
sky observations are forced to the level of the direct 
sun observations in the long term by this method. 
given that the conditions allowing the near-
simultaneous zenith sky and direct sun observations 
may have a different total ozone amount than that 
under the conditions allowing only zenith sky 
observations (especially cloudy zenith), the 

precision of the results of zenith sky observations is 
further reduced.

16.3.3	 exposure	of	instruments	used	for	
the	measurement	of	total	ozone

The ground-based remote-sensing instruments 
for measuring ozone in the stratosphere are 
installed according to their viewing requirements. 
In general, an observatory with a clear view of the 
sun and zenith sky is required. The measurement 
site should avoid sources of local pollution or 
other contaminants which may affect the optical 
properties of the local atmosphere in the UV 
region, mainly aerosols and sulphur dioxide. All 
types of spectrophotometers must be equipped 
with external drying systems or internal desic-
cants to keep the components of the optical 
system and electronics of the instruments perma-
nently dry. The spectrophotometers should be 
operated under stable temperature conditions so 
that their sensitivity and adjustments do not 
change rapidly during measurements. for this 
reason, the Dobson instruments should be 
equipped with insulating covers.

The Dobson and M-124 instruments are stored 
indoors and must be transported outside to take a 
measurement using sunlight or zenith skylight. 
The requirement to move the instrument outdoors 
is avoided at some observatories by the use of a 
roof hatch or observation dome which is opened 
to take a measurement. The fully automated 
Brewer instrument is permanently mounted 
outdoors at a location allowing a good view of 
the sun above an elevation of 15° on all days of 
the year. The instrument is levelled and its align-
ment is fixed to the sun in order to allow automatic 
pointing at the sun. Each spectrophotometer is 
also equipped with an internal heating system.

16.3.4	 errors	in	measuring	total	ozone

Equation 16.3 is the fundamental physical basis for 
the measurement of total ozone by the direct sun 
method. Some of the errors in the measurement are 
demonstrated by considering the uncertainties in 
the individual terms in this equation. A detailed 
description and explanation for the Dobson spec-
trophotometer can be found in wMO (1982a).

The extra-terrestrial constant F0 

F0 is the reading that an instrument would obtain 
on solar radiation outside the Earth’s atmosphere 
with no ozone in the light path. This value is not 
measured directly; it is determined either from a 
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number of air-mass extrapolation measurements 
(the absolute calibration or langley-Plot method) 
or by calibrating an instrument against a stand-
ard with a known F0 (see sections 16.3.5.1 and 
16.3.5.2). Errors in F0 of a particular spectropho-
tometer may arise from uncertainty of the initial 
calibration towards the standard, or from a 
change (either a gradual drift or an abrupt shift) 
in the optical properties of the instrument. 
long-term results of calibration campaigns show 
that uncertainties in the initial calibrations (defi-
nition of F0 from comparison toward a standard 
at the beginning of a campaign before any work 
is done) generally result in measurement errors of 
less than 1.0 per cent. If Dobson and Brewer spec-
trophotometers are maintained and operated 
according to their standard operation procedures 
(see section 16.3.5.2), the shift of their precision 
by natural ageing is usually less than 2.0 per cent 
in a four-year period (Vanicek, 2003; Evans and 
others, 2004a; lamb, 2004; Köhler, 2004). 
However, errors in F0 due to sudden changes in 
the technical condition of the instrument (e.g. 
damage, shift of the optical alignment, a fast 
deterioration of the phototube or filters) can 
result in measurement errors of up to 10 per cent 
and greater. Variability in the radiation spectrum 
emitted from the sun would also cause an error in 
F0. It is believed that errors from solar variability 
are less than 0.3 per cent (wMO, 1982b; 1990). 
These errors affect the accuracy of the resultant 
ozone value. The detection of such changes is 
often possible by using monthly lamp tests (see 
section 16.3.5.2).

The differential spectral reading F

There are instrumental errors in the reading of F. 
One potential source of error is a non-linear 
response from the instrument. In the case of the 
Dobson instrument, an unavoidable non-linear-
ity arises mostly because of irregularities in the 
optical wedges of the instrument. non-linearity 
of a Brewer instrument could appear due to an 
incorrect definition of the photomultiplier dead 
time of the photon counting system. Both of 
these effects are corrected by calibration measure-
ments. generally, this uncertainty is less than 
0.3 per cent for the Brewer instrument and less 
than 0.5 per cent (wMO, 1982a) for the Dobson 
instrument. These errors affect the accuracy and 
precision of the resultant ozone value. Errors in 
the measured value F also arise from the random 
uncertainty (noise) in the measured signal. for 
both the Brewer and Dobson instruments, this 
error is estimated to be less than 0.3 per cent for 
a typical direct sun measurement.

The relative optical air mass of the ozone layer µ

Another source of error in the determination of 
total ozone is the optical air mass of the ozone layer 
(µ). This value is calculated from the date and time 
of the measurement and from the geographical 
coordinates of the location of the instrument (lati-
tude, longitude, altitude). Errors of 1≡latitude or 
longitude or 10 s in time can, in certain parts of the 
year, result in an error of 0.1 per cent in the µ value. 
Calculations of µ assume that the ozone layer is 
optically centred at 22 km above the station.  
A deviation of a 2 km height from this assumption 
could result in a 0.25 per cent error in the µ value 
and consequently up to 2 per cent in total ozone for 
µ > 3.2. Therefore, for the best measurements, the 
10 s time resolution of F readings is recommended 
and the calculation of µ should include geographi-
cal approximation of the altitude of the ozone layer. 
This is important especially for measurements of 
total ozone in high latitudes where observations are 
taken at low solar zenith angles. 

Ozone absorption coefficient α

The uncertainty of the differential absorption 
coefficient α in equation 16.3 for a specific 
instrument arises from the uncertainty of the slit 
transmission functions. The spectrophotometers 
operated in the gAw global network are assumed 
to have the same slit functions as the world reference 
instruments if their slit tests agree with desired 
limits defined by the instrument designers (Dobson 
1957; SCI-TEC, 1993). In reality, this assumption is 
not fully satisfied and the effective wavelengths 
selected by slits can differ from the assumed 
wavelengths. for Dobson spectrophotometers it is 
very difficult to determine correct absorption 
coefficients because very sophisticated laboratory 
investigations and adjustments are needed to do 
this. for a Brewer spectrophotometer, the effective 
wavelengths can be determined and ozone 
absorption coefficients are defined by the “dispersion 
test”, which can be performed under routine 
calibration at the station. As mentioned in 
section 16.1.3, on 1 January 1992 the new Bass-Paur 
set of ozone absorption coefficients was adopted as 
a new international standard scale. An additional 
error in the ozone absorption coefficients arises 
from their temperature dependence. This is 
especially important for the absorption coefficients 
of the Dobson spectrophotometer which were 
defined for the representative stratospheric 
temperature –46.3oC (Komhyr, Mateer and Hudson, 
1993). Because the effective temperature of the 
ozone layer (determined from the vertical profile of 
ozone weighted by the vertical profile of 
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temperature) is not stable by latitude and season, 
the values of the differential absorption coefficients 
can differ by about 1.2 per cent per 10 K for the 
reference AD2 wavelength combination (Kerr, 
Asbridge and Evans, 1988). Such a temperature 
effect can produce additional error in total ozone 
which is estimated to be 1–1.5 per cent (Köhler, 
1999; Vanicek, Stanek and Dubrovsky, 2003; wMO, 
2003). As the Brewer instrument uses combinations 
of wavelengths such that the atmospheric ozone 
absorption coefficients are independent of the 
stratospheric temperature (Kerr, 2002), the accuracy 
of the Brewer should be considered better than that 
of the Dobson instrument.

Other absorbing gases and aerosols

The absorption of UV by other atmospheric gases 
can also influence the accuracy of total ozone meas-
urement. Sulphur dioxide in particular has been 
found to be a significant contributor to errors. These 
are generally about 1 per cent for a Dobson instru-
ment operated in unpolluted locations (Kerr, 
Asbridge and Evans, 1988). However, in areas with 
high local sulphur dioxide emissions or during 
inversion situations, the effect can reach up to 
about 10 per cent of the column ozone (DeMuer 
and DeBacker, 1992; Vanicek, Stanek and Dubrovsky, 
2003). As mentioned in section 16.3.2.1, the Brewer 
instrument can measure the total column of sulphur 
dioxide if its extra-terrestrial constant has been 
defined. This makes it possible to eliminate the 
influence of sulphur dioxide on the accuracy of 
total ozone measurement. The effect of aerosols is 
mostly eliminated by the technology of direct sun 
observations (see Annex 16.B) and its contribution 
to errors of total ozone measurements is estimated 
to be less than 1 per cent. This is also the magni-
tude of errors caused by thin cirrus clouds.

Zenith observations 

The three basic instruments used in the gAw ozone 
network (Dobson, Brewer and M-124 filter) can 
also measure total ozone by observing the scat-
tered solar radiation from the sky. The accuracy 
and precision of these measurements depend on 
the calibration of an instrument, on the quality 
of zenith polynomials f (F,µ) in equation 16.4 
and on the real sky conditions during the obser-
vation. while the manual operation of Dobson 
and filter instruments allows operators to specify 

2 AD is the difference between the absorption of pairs of 
wavelengths which are most commonly used for the total 
ozone calculations, where the wavelengths (in nm) are  
A: 305.5/325.4; D: 317.6/339.8.

the sky condition and then use the “zenith blue” 
or “zenith cloudy” polynomials, the Brewer 
zenith measurements can be processed only by 
means of a general “zenith sky” polynomial. 
given that the results of the zenith measurements 
are forced to be the same as the direct sun results 
in the long term, the zenith measurement accu-
racy can be, at best, the same as that of the direct 
sun.

The precision of zenith observations is usually 
estimated by a comparison of quasi-simultaneous 
direct sun and zenith sky total ozone measure-
ments taken within 10 min or more. Several 
studies (DeBacker, 1998; Vanicek, Stanek and 
Dubrovsky, 2003) found a 1.5 per cent precision 
for Dobson instrument measurements made on 
the clear zenith and of about 3 per cent for those 
taken on the cloudy zenith according to the opac-
ity of the cloudiness. for the Brewer 
spectrophotometer differences against direct sun, 
values are more variable and generally a precision 
of up to 3 per cent can be reached for all skies, 
except those with heavy clouds. The accuracy of 
the M-124 filter instrument is about 4 per cent for 
blue and up to 6 per cent for cloudy observations 
with a significantly higher variation of biases of 
individual measurements (gushchin, Sokolenko 
and Kovalyev, 1985; feister, 1991). nevertheless, 
the above limits of the accuracy require the appli-
cation of zenith polynomials that have been 
developed for a particular instrument and station 
given that f (F,µ) are dependent mainly on the 
external and internal scattered UV radiation 
reaching the light detector of the instrument. In 
mid- and high latitudes, the zenith polynomials 
derived and used for summer and winter seasons 
separately give a better and more stable accuracy 
of zenith measurements (Asbridge, Vanicek and 
Stanek, 1998). 

16.3.5	 comparison,	calibration	and	
maintenance	of	instruments	for	
measuring	total	ozone

16.3.5.1 calibration of primary standard 
instruments and calibration scales

The calibration of a field instrument is ultimately 
traced to a reference standard. The Dobson refer-
ence is the wMO-recognized world Primary 
Dobson Spectrophotometer (wPDS) no. 83, 
which is maintained at the national Oceanic and 
Atmospheric Administration (nOAA) Earth 
System Research laboratory (ESRl)/global 
Monitoring Division (gMD) in Boulder, Colorado 
(Komhyr, grass and leonard, 1989). The Brewer 
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reference consists of three primary instruments 
(B008, B014 and B015). This Brewer reference 
triad is maintained as the wMO world standard 
group by the Meteorological Service of Canada 
(MSC), formerly the Atmospheric Environment 
Service, in Toronto, Canada (Kerr, McElroy and 
wardle, 1998). All M-124 field ozonemeters are 
referenced to the Dobson spectrophotometer 
D108, maintained at the Voeikov Main 
geophysical Observatory (MgO) in St Petersburg, 
the Russian federation (Bojkov, fioletov and 
Shalamjansky, 1994). It is important to note that 
the Dobson and Brewer world standards are used 
for calibration of the same types of spectropho-
tometers in the global network. Thus, both the 
wPDS and the Brewer reference triad define their 
own separate calibration scales that are trans-
f e r r ed  to  s t a t ion  ins t rument s  ( s ee 
section 16.3.5.2).

The world reference spectrophotometers are cali-
brated by a sophisticated langley-plot method, 
sometimes called “absolute calibration”. The 
method is based on the determination of the extra-
terrestrial constant F0 from equation 16.3, which 
can be restated as follows:

 F + βm = F
0
−α X

DS
μ  

(16.5)

where α and β are constants. If certain atmos-
pheric conditions are met (near constant total 
ozone, negligible influence of the atmospheric 
aerosol, stable Rayleigh air scattering of solar radi-
ation and fully clear skies on days with 
observations), a series of direct sun observations of 
F + βm are made by the standard instrument during 
the day at different values of μ. These observations 
are subsequently plotted against μ and the linear 
fit to the data points extrapolated to μ = 0 in order 
to determine F0. normally, the calibration is an 
average based on many days of observations, and 
the equations are transformed to produce a correc-
tion to the existing calibration. The specific 
atmospheric conditions required can be found 
only at a few observatories around the world. for 
this reason, the absolute calibrations of both 
Dobson and Brewer world standards are performed 
regularly at nOAA’s subtropical, high-altitude at 
Mauna loa Observatory in Hawaii (19.5°n 
155.6°w, at 3 397 m). Analyses of absolute calibra-
tions show that the calibration stability of the 
references has been maintained with a precision of 
about 0.5 per cent during the last 20 to 25 years 
(Evans and others, 2004b: fioletov and others, 
2004). This long-term behaviour reflects all tech-
nical aspects that can influence the calibration 
state of the standards, i.e. selection of effective 

wavelengths, sensitivity of photo-detection of irra-
diances, non-linear responses of the electronics, 
ageing of optical elements, internal scattering.

16.3.5.2 calibration transfer and maintenance

The absolute calibration determined for the primary 
references must be transferred to all field instru-
ments and the individual instrument’s calibration 
must be carefully maintained.

The basic method to transfer the calibration scale 
of the primary Dobson standard to a field instru-
ment is through the simultaneous direct sun 
intercomparative side-by-side observations of total 
ozone. The measurements should be taken on at 
least one half-day with the adequate range of  
μ = 1.15–3.2 and good observing conditions. The 
extra-terrestrial constant of the field instrument is 
adjusted to provide the best fit for total ozone 
values with the reference instrument for the direct 
sun AD values. It is not practical to bring all field 
instruments to the same site where the primary 
standard instrument is located. Therefore, the field 
instruments are usually calibrated at regional 
intercomparisons where spectrophotometers from 
a geographical region are collected and calibrated 
either against the travelling reference or against a 
regional standard directly tied with wPDS D083. 
for almost three decades the majority of the 
Dobson spectrophotometers from the gAw 
stations have been calibrated every four years at 
intercomparisons organized by wMO. Either the 
D065 spectrophotometer from the nOAA ESRl/
gMD (as the travelling reference) or regional 
standards from wMO Regional Dobson Calibration 
Centres (D064, Hohenpeissenberg, germany; 
D074, Hradec Kralove, Czech Republic; D089, 
Irene, South Africa; D097, Buenos Aires, Argentina; 
D105, Perth, Australia; and D116 Tsukuba, Japan) 
are used for calibration campaigns. The results of 
intercomparisons show that the Dobson calibra-
tion scale of wPDS is transferred to station 
instruments with an accuracy of 1 per cent, as 
documented in wMO/gAw reports (wMO, 1994; 
2001a; 2002).

Calibration constants are transferred to a field 
Brewer instrument by intercomparison with a 
secondary travelling reference instrument every 
two years (recommended). Both the reference and 
the field instruments take simultaneous direct sun 
ozone measurements throughout a day which has 
good observing conditions over a sufficient range 
of μ = 1.15–3.2. Values of absorption coefficients 
and extra-terrestrial constants for the field instru-
ment are determined by fitting the data to total 
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ozone measured by the standard and by lamp tests. 
Calibration of the secondary travelling reference is 
checked at Toronto prior to departure to the field 
and on its return to ensure that the calibration has 
not altered in transit. Except for the Canadian 
(MSC) Brewer instruments, the majority of Brewer 
spectrophotometers in the global network are cali-
brated commercially by the secondary travelling 
reference B017 owned by the private company, 
International Ozone Service, Toronto. The B017 
instrument is directly tied to the Brewer reference 
trial with the precision of 0.8 per cent and every 
one to two years is also absolutely calibrated at the 
Mauna loa observatory similarly to the Brewer 
triad. Results of Brewer intecomparisons show that 
the B017 transfers the Brewer calibration scale to 
stations with the accuracy of 1 per cent (McElroy, 
Sevastiouk and lamb, 2004). To build up a gAw 
regional Brewer calibration system, the first 
Regional Brewer Calibration Centre for the 
Regional Association VI (Europe) region was estab-
lished at the Izaña Observatory of the national 
Meteorological Institute of Spain in the Canary 
Islands in 2003.

The M-124 field ozonemeters are recalibrated, on 
average, every two years by direct intercomparison 
with a D108 Dobson instrument at the MgO in St 
Petersburg. The instruments at stations are replaced 
every two years by recently calibrated ozonometers 
and brought to the calibration site at the MgO 
where they take simultaneous direct sun readings 
with the Dobson D108 spectrophotometer. 
Instrument readings as a function of solar zenith 
angle and total ozone, as measured by the Dobson 
instrument, are determined. The calibrated instru-
ments are then returned to the field at different 
sites. In this way, the network of M-124 ozoneme-
ters is maintained in the calibration scale of wPDS 
D083. Although the D108 is calibrated with about 1 
per cent precision every four years, the accuracy of 
the transfer of the calibration scale into the M-124 
network is estimated to be about 3 per cent 
(Shalamyansky, 2003).

Routine checks by natural solar radiation and 
lamp tests are required to maintain the calibra-
tion constants of all reference and field 
instruments. These checks verify that an instru-
ment is operating properly and, if this is not the 
case, alert the operator to a potential problem. 
Results of the tests are used to correct an instru-
ment calibration, if necessary, and to help 
determine whether an instrument requires 
recalibration.

Calibration verifications for the wavelength settings 
and response to the standard relative irradiance are 
carried out once a month on the Dobson instru-
ment. The wavelength setting is measured and 
adjusted by measuring the emission lines from a 
mercury vapour lamp. The instrument’s response to 
relative irradiance is checked at all three wavelength 
pairs by measuring the output of a quartz halogen 
lamp defined as a “standard” lamp for that specific 
instrument. This measurement is used to adjust the 
instrument’s extra-terrestrial constant, if necessary. 

Verifications of the wavelength setting, response to 
irradiance levels, and photomultiplier dead time 
are carried out daily for the Brewer instrument. 
Emission lines from a mercury vapour lamp are 
used for wavelength calibration and setting. The 
emission from the instrument’s internal quartz 
halogen lamp is measured to monitor the instru-
ment’s response to irradiance and to adjust the 
extra-terrestrial constants, if necessary. linearity is 
checked by measuring the photomultiplier dead 
time. Outputs from the above tests are recorded and 
used for the operational adjustments of calibration 
constants or for a backward reprocessing of 
observations. 

16.3.5.3 differences between dobson and 
Brewer total ozone observations

Although Dobson and Brewer measurements of 
total ozone are based on very similar DOAS tech-
niques, they differ from each other in other 
aspects (influence of sulphur dioxide, different 
wavelengths and thus different ozone absorption 
coefficients, and number of measurements per a 
day). The calibration scales for these instruments 
defined by the respective world standards are also 
determined independently and are transferred to 
field spectrophotometers through differing tech-
niques. Thus, there may be certain differences in 
real total ozone data produced by these instru-
ments. Around 75 Dobson and 65 Brewer 
instruments were regularly operated for total 
ozone measurements in the gAw global network 
in the period 1995–2004 (http://www.woudc.
org/). However, only a small number of stations 
have performed the simultaneous observations 
with collocated spectrophotometers to allow 
investigation of the relation between Dobson and 
Brewer data series. while some studies (Kerr, 
Asbridge and Evans, 1988; DeMuer and DeBacker, 
1992) did not find significant differences, recent 
analyses of long-term records (Staehelin and 
others, 1998; Köhler, 1999; Vanicek, Stanek and 

http://www.woudc.org/
http://www.woudc.org/
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Dubrovsky, 2003) have shown a systematic 
seasonal dependency of differences between 
collocated well-calibrated spectrophotometers 
(Dobsons are lower than Brewers) of up to 3–5 per 
cent in winter months, while in summer the 
observations usually fit well. The reasons for such 
differences can be summarized as follows (Kerr, 
2002; wMO, 2003):
(a) Higher temperature dependency of the 

Dobson differential ozone absorption coeffi-
cients;

(b) Stray light from UV radiation inside the instru-
ments;

(c) Different field-of-view angles of the 
spectrophotometers resulting in different 
influences of the atmospherically scattered 
UV solar radiation;

(d) Contribution of sulphur dioxide to Dobson 
total ozone in polluted area;

(e) Difference in μ values calculated for high solar 
zenith angles.

All the above factors are still being investigated 
by simultaneous observations taken at these 
stations.

16.4	 MeasureMents	of	the	vertical	
Profile	of	ozone

16.4.1	 instruments	for	measuring	the	
vertical	profile	of	ozone

The vertical profile of ozone is measured with 
ozonesondes, laser-radars (lIDARs), ground-based 
spectrometers and various satellite-borne instru-
ments. The longest records exist for ozonesondes, 
which are ozone analysers coupled to radiosondes. 
The ozonesonde measures the concentration of 
ozone as a function of height by sampling ambient 
air during its balloon-borne ascent to an altitude 
typically between 30 and 35 km. Ozonesondes in 
routine use are the Brewer-Mast and electrochemi-
cal concentration cell (ECC) sondes (Komhyr, 
1986), or modified variations of these instruments 
(Komhyr, 1997). The Japanese stations use their 
own carbon iodine sonde (KC 96). 

ground-based instruments measure the ozone 
profile on a routine basis by using remote-sensing 
techniques. Measurements of solar UV light from 
the zenith sky during twilight taken by a Dobson 
or Brewer ozone spectrophotometer are used to 
determine ozone profiles using the Umkehr inver-
sion method. UV lIDAR systems were developed 

in the 1980s and have been in operation at several 
sites since. ground-based lIDAR instruments, as 
well as the microwave instruments, operate from 
inside a laboratory. Measurements are usually 
made on the zenith sky through a roof hatch or 
dome. In some instances, lIDAR takes measure-
ments in other directions by pointing the laser 
beam and detector. lIDAR instruments must be 
located in such a way as to avoid interference from 
other UV sources, and microwave instruments 
must avoid interference which may come from 
microwave radio transmitters. The lIDAR tech-
nique is usually limited to operating at night when 
there is not an appreciable amount of cloud cover. 
A profile measurement is derived from the integra-
tion of many laser shots taken over a period of 
several hours. 

16.4.2	 Measurement	of	the	vertical	
profile	of	ozone

16.4.2.1 ozonesonde measurements

Ozonesondes, flown with large weather balloons, 
measure height-resolved profiles of atmospheric 
ozone from the surface up to the 30–35 km range in 
the middle stratosphere. They operate regularly in 
all climatic regions and under severe weather condi-
tions. They have been the backbone of ozone 
profiling since the 1960s.

All types of wet-chemical in situ sondes are based 
on the electrochemical oxidation of potassium 
iodide by ozone in an aqueous solution. The chemi-
cal reaction forms two electrons per ozone molecule 
captured in the solution. The resulting current is a 
quantitative measure for the number of ozone 
molecules pumped through the reaction chamber(s). 
The main components of the sonde are a reaction 
chamber, where ozone molecules react with the 
chemical solution (bubbler), an air pump, a power 
supply, and an electronic interface that converts 
the raw current signal and transfers it to the radio-
sonde. To protect the sensitive parts of the 
instrument from mechanical impact and low 
temperature, all components are mounted in a 
styrofoam box. To transfer the ozone signal to the 
ground receiver, the ozonesonde has to be connected 
to a suitable meteorological radiosonde.

Principle of operation 

The following provides a description of the meas-
urement principle of the Brewer-Mast sonde. It is 
simpler than the related principle used by the more 
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recent EnSCI or science pump electrochemical cell 
(ECC) sensors, which consist of two chambers being 
separated by a diaphragm (Komhyr, 1986). The ECC 
sensors have a platinum electrode in each chamber, 
whereas Brewer-Mast sensors have a platinum cath-
ode and a silver anode, both inside the single 
reaction chamber.

At the platinum cathode, iodine is oxidized accord-
ing to:

 I + 2 e– <> 2 I– (16.6)

At the silver wire anode, the silver is oxidized by the 
iodide:

 2I– + 2 Ag <> AgI + 2 e– (16.7)

Since AgI is stable, it is bound to the anode and is 
not available for further reactions.

If a voltage of 410 mV is applied between the plati-
num mesh and the silver wire, the polarization 
voltage between the two is compensated. no elec-
trons flow between anode and cathode and iodine 
and iodide concentration in the cell reach an elec-
trochemical equilibrium. If an ozone molecule 
enters the solution, it can react with the iodide 
according to:

 O3 + 2 H+ + 2I– > I2 + H2O + O2 (16.8)

This upsets the equilibrium and two electrons flow 
until equilibrium is restored. In a complete reaction 
cycle, two electrons are released per ozone mole-
cule. The resulting current provides an absolute 
measure of the amount of ozone reacting in the 
bubbler per unit time.

N ozone molecules give a charge Q = N.2.e. Using 
the ideal gas law (p.V = N.k.T, where p is the ozone 
partial pressure, V the volume, N the number of 
ozone molecules, k the Boltzmann constant and T 
the absolute temperature, all of a given air-volume), 
it follows that:

 p.V = Q.k.T/(2.e) (16.9)

or, as Q = i.t, where i is the measured current and t 
the time:

 p = i.k.T/(2.e) . t/V  (16.10)

or:

 
p i T t V= ⋅ ⋅ ⋅−4 31 10 3. /p  (16.11)

where p is the ozone partial pressure (in millipas-
cal), i is the measured current (in μA), T is the pump 
temperature (in K), and V/t is the air volume V 
pumped through the cell in time t (in 100 ml s–1).

Atmospheric ozone concentrations lead to a 
current typically of the order of a few microamps. 
The ozonesonde interface converts the current to 
a signal that is passed to the radiosonde. The radi-
osonde transfers the ozone signal, along with 
meteorological parameters, to the ground station, 
where all signals are decoded and recorded.

Compared with a Dobson or a lIDAR, the 
ozonesondes have individual characteristics. 
Despite a thorough pre-launch laboratory check, 
they may deteriorate during flight and give poor 
readings. Also, long-term stability over many 
individual sondes is nearly impossible to main-
tain. Therefore it is strongly recommended that 
each sounding should be normalized. This is 
accomplished by calibrating the vertically inte-
grated sounding profile with a closely coincident 
total ozone measurement. The ratio between 
measured total ozone and vertically integrated 
ozone from the sonde gives the correction factor. 
This factor must be applied to each value of the 
ozone profile. However, the primary sounding 
profile should exceed the 17 hPa pressure height 
without large gaps. for a good approximation, 
additional assumptions are necessary, e.g. a 
constant mixing ratio above the top of the meas-
ured profile.

16.4.2.2 umkehr measurements

The vertical profile of ozone is measured remotely 
from the ground by using the Umkehr technique. 
The basis for this method is the dependence on 
the vertical distribution of the ozone of the differ-
ential absorption of solar UV light at two 
wavelengths passing through atmospheric ozone 
and scattered to the Earth’s surface from the 
zenith sky. This dependence is enhanced as the 
sun nears the horizon. The ratio of zenith clear-sky 
radiation at two UV wavelengths is measured for 
solar zenith angles between 60° and 90°. The log 
of the ratio is plotted as a function of zenith 
angle; the slope of this curve changes sign at a 
particular zenith angle. This curve is called an 
Umkehr curve (from the german word meaning 
“turn around”).

The standard Umkehr technique was developed 
(götz, Meetham and Dobson, 1934; Dütch, 1957; 
Dobson, 1957; Mateer, 1964; Mateer and Deluisi, 
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1992) and put in operation to analyse measure-
ments taken by the Dobson spectrophotometer. 
Since the 1992 update, the UMK92 version has 
been used in operational processing of Umkehr 
data at the world Ozone and Ultraviolet Data 
Centre (wOUDC), in Toronto, Canada. In Umkehr 
retrieval, zenith blue-sky measurements at several 
solar zenith angles between 60° and 90° are 
compared with results from a multiple-scattering 
radiation model (“forward model”). It is assumed 
that the vertical ozone profile is uniform in the 
horizontal and remains constant for the duration 
of the measurement period. A representative total 
ozone measurement is required as part of the data 
input. The analysis is based on a climatological 
first guess, and an iterative solution is reached. 
The resulting profile is reported as mean partial 
pressure values for the following nine pressure 
layers:

Layer number Pressure range (hPa)

 1 500–250
 2 250–125
 3 125–62.5
 4 62.5–31.2
 5 31.2–15.6
 6 15.6–7.8
 7 7.8–3.9
 8 3.9–1.96
 9 1.96–0.98

The update to the UMK92 algorithm made by the 
REVUE group (Bojkov and others, 2002) included 
revised a priori profiles based on the new ozone 
climatology (McPeters, logan and labow, 2003) 
and updates to the forward model. The consequent 
work by Petropavlovskikh, Bhartia and McElroy 
(2004) allowed for further optimization of the 
Umkehr retrieval for trend analysis (UMK04). A 
key change is in the construction of the a priori 
profile. In the UMK92 algorithm, the a priori 
profiles are constructed using total ozone column 
measured by the same instrument. Therefore, 
UMK92 has the undesirable property that the a 
priori profiles vary with day and year. These 
variations make it difficult to ascertain whether 
the retrieved long-term changes are forced by a 
priori profiles or whether they reflect information 
contained in the measurements. Both the REVUE 
and the UMK04 algorithms use fixed a priori 
profiles, which vary with season and latitude but 
have no day-to-day or long-term variability. The 
new updated algorithm (UMK04) has an improved 
forward model. The inverse model is optimized to 
minimize a priori dependence in the retrieval. The 

informational content of Umkehr measurements 
is analysed using the “averaging kernel (AK)” 
method developed by C.D. Rodgers. Based on AK 
analysis of the informational content available 
from the UMK04 algorithm, an eight-layer scheme 
is recommended, where ozone is combined in 
layers zero and one, and layers two and three to 
represent tropospheric and lower stratospheric 
changes, respectively. It was found that ozone 
information in layer four has similar informational 
content to ozone in layers five through to eight. 
Thus, layers four through to eight should to be 
treated as individual layers containing prevalently 
independent stratospheric ozone information. 
layer nine and above have no independent 
information but could be combined with layer 
eight to obtain an accurate ozone column above  
4 hPa; this estimate is important for comparing 
satellite and ground-based ozone retrievals. 
Although this technique is too noisy to monitor 
short-term variability in atmospheric ozone, it is 
most capable of monitoring long-term changes in 
monthly mean ozone in seven or eight layers with 
reasonably uncorrelated errors and with minimal 
influence from a priori information.

The short Umkehr technique was developed by 
Deluisi, Mateer and Bhartia (1985) for the Dobson 
and applied to Brewer instruments (McElroy, Hahn 
and Hare, 1998), and is in operation at some sites. 
The short Umkehr is of similar accuracy to the 
standard Umkehr and has several operational 
advantages because the required range of solar 
zenith angles is reduced to between 80° and 90°. 
Since the measurement period is significantly 
shorter, the probability of obtaining a cloud-free 
observation period is increased. The observing 
season is also extended for high latitudes because 
there are more days in the year when the sun rises 
to a 10° elevation. Also, the effects of ozone changes 
are not as likely for the shorter observation period. 
A measurement of total ozone is still required as 
data input.

16.4.2.3 lIdar measurements

ground-based measurements of the ozone profile 
are made with a lIDAR (optical radar) system. A 
short laser pulse at a wavelength in the UV ozone 
absorption spectrum is emitted toward the zenith. 
Backscattered radiance is measured as a function of 
time after the pulse emission. The time of arrival 
gives the scattering height, and the variation of the 
radiance as a function of time gives a measurement 
of the amount of ozone absorption.  At least two 
wavelengths are used: one is absorbed by ozone, the 
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other is not and serves as a reference. Comparison 
of the return signals from the top and bottom of an 
atmospheric layer, and between the two wave-
lengths, allows the determination of the ozone 
absorption within the layer, and thus the amount 
of ozone in the layer. A big advantage of this 
double-differential measurement technique (differ-
ential in altitude and wavelength) is that it is 
self-calibrating. Instrumental parameters cancel 
out in the equations. The only external informa-
tion needed is the ozone absorption cross-section 
at the two wavelengths.

The ozone measurement is contaminated at certain 
times and altitudes with substantially enhanced 
aerosol, e.g. after major volcanic eruptions. 
However, this can largely be circumvented by 
using return signals that are shifted in wavelength 
by vibrational Raman scattering from nitrogen, 
instead of the usual elastic Rayleigh scattered 
returns. The LIDAR technique is limited to operat-
ing at night when there is not an appreciable 
amount of cloud cover. A profile measurement is 
derived from the integration of many laser shots 
taken over a period of about 4 h.

16.4.2.4	 Microwave	measurements

The altitude distribution of ozone can be deter-
mined by ground-based microwave radiometry. 
This passive technique observes pressure-broadened 
rotational transition lines from atmospheric mole-
cules with a permanent dipole moment. The 
emitted signal lies in the microwave region and is 
not affected by clouds; this allows observations 
during almost all weather conditions. Typical tran-
sition lines used to monitor ozone are located at 
110.836 GHz and 142.175 GHz, although there are 
many more transitions available (Parrish and others, 
1992). In order to retrieve an altitude profile, a spec-
tral analysis of the detected signal is necessary. This 
is achieved by using a variety of spectrometers such 
as acusto optical or chirp transform spectrometers, 
autocorrelators or filter banks and, most recently, 
with digital Fourier transform spectrometers. By 
combining information from the measured spectra 
and some a priori information on the atmospheric 
state in an optimal way (Rodgers, 1976; 1990), it is 
possible to retrieve an altitude profile of ozone in 
the range of approximately between 20 and 80 km 
in altitude. Depending on instrument sensitivity, 
profiles can be retrieved with a time resolution of 
the order of minutes. This time resolution allows 
investigation of diurnal variations of ozone e.g. in 
the mesosphere (Zommerfelds and others, 1989; 
Connor and others, 1994).

Microwave instruments are operated worldwide by 
a number of groups, and several of them contribute 
data to the Network for the Detection of Atmospheric 
Composition Change (NDACC) (see http://www.
ndacc.org). Observations on a regular basis within 
the NDACC are performed at Bern and Payerne 
(Switzerland), Spitsbergen (Norway), Mauna Loa 
(Hawaii) and at Lauder (New Zealand). 

16.4.2.5	 Other	measurement	techniques

A number of other techniques have been used to 
measure the vertical ozone profile. Some of these 
new methods are starting to provide data on a 
routine basis. Instruments are located on the 
ground, balloons, rockets or satellites. These meth-
ods include the following:
(a) In situ UV absorption photometry;
(b) Differential UV solar absorption;
(c) Infrared thermal emission;
(d) Microwave thermal emission;
(e) Infrared absorption.

The in situ UV absorption photometer normally 
used to measure surface ozone has been modified 
to measure ozone from a balloon platform. Ozone 
concentration is measured as a function of alti-
tude as the instrument ascends (or descends) 
through the atmosphere.

The differential UV solar absorption technique 
measures total ozone from an ascending platform 
(balloon or rocket) as a function of altitude. The 
ozone profile is determined from the differential 
of the total ozone versus altitude curve.

Infrared and microwave radiation, which are 
thermally emitted by ozone, are measured from a 
balloon or satellite instrument scanning the 
Earth’s limb. The radiance signal as a function of 
viewing angle can be inverted to give the vertical 
distribution of ozone.

Infrared absorption measurements are taken of 
solar radiation during sunrise or sunset from a 
balloon platform. The vertical profile of ozone is 
determined by inverting the signal as a function 
of tangential path through the atmospheric layers 
below the balloon.

16.4.3	 Errors	in	measuring	the	vertical	
profile	of	ozone

There are a number of error sources for the 
ozonesonde measurement of ozone profile. The 
potassium iodide solution could contain 
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contaminants which would affect the sensitivity 
of the sonde to ozone. An error in the measurement 
of the flow rate of air generated by the pump 
would result in a systematic error in the 
measurement of ozone at all levels. It is also 
possible that pumping efficiency may change 
during flight.

The absolute accuracy of the integrated profile 
(total ozone) for an ozonesonde profile is given 
by the absolute accuracy of the ground-based 
total ozone measurement because the integrated 
profile is normalized to a total ozone measure-
ment. The uncertainty is estimated to be between 
3 and 5 per cent. The uncertainty of a measure-
ment at a particular height in the atmosphere 
varies as a function of altitude. In general, the 
uncertainty for the measurement is estimated to 
be 10 per cent in the troposphere and 5 per cent 
in the stratosphere below 10 hPa. Above 10 hPa, 
increasing uncertainties in pump efficiency and 
flow rate cause the estimated error to increase to 
15 per cent at 5 hPa.

There are several error sources for the Umkehr 
inversion technique. Errors result when the hori-
zontal distribution of ozone is not uniform, or 
when changes occur either in total ozone or in the 
vertical distribution of ozone during the measure-
ment period. The Umkehr measurement is affected 
by stratospheric aerosols which are present follow-
ing volcanic activity. The errors in ozone profile 
depend on optical depth and elevation of aerosol 
load. An error in the a priori first-guess profile 
causes a bias in the final inversion. The retrieval 
errors (see Table 16.2 below) are caused by smooth-
ing of small-scale variability in the profile (the first 
row in the table) and by interference from the 
measurement noise (the second row in the table). 
The variance in the measurement noise is assumed 
to increase with the solar zenith angle between 0.3 
and 1.6 n-values (based on analysis of coinciden-
tal data taken by two Dobson instruments at the 
Arosa station over several years). The overall uncer-
tainty of the Umkehr method (the bottom row in 
the table) is estimated to be 25 per cent for the 
troposphere (layers zero and one), 15 per cent for 

the low stratosphere (layers three and two), less 
than ±10 per cent for the middle stratosphere 
(layers four to six), less than 10 per cent for the 
upper stratosphere (layers seven to eight), and 
errors increase in ozone integrated in layer eight 
and above.

for lIDAR measurements under background aero-
sol conditions, the uncertainty of the ozone 
profile measurement is estimated to be 3 per cent, 
which is largely determined by the uncertainty in 
the absolute values of the ozone absorption coef-
ficient. for enhanced stratospheric aerosol, and 
without the use of Raman channels, ozone values 
may be wrong by more than 100 per cent at the 
altitudes of enhanced aerosol. However, for 
normal conditions, the statistical random error is 
the largest source of uncertainty. It is typically 
2 per cent for heights of up to 30 km and increases 
to 18 per cent at 45 km.

In contrast to other techniques, microwave radi-
ometry has a relatively poor altitude resolution of 
the order of 8 to 15 km (half-width of averaging 
kernels), depending on altitude (Connor and 
others, 1995). The random error is of the order of 
3 to 10 per cent of the retrieved ozone values, 
depending on altitude. The contribution of the a 
priori information is less than 20 per cent in the 
range from approximately 20 to 55 km, but 
increases outside these limits.

16.4.4	 comparison,	calibration	and	
maintenance	of	instruments	for	
measuring		the	vertical	profile	of	
ozone

The procedures for spectrophotometers and 
ozonemeters are covered in section 16.3.5. 
Ozonesondes are disposable instruments which 
are usually flown only once unless they are recov-
ered and refurbished. There is no requirement to 
maintain calibration standards for an individual 
sonde over a long period of time; neither is there 
a standard ozonesonde to calibrate others. There 
are standard procedures to be followed to prepare 
individual ozonesondes for launch. Detailed 

table 16.2. errors in the values for ozone retrieved in eight independent layers using a dobson  
instrument and the umkehr technique

Layer number 8+ 8 7 6 5 4 2+3 1+0
smoothing error % 10.3 5.7 6.2 6.5 6.5 10.5 15.6 22.6
Measurement error % 6.0 4.1 3.2 4.3 2.9 2.9 1.8 6.8
total error % 11.9 7.0 6.9 7.8 7.1 10.9 15.7 23.6
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preparation procedures are given in Komhyr 
(1986) for the ECC sonde and in wMO (1992) for 
the Brewer-Mast sonde. Some investigations were 
carried out on the differences between EnSCI and 
Science Pump-ozonesondes, also taking into 
account air pump performance and different 
concentrations of the reaction solution. Details 
can be found in wMO (2004a) and Johnson and 
others (2002). Standard operating procedures for 
both types of ECC sondes are still in 
preparation.

ground-based microwave observations of ozone 
have been thoroughly validated against other 
microwave instruments and other techniques 
such as lIDAR or satellite data (Tsou and others, 
1995; Schneider and others, 2003). Investigations 
into the possibility of complementing ozone 
profiles from balloon soundings with microwave 
data have also been performed (Calisesi and 
others, 2003). 

16.5	 corrections	to	ozone	
MeasureMents

Total ozone data (direct sun, direct moon and 
zenith sky) and vertical distribution of ozone 
(Umkehr, ozonesonde and lIDAR) measured at 
stations in the gAw network are submitted to the 
wOUDC in Toronto (Canada), where the data are 
archived and made accessible to users on the 
wOUDC website at http://www.woudc.org. yearly 
summaries of data are also available in the publi-
cation Ozone Data for the world (CD-ROM only). 
The wOUDC is operated by Environment Canada 
in cooperation with wMO. Other important 
sources of ozone data are the norwegian Institute 
for Air research database (http://www.nilu.no/
nadir), which has a focus on rapid data acquisi-
tion and dissemination for campaigns, and the 
nDACC website (http://www.ndacc.org). 
Measurements of surface ozone are submitted to 
the wMO world Data Centre for greenhouse 
gases (wDCgg), hosted by the Japan 
Meteorological Agency, where the data are availa-
ble either through the website (http://gaw.kishou.
go.jp/wdcgg.html) or on CD-ROM. Both wOUDC 
and wDCgg also collect metadata on the obser-
vations and ozone data saved in the data centres.

The instrumental characteristics which affect an 
ozone measurement (such as calibration 
constants, temperature response and settings of 

instruments for local geographical and climate 
conditions) are generally corrected either during 
the observation procedure or when determining 
ozone values from the instrument readings. In 
some situations, the direct sun measurement of 
total ozone is corrected for spectral characteris-
tics of an instrument in order to extend the range 
of measurements to air mass values greater than 
3.2 (effects of spectral features of the spectropho-
tometer are usually negligible for an air mass of 
less than 3.2). This would occur mainly at high 
latitudes during winter. The corrections are 
empirical and based on data from days when the 
measurement from large air mass values (up to  
5–6) may be compared with those measurements 
made at smaller values. It should be mentioned 
that the Dobson “focused sun” observations or 
measurements of total ozone with the new Brewer 
MK-III (double monochromator instrument) can 
be taken even up to μ = 6. 

Umkehr measurements are submitted to the 
wOUDC, where they are processed to yield verti-
cal distributions of ozone, which are then 
published together with the raw data. All other 
types of data are processed at the station and the 
resulting total ozone or ozone concentration 
values are submitted.

Ozonesonde measurements of the vertical profile 
of ozone are corrected by normalizing the inte-
grated profile to a ground-based measurement of 
total ozone. Assumptions must be made regard-
ing the amount of ozone in the atmosphere above 
the measured profile. If a total ozone measure-
ment is not available, the correction factor is 
assumed to be 1.0.

Individual stations are responsible for ensuring 
that their data are correct. Questionable data are 
flagged by the wOUDC so that a station can 
check and correct the data, if necessary. The 
Umkehr data processed at the wOUDC must pass 
a quality-control process to be published. A 
station may correct previous data by resubmit-
ting the data for publication at a later date. The 
requirement to correct earlier reported data is 
usually based on new information regarding an 
instrumental constant, or the discovery of an 
error, or an improvement in the data-reduction 
process. Corrected data are published in the same 
format but are usually identified with a “corrected” 
comment. Corrected data are also identified in 
the annual catalogue which summarizes all 
submitted data.

http://www.ndacc.org
http://gaw.kishou.go.jp/wdcgg.html
http://gaw.kishou.go.jp/wdcgg.html
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16.6	 aircraft	anD	satellite	
observations

Ozone in the atmosphere is also measured by instru-
ments located on board aircraft and space satellites. 
The airborne observations are usually made by in 
situ photometers sampling the air in the tropo-
sphere and lower stratosphere during a flight. The 
measurements are mostly used in research 
campaigns on atmospheric chemistry, e.g. the 
MOzAIC, CARIBIC or SCOUT projects. 

large-scale monitoring of atmospheric ozone is 
performed by remote-sensing instruments from 
satellites. These programmes can be divided accord-
ing to lifetime into the long-term operational 
monitoring systems that generate large (global) 
data sets used both for trend analyses and for opera-
tional mapping of ozone, and into temporary 
experimental missions.

Satellite instruments can be grouped according to 
the radiation-detection technology to be used for 
the determination of ozone by DOAS techniques. 
One group contains nadir-viewing instruments 
that scan scattered UV radiation to specifically 
derive total ozone. Instruments of another group 
measure vertical profiles of ozone by solar, lunar 
or stellar occultation in different parts of the 
spectrum, or by scanning microwave thermal 
emissions through the atmospheric limb (wMO, 
1998).

Since 1978, when the first ozone space observa-
tions started with the Total Ozone Mapping 
Spectrometer instrument (Heath, Krueger and 
Park, 1978), much progress has been achieved in 
monitoring ozone from space. About a dozen 
long-life and experimental satellite instruments 
have been launched since that time and several 
others are scheduled for the coming decade. Also, 
the technologies and parameters of these 
space-borne systems have been improved with 
respect to vertical and horizontal resolution, 
spectral resolution, algorithms for processing the 
observations  and the number of atmospheric 
species monitored.

Satellite monitoring of ozone is closely related to 
ground-based observations, mainly for the vali-
dation of space-borne observations and for the 
large-scale assimilation of operational ozone 
measurements into numerical ozone mapping 
and prediction models. Building up and integrat-
ing ground and satellite ozone monitoring 
systems is a strategic task of wMO, space agencies 
and other related scientific groups represented by 
the Committee on Earth Observation Satellites. 
The design of the system and a summary of 
recent, current and forthcoming satellite ozone 
monitoring missions can be found in wMO 
(2001b) and are updated in wMO (2004b). The 
best descriptions of the ongoing and planned 
satellite ozone monitoring projects are available 
at their temporary websites.
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metres) 

∫n. dz = L.x ∫ρ.dz = oM.x ∫s.dz = x ∫m.dP = –Mg.x ∫v.dP = –g.  ∫p.d(ln P) = –g.x 

annex 16.a 

unIts for total and local ozone

Dobson unit 1 DU = 1 milliatmosphere centimetre (1 m-atm-cm)

 = 10–5 m of ozone at standard temperature and pressure (STP)

 =  2.141 4 mg cm–1

 =  2.687 . 1016 molecules cm–2

taBle 16.a.1. quantities specifying local ozone, units of the International system of units and vertical 
integration
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P* = P/Po, T* = T/To	 Normalized	local	temperature	and	pressure
Po, To	 STP	 1.013 25	.	105	Pa,	273.15	K
ρo	 Density	of	air	at	STP	 1.293	kg	m–3

L	 Loschmidt	number	 2.687	.	1025	m–3

g	 Gravity	acceleration	 9.807	m	s–2

M	 Molecular	ratio:	ozone/air	 1.657
x	 Total	ozone	 unit	m	(at	STP)
P, T	 Local	air	pressure,	temperature	 units	Pa,	K

TABLE 16.A.2. Commonly used units for local ozone and their conversion

Unit 
Density Mixing ratios Pressure 

(1011 mol cm–3) (μg m–3) (DU km–1) (μg g–1) (ppmv) (hPa)

10 11 mol cm–3

 [10 17 mol m–3] — 7.97 0.371 
	 	 T 
	 0.022 9	  — 
	 	 P 

	 	 T 
	 0.013 8	 — 
	 	 P 

0.013 8 T 

1 g m–3 
[10–9 kg m–3 ] 0.125 — 0.046 7 

	 	 T 
	 0.002 87 	— 
	 	 P 

	 	 T	 0.001 73	 — 
	 	 P 

0.001 73 T 

1 DU km –1 2.69 21.4 — 
	 	 T 
	 0.061 4	 — 
	 	 P 

	 	 T 
	 0.037 0 	— 
	 	 P 

0.037 0 T 

1 g g –1 
[10–6 by mass] 

	 	 P 
	 43.7	 — 
	 	 T 

	 	 P 
	 348	— 
	 	 T 

	 	 P	 16.3	 — 
	 	 T 

— 0.603 0.603 P 

1 ppmv  
[10–6 by volume] 

	 	 P	 72.4	— 
	 	 T 

	 	 P 
	 578	— 
	 	 T 

	 	 P 
	 27.0	— 
	 	 T 

1.657 — P 

1 hPa  
[10–4 Pa] 

	 	 1 
	 72.4	— 
	 	 T 

	 	 1 
	 578	— 
	 	 T 

	 	 1 
	 27.0	— 
	 	 T 

	 	 1 
	 1.657	 — 
	 	 T 

1 
— 
P 

— 

Note:

Pressure (P) in hectopascal.

Temperature (T) in kelvin.

Numbers in square brackets give the equivalent value according to the International System of Units.

I.16–19
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ANNEx 16.b 

MeasureMent theory

The geometry for the path of sunlight passing 
through the ozone layer in the Earth’s atmosphere 
is illustrated in the figure above. The solar irradi-
ance (Iλ) at wavelength λ measured at the Earth’s 
surface is given by the following:

 log (Iλ) = log (I0λ) – αλXµ – α ′λX′µ′ –  (16.B.1)
  βλm – δλ sec (θ)  

where: I0 is the irradiance outside the Earth’s 
atmosphere (extra-terrestrial value) at 
wavelength λ;

 αλ is the ozone absorption coefficient at 
wavelength λ (nm);

 X is the total amount of column ozone in 
the atmosphere (m at STP);

 µ is the ratio of the slant path of the beam 
through the ozone layer to the vertical 
path — the optical air mass of the ozone 
layer;

 α′λ is the sulphur dioxide absorption coeffi-
cient at wavelength λ (nm);

 X′ is the total column amount of sulphur 
dioxide in the atmosphere (m at STP);

 µ′ is the ratio of the slant path of the beam 
through the sulphur dioxide layer to the 
vertical path — the optical air mass of 
the sulphur dioxide layer;

 βλ is the Rayleigh molecular scattering 
coefficient of the air at wavelength λ;

 m is the ratio of the slant path of the beam 
through the whole atmosphere to the 
vertical path — the optical air mass of 
the whole atmosphere;

 δλ is the particulate aerosol scattering coef-
ficient at wavelength λ; 

 θ is the apparent solar zenith angle.

In practice, an accurate measurement of ozone 
cannot be made by measuring the irradiance at one 
wavelength because it is difficult to maintain the 
absolute sensitivity of an instrument over a long 
period. Also, particulate scattering due to aerosols 
and thin clouds significantly affects the amount of 
transmitted irradiance.

It is therefore necessary to measure the irradiances 
at more than one wavelength and to determine 
total ozone by techniques of differential optical 

I

l

I0

h

θ

Ozone layer

Sun

22 kmμ = I/h

total ozone by spectrophotometer
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absorption spectroscopy (DOAS). Measurements of 
irradiances made at N wavelengths are expressed by 
N equations of the form given in equation 16.B.1 
with different values for I0λ , αλ , α′λ , βλ and δλ. These 
N equations may be linearly combined to give the 
following:

∑ wλ log (Iλ) = ∑ wλ log (Ioλ) – (∑ wλαλ) Xµ –  (16.B.2) 
(∑ wλα′λ) X′µ′ – (∑ wλβλ) m – (∑ wλδλ) sec (θ) 

where ∑ represents the summation from 1 to N and 
wλ is a set of N weighting values, one for each 
wavelength.

The weighting values at each wavelength (wλ) are 
selected to minimize the effects of other atmos-
pheric constituents, mainly aerosols. weighting 
values for the Dobson AD measurement reduce the 
effects of haze. The effect of sulphur dioxide on the 
Dobson ozone measurement is ignored, although 
the presence of sulphur dioxide adds about 1 per 
cent false ozone for some stations. The weighting 
values for the Brewer total ozone measurement 
minimize the effects caused by aerosols and sulphur 
dioxide. The wavelengths for the Dobson AD and 
Brewer standard measurements with the appropri-
ate values of wλ are given in the following table.

If the effects of sulphur dioxide and haze are 
neglected, equation 16.B.2 can be rewritten in the 
following form:

 F + β m = F0 – α X μ (16.B.3)

where: F = ∑wλ log (Iλ) 
 F0 = ∑wλ log (I0λ) 
 β = ∑wλ β λ 
 α = ∑wλ α λ

 

It follows from equation 16.B.3 that the value for 
total ozone is given by the following:

 X =
(F

0
− F − βm)
αμ

 (16.B.4)

Here, the term F is measured, F0 is a calibration 
constant which is equal to the value of F outside 
the Earth’s atmosphere (the extra-terrestrial constant 
for the instrument), and βm and αμ are values which 
are calculated.

In order to determine the amount of total ozone, it 
is necessary to know F0, a value which is unique for 
each instrument. This constant is determined for 
most field instruments by direct intercomparison 
with the primary standard or secondary reference 
instruments (see section 16.3.5.1).

Wavelengths and the effective weighting values 
used for dobson and Brewer standard ozone 

measurement 

DOBSON AD MEASUREMENT BREWER STANDARD  
MEASUREMENT

Wavelength 
(λ) (nm)

Weighting
value (wλ) 

Wavelength
(λ) (nm) 

Weighting 
value 
(wλ) 

305.5 1.0 310.1 1.0

a pair

325.4 –1.0 313.5 –0.5 

317.6 –1.0 316.8 –2.2 

D pair

339.8 1.0 320.0 1.7
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