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Abstract

The standard Dobson Umkehr methodology to retrieve coarse resolution ozone profiles
used by the National Oceanographic and Atmospheric Administration uses designated
solar zenith angles (SZA). However, some information may be lost if measurements lie
outside the designated SZA range (between 60 and 90°), or do not conform to the fitting
technique. Also, while Umkehr measurements can be taken using multiple wavelength
pairs (A, C, and D), past retrieval methods have focused on a single pair (C). Here
we present an Umkehr inversion method that uses measurements at all SZAs and all
wavelength pairs. (Although, we caution direct comparison to other algorithms.)

Information content for a Melbourne, Australia (38° S, 145° E) Umkehr measurement
case study from 28 January 1994, with SZA range similar to that designated in pre-
vious algorithms is shown. When comparing the typical single wavelength pair with
designated SZAs to the raw measurements, the total degrees of freedom (indepen-
dent pieces of information) increases from 3.1 to 3.4, with the majority of the infor-
mation gain originating from Umkehr layers 2 + 3 and 4 (10—20 km and 25-30 km re-
spectively). In addition to this, using all available wavelength pairs increases the total
degrees of freedom to 5.2, with the most significant increases in Umkehr layers 2 + 3
to 7 and 9+ (10-40 km and 45-80 km). Investigating a case from 13 April 1970 where
the measurements extend beyond the 90° SZA range gives an even further amount
of information gain, with total degrees of freedom extending to 6.5. Similar increases
are seen in the information content. Comparing the retrieved Melbourne Umkehr time-
series with ozonesondes shows excellent agreement in layers 2 + 3 and 4 (10-20 km
and 25-30 km) for both C and A + C + D-pairs. Retrievals in layers 5 and 6 (25-30 km
and 30-35 km) consistently show lower ozone partial column compared to ozoneson-
des. This is likely due to and stray light effects that are not accounted for in the forward
model, and under represented stratospheric aerosol.
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1 Introduction

The Umkehr measurement technique, first described by Gotz et al. (1934), enables low
resolution retrieval of ozone profiles. This is achieved by measuring the intensity ratio of
zenith sky scattered sunlight at a pair of ultra-violet (UV) wavelengths, typically at solar
zenith angles (SZA) between 60° and 90°. The most common instrument employed to
take Umkehr measurements is the Dobson spectrometer, invented in 1924 by Gordon
Dobson, but Umkehr measurements are also performed by the Brewer spectrometer
(McElroy and Kerr, 1995). Due to the long history and geographic coverage of the
Dobson network, there have been multiple studies of Umkehr ozone vertical distribu-
tion and trend analysis (Dutsch, 1959; Dltsch and Staehelin, 1992; Harris et al., 1998;
Reinsel et al., 1999; Newchurch et al., 2000; Reinsel, 2002; Miyagawa et al., 2009).
Most of these studies are based in the Northern Hemisphere, thus Australian Dob-
son sites provide important information for Southern Hemisphere ozone climatology,
atmospheric layer trend analysis, and model validation studies. The Australian Dobson
Umkehr measurements began in the 1960s at the sites of Melbourne (38° S, 145° E),
Brisbane (27° S, 153° E), Darwin (12° S, 131° E), Macquarie Island (55° S, 159° E), and
Perth (32° S, 116° E). However, only three sites are still currently in operation: Perth,
run by National Oceanographic and Atmospheric Administration (NOAA), Brisbane,
and Darwin, noting also that the campaign at Darwin suffered a hiatus period between
1972 and 1991. The remaining Australian Umkehr sites ceased operating in the early
1990s. The processing of the Umkehr data, using the current retrieval procedure, for
the ongoing Australian sites at Perth and Brisbane are up to date. However, retrievals
from the Darwin site have not been performed after 2000, leaving an important gap in
the Australian Dobson data network.

The first algorithm constructed for consistent use among the global Dobson net-
work was that by Mateer and Dutsch (1964). This algorithm was updated by Mateer
and DeLuisi (1992) to incorporate optimal estimation retrieval techniques developed
by Rodgers (1976, 1990). The a priori ozone profiles used by Mateer and DeLuisi
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(1992) were constrained by coinciding measured total column ozone. This introduced
a time dependent bias to the a priori profiles that can affect the analysis of long term
derived trends, most notably in the troposphere (Dltsch and Staehelin, 1992; Mateer
et al., 1996; Petropavlovskikh et al., 2004, 2005). This variability in the a priori profiles
was removed in the updated NOAA based algorithm by Petropavlovskikh et al. (2005),
which was optimised for ozone layer trend analysis. To further reduce the a priori influ-
ence on the derived trends, the construction of the a priori covariance matrix, used as
a smoothing constraint on the retrieval, was also updated to include recommendations
from Rodgers (2000).

All algorithms to date use designated SZAs (60°, 65°, 70°, 74°, 77°, 80°, 83°, 85°,
86.5°, 88°, 89°, and 90°) by fitting a spline through the raw measurement data. This
has the benefit of streamlining the retrieval process, but also means that only an ap-
proximation of the actual observed measurements are used. Data is not used if it is
outside the designated SZA range or information can be lost if the measurements do
not conform to the fitting technique. Further, while the Dobson spectrometer is capable
of taking Umkehr measurements using three separate wavelength pairs (A, C, and D),
current algorithms only make use of one wavelength pair (C), while a previous study
used all wavelength pairs in a “short” Umkehr method (Deluisi et al., 1985). To obtain
the maximum information from the Australian measurements these considerations are
important, because, especially during the earlier years, it was common for measure-
ments at Australian sites to extend beyond the typical SZA range or not use consistent
SZAs, and also at times, to use multiple wavelength pairs.

The algorithm presented here is based on the optimal estimation technique de-
scribed by Rodgers (2000), and that used by Petropavlovskikh et al. (2005), from which,
however, it has two major differences as stated above: it is set up to use the raw mea-
surements from all SZAs, and it uses all available wavelength pairs in the retrieval.
Using the raw measurements at their associated SZAs requires interactive refraction
to be built into the forward model. The scope of this paper is focussed on investigating
the benefits of these changes to the Umkehr retrieval technique. Due to this, possible
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components of the retrieval algorithm have been left out, such as: multiple scattering,
surface reflection corrections, stray light effects, and more robust aerosol corrections.
Multiple scattering and surface reflectivity have a small effect on the retrieval, but are
nonetheless important and thus planned to be implemented in the future. The asso-
ciated effects of these components have been described by Petropaviovskikh et al.
(2004). Errors due to aerosols have a larger impact and have previously been described
extensively (Dave, 1972a, b; Mateer and DeLuisi, 1992; Petropavlovskikh et al., 2004).
Stray light effects can also have a significant effect, with Petropavlovskikh et al. (2011)
reporting a negative stratospheric retrieval bias. Thus, due to these deficiencies, we
caution the direct comparison of the algorithm presented here to other algorithms.

The Umkehr observations and how they are simulated in the forward model will
first be described, followed by a description of the inversion technique. An analysis
of the information content of the retrievals for a case study at the site of Melbourne
will be presented, as well as a comparison of the retrieved Melbourne time series with
ozonesonde data.

2 Dobson Umkehr observations

The interaction of solar radiation with the atmosphere is dependent heavily on the
SZA. Thus, the zenith sky measurement technique has been described extensively
in the past (Solomon et al., 1987), and has been used with different instruments to
retrieve multiple different products, for example: (Hendrick et al., 2004), (Schofield
et al., 2004b). In the Umkehr technique, the typical UV wavelength pairs used with
the Dobson instrument are: A, C and D at 305.5nm, 325.4nm; 311.4nm, 332.4nm;
317.6 nm, 339.8 nm respectively, where the shorter UV wavelength within each pair is
more strongly absorbed by ozone compared to the longer wavelength.

The vertically resolved ozone information contained in the measurements is depen-
dent on the sum of the wavelength pair intensity ratio from downward scattered zenith
sky radiation for a change in SZA. The intensity ratio, defined as a N value, changes
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as a function of SZA due to an effective mean scattering point being present along
the zenith (Mateer, 1964). The mean scattering increases with increasing absorption
and scattering by ozone and air before and after each zenith scattering event, and in-
creasing SZA. Thus, the shorter wavelength has a higher mean scattering point than
the longer wavelength. This is highlighted in Fig. 1, which shows the simulated zenith
scattered intensity contributions received at the detector for different SZAs. Here, the
weighted average height is seen to be consistently higher for the shorter wavelength
compared to the longer wavelength. The intensities of the shorter wavelength also de-
crease in magnitude with increasing SZA much faster than the longer wavelength while
the weighted average height is below the ozone maximum. This is expected as the
shorter wavelength is more strongly absorbed by ozone. When the shorter wavelength
weighted average height goes above the ozone maximum, at a SZA of around 80°, the
intensity begins to decrease more slowly. Because this decrease is slower than for the
longer wavelength, where the intensity weighted average height is still below the ozone
maximum, this constitutes to a point of inflection in the N value curve, which is the
beginning of the turn around in the N value curve. When the weighted average height
of the longer wavelength also goes above the ozone maximum, seen here between 87°
and 90°, a second point of inflection is expected, leading onto another turn around in
the N value curve at higher SZA.
The N values are described formally as (Petropavlovskikh et al., 2004):
F(; xK'xI'

N =100l0go— (1)
0

x K x|/
where the prime denotes the longer wavelength, F is the extraterrestrial solar flux, K is
the instrument parameter and / is the intensity measured by the instrument. The instru-
ment parameters are unknown and thus cannot be included within the forward model.
Also, the extraterrestrial solar flux is not known accurately. Therefore, normalisation of
the measurements is required. This is done by subtracting the lowest SZA N value
from the full N value measurement vector for each subsequent wavelength pair. The
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lowest SZA is used to ensure minimum information loss within the retrieval. However,
this value can vary with different measurements, resulting in a different degree of infor-
mation loss per measurement.

In some cases, measurements are taken at SZAs that exceed 90°, which is the cut
off for Umkehr algorithms that use designated SZAs. Measurements taken at higher
SZA will contain more information from the upper atmosphere, as can be discerned
from Fig. 1, where the weighted average heights are situated at around 27 km and
46 km at a SZA of 90° for the long and short wavelengths respectively, and continue
to increase as SZA increases. Due to the low intensity received at the detector for
high SZAs, errors can be introduced due to stray light effects, which are currently not
taken into account. However, these errors have been shown to have minimal effect on
Umkehr derived long-term ozone trends (Petropavlovskikh et al., 2011).

2.1 Measurement error

The measurement errors are constructed from those used by Petropavlovskikh et al.
(2004). They are dependent on SZA, with relatively small errors at low SZA and in-
creasing error at high SZA. The errors are extended beyond 90° through a spline in-
terpolation. As the majority of the measurements are taken manually, the values have
been scaled to account for human error, for which we have used a factor of 10.

3 Dobson Umkehr simulations
The forward model simulates measurements for a given atmospheric state, such that:
y=F(x,b)+e (2)

where y is the simulated N value vector, F is a single scattering radiative transfer for-
ward model, x is a description of the state to be retrieved (ozone in this case), b is the
forward model parameters that are known, such as: temperature and pressure, and € is
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the measurement error (Rodgers, 2000). Seasonal and latitudinal dependent tempera-
ture, pressure, and a priori ozone profiles are constructed from the binary database of
profiles and vertically resolved ozone database (Hassler et al., 2008, 2009). A simple
aerosol profile is also included based of that used by Schofield et al. (2004a) for the
site of Lauder, New Zealand. The aerosol extinction values are given for 500 nm and
are scaled to be used with the Umkehr wavelengths by:

12
Scale factor = (5%) (3)

3.1 Radiative transfer model

The radiative transfer model is set up using a spherical geometry to describe the ray
tracing of light through the atmosphere (Rodgers, 2000), and is similar to that described
in Schofield et al. (2004a). This includes scattering, absorption, and refraction of light
as it passes through 80 vertical layers with 1 km vertical resolution.

Inclusion of interactive refraction is required as the raw measurements are used in
the retrieval rather than fixed values of SZA. Calculation of the atmospheric refractive
index follows that of Bucholtz (1995). The refracted ray path is calculated by using
Snell’s law in circular symmetry to obtain the geometric impact parameter:

rg = n(r)rsin(6) (4)

where n(r) is the refractive index, r is the altitude and 6 is the SZA associated with the
un-refracted path. Here, 6 is calculated from the time the measurements were taken.
From this equation the SZA associated with any point along the path is calculated,
which, in turn can be used to calculate the the path lengths for each discrete layer of
the forward model atmosphere.

The Rayleigh scattering cross-sections and phase functions are taken from Bucholtz
(1995). Mie scattering cross-sections and phase functions are also included for scat-
tering and absorption from atmospheric aerosols. As the state parameter is ozone, the
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ozone cross section is also required. This provides a description of the probability of
single scattering events along the zenith downwards into the Dobson spectrometer,
as well as the scattering and absorption of light before and after the zenith scattering
event.

Using the calculated refracted line paths, the Rayleigh and Mie scattering cross-
sections, and the ozone cross-sections, the intensities received at the detector from
each wavelength can be simulated. The intensity equation follows Beer—Lambert’s law
and is described as:

I = I"exp(—oyNyS) (5)

where /" is the intensity without the absorber Y present (ozone in this case), o is
the absorber cross-section, N is the absorber concentration and s is the optical path
traversed. The model is setup to use the ozone cross section as described by Bass and
Paur (1985), but can also use the more recent ozone cross section studies by Daumont
et al. (1992) and Gorshelev et al. (2014). However, the effect of the ozone cross section

used in Umkehr retrieval algorithms was studied by Petropavlovskikh et al. (2011) and
found to have minimal effect in the Umkehr retrieval.
As the Umkehr method measures the sum of all radiation scattered downwards from
the zenith, the intensity is calculated, such that:
N
I'=1ly D (Bray(6,4,2) + Byie(64,2)) exp™™? Az (6)
z=0

where Br,, and By, are the Rayleigh and Mie extinction coefficients, / is the arbitrary
intensity before absorption, z is the scattering altitude, 1 is the wavelength and 6 is the
apparent SZA. 7 is the optical depth, described as:

N

7(2) = z (By(A,1,¢) + Bray(4, 1) + Bumie(4,1))s(/, 2) (7)
=0 8677
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where / is the model layer, ¢ is the local SZA and By is the ozone extinction coefficient.
Using the calculated intensity values, the N value is calculated following Eq. (2).

4 Inversion model

The inversion algorithm is used to invert the N value measurements into ozone profile
information through the use of the radiative transfer forward model described in the
previous section. The optimal estimation technique uses a maximum likelihood estima-

tion procedure as described by Rodgers (2000), where the optimal estimation iterative
equation is:

T T -
Xis1 = Xa +SoK] (KiS,KT +8¢) (v = Flx) + Ki(x; - x,) (®)

where x;, is the iterative ozone profile retrieval, x; is the retrieval from the previ-
ous iteration, x, is the ozone a priori, K; is the weighting function from the previous
iteration, used to describe the sensitivity of the retrieval to changes in ozone, y is the
measurement vector and F(x;) is the simulated measurement vector.

The inversion technique is set up to use a measurement vector from any combi-
nation of wavelength pairs, allowing comparison of respective retrieved profiles. The
procedure is started from the ozone a priori. The a priori ozone is set up as a monthly
climatological average from 1979-2006 from Hassler et al. (2009) that are not con-
strained to the total ozone column, this ensures that any retrieved trend information is
independent of the a priori. The iterative procedure is run until convergence is reached.

4.1 A priori errors

The a priori covariance matrix (S,) in this work uses standard deviations from zon-
ally averaged ozone profiles from Hassler et al. (2009), spanning the time period from
1979-2006. The standard deviations calculated are used to determine the variance
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used as the diagonal elements for S,. The off diagonal elements are set to zero, and
the variance above 35km is consistently reduced as altitude increases. S, is then
adjusted to determine the appropriate relationship between error and information re-
trieval. This is done by constructing an L-curve, where S, is scaled from small to large
values and plotted against the root mean square (RMS) of the retrievals to the mea-
surements. The value of S, chosen is when the there is no significant difference in
the RMS as the scaling factor increases. An option is also included to allow the S, to
be setup following Rodgers (2000) and Petropavlovskikh et al. (2005), that includes

non-diagonal elements such that:

¥4
s, = ozexp (-1~ 11°F ) ©
Where i and j are the vector elements of matrix S, 0§ constitutes the diagonal ele-

ments of the matrix, 8z is the change in altitude, and A is the half width at half max-
imum, and is used for the choice of correlation length between altitude levels, which
has an impact on the amount of information able to be retrieved (Hendrick et al., 2004).
Results shown in this paper have used the first method for the set up of S,.

4.2 Averaging kernels and layering system

To describe how the retrieved profile smooths the true atmospheric state, the aver-
aging kernel matrix (A) is used, made up of averaging kernels for each altitude. An
ideal A with no smoothing would be defined as the identity matrix. A is essential for
understanding the information content from each retrieved altitude and is important
for characterising and justifying a correct layering system to be used for the retrieval.
The shannon information content (H) and the independent pieces of information, also
known as the degrees of freedom for the signal (DOF), are very useful diagnostics that
can be derived from A. The DOF defines the independent information retrieved from
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the measurements and can be determined from the trace of the A:
DOF = tr(A) (10)

H can be identified as the factor by which knowledge of the state is improved when
taking the measurements, and is defined as:

H=—tin, - A (11)
2
where |, is the identity matrix, and n is the length of the measurement vector.
Figure 3 shows an example of averaging kernels for a layering system which follows
that of Petropavlovskikh et al. (2004). The atmosphere is split into distinct dynamical
and chemical regions. The layering system used is given in Table 1.

5 Case study: Melbourne
5.1 N value fit

Figure 2 shows the measured and simulated N values after the iterative procedure
described by Eq. (4), for only the C-pair measurements (top panel) and the A + C + D-
pair measurements (bottom panel) from 28 January 1994. It is seen that the peak
in the N value occurs at a different SZA for each wavelength pair. Referring back to
Fig. 1, this means that for the A-pair, more information is obtained from higher up in the
atmosphere, and for the D-pair, lower down in the atmosphere.

When comparing the N value fit for just the C-pair measurements, the forward model
is able to match the measured N values very accurately, with the largest difference in
the N values occurring at high SZAs (shown in the residual line), being 1.8, and 9 %
of S.. When comparing the A+ C + D curves, the differences are slightly more pro-
nounced, especially at higher SZAs, with the largest difference in the N values being
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3.8, and 18 % of S,. For measurements that extend beyond a SZA of 90°, these dif-
ferences consistently become larger (not shown). However, most of the differences are
within the errors assigned to the measured N values. The inability to accurately sim-
ulate the measurements within the constraints of S, and S, is due to inadequacies of
the forward model. The most likely cause is multiple scattering effects, that are largest
at higher SZAs, and are currently not accounted for. The N value fit gives confidence
that the forward model is able to simulate the measurements accurately when including
multiple wavelength pairs in the measurement vector.

5.2 Retrieval information

Figure 3 shows the Umkehr layer averaging kernels and resolutions for an Umkehr re-
trieval from 28 January 1994 at Melbourne. Three cases are run, (1) running a spline
through the raw C-pair measurements at designated SZAs (this is simulating the WMO
reporting and fitting procedure), (2) using the raw C-pair measurements, and (3) using
all available information from the raw A + C + D-pair measurments. When looking at the
designated C-pair measurement retrieval, it is seen that the least amount of smoothing
occurs in layer 4, meaning this layer is influenced least by surrounding layers. It is also
seen that layer 4 has significant influence on layer 5, with the most amount of informa-
tion retrieved at that layer from layer 4. The smoothing in the retrieval is much more
pronounced at higher Umkehr layers. It is also seen that there is very little information
retrieved in layer 0 + 1.

When using the raw measurements instead of the designated measurements, the
averaging kernels become slightly sharper. The greatest improvement is seen in layer
2 + 3. Layers 4 and 5 also improve slightly, however, layer 4 still has a significant influ-
ence on layer 5. There is still very little information retrieved in layer 0 + 1.

When using all wavelength pairs in the retrieval, the averaging kernels are signifi-
cantly improved. Layers 2 + 3 and 4 show a marked improvement from the C-pair only
cases, especially in layer 2 + 3. The influence of layer 4 on layer 5 is now significantly
less compared to layer 5. A very large improvement is also seen in layer 6. For the
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C-pair cases, layer 7 had the largest impact on smoothing in layers 7, 8 and 9+. In
the A + C + D-pair case, layer 7 still has a large influence on layer 8, however much
less on layer 9+. There is still very little information able to be retrieved in layer 0 + 1
in the A + C + D-pair case. The improvements seen in the upper Umkehr layers in the
A + C + D-pair case are dominated by the inclusion of the A pair, where the associated
N value curve has a turn around at a smaller SZA compared to the other wavelength
pairs. Inclusion of the D-pair, still results in an improvement, though it is much less than
that of the A-pair, as most of the information contained in the D-pair measurements is
at the lower altitudes.

The resulting resolution of the retrievals is also shown in Fig. 3. This clearly shows
the marked increase in resolution when using the designated C-pair measurements in
the retrievals to using the raw A + C + D-pair measurements. The greatest resolution
in this retrieval is seen between around 12 and 40 km. With the C-pair retrievals, there
is very little resolved information below 10 km and above 40 km, while the resolution
at these levels is slightly increased when using the A + C + D-pairs. The resolution
between 25 km and 40 km is seen to be have the most significant improvement in the
A + C + D-pair case compared to the C-pair cases.

Table 2 shows H and DOF for each separate Umkehr layer in the retrieval averaging
kernels shown in Fig. 3. An A + C + D retrieval case from 13 April 1970 is also included
that has measurements spanning 56 to 94° SZAs, compared to measurement SZAs
from 58 to 90° in the 28 January 1994 case. To emphasise the extra information content
obtained when measurements at SZAs greater than 90° are included, we have provided
two examples from 13 April 1970: one with the measurements limited to 90°, and one
with no limit.

In the designated C-pair case from 28 January 1994, there is a total of 3.1 indepen-
dent pieces of information for this particular retrieval. When looking at how this is split
up into the assigned Umkehr layers, layers 2 + 3 and 4 are closest to having a single
DOF. This independence is increased in the raw measurement C-pair case, where the
total DOF is 3.4, with the most significant increase in the 2 + 3 Umkehr layer. When
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comparing with the A + C + D case from 28 January 1994, the total DOF is significantly
increased at 5.2, around 2 DOF greater than the C-pair cases. Layer 2 + 3 is greater
than 1, showing that more than 1 independent piece of information is able to be re-
trieved from this layer. Large increases in the DOF are also seen in layers 4, 5, 6, and
9+. The pattern of improvement in H follows closely to that of the DOF. The total H in
the A+ C + D case is seen to be almost double that of the C-pair cases at 10.3, with
again significant improvements in all Umkehr layers except 0 + 1 and 8. 1.2 extra inde-
pendent pieces of information are retrieved for the A + C + D case from 13 April 1970
with a SZA limit of 94°, and the total information content increases by 1.8 bits compared
to the 13 April 1970 case with measurements limited to 90°, and 2.5 bits compared to
the 28 January 1994 case. The majority of the extra information retrieved from the
A + C + D-pair case is due to the extra measurements taken at SZAs beyond 90°, and
referring back to Fig. 1, this information is expected in the upper Umkehr layers. This
can be seen in detail when looking at the individual layer contributions. The DOF for
layers 0+ 1, 2 + 3, 4, and 5 are almost identical to the case when the SZA is limited to
90°. However, layers 6, 7, 8, and 9+ all have a significantly larger DOF. The stand out
layers are 7 and 8, with layer 7 increasing from 0.42 to 1.2 DOF, and layer 8 increasing
from 0.45 to 0.66 DOF. Similar increases are seen in H.

The reason why there are differences between the 90° limited A + C + D-pair cases
from 28 January 1994 and 13 April 1970 can be attributed mostly to differences in S, for
the two different cases, as S, changes slightly with season. Differences in measure-
ment frequency and slight changes in the atmospheric profile over season, causing
shifts of Umkehr information content into different Umkehr layers, may also be partly
responsible. However, the increases in retrieval information is still clearly seen in the
upper Umkehr layers when comparing the 13 April 1970 case with no SZA limit to the
28 January 1994 case.

The sum of H in each layer is significantly less than the total H calculated. This is at-
tributed to the fact that each Umkehr layer is not independent from the surrounding lay-
ers, meaning a large amount of information is lost when calculating H for independent
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Umkehr layers, where only the layer contributions are used. In contrast, sum of the
DOF from each layer will sum to the total DOF, as only the diagonal elements of the A
are used in this calculation.

It is seen that by using the raw measurements instead of using those at designated
SZA, the amount of information that can be retrieved is enhanced, most noticeably at
layers 2 + 3 and 4. Including all wavelength pairs in the retrieval has an even more
noticeable effect. The information retrieved from all layers, except layers 0+ 1 and 8,
is significantly enhanced, especially in upper Umkehr layers. Also, for the case where
measurements past a SZA of 90° are included, a larger amount of information from
Umkehr layers 5 and above, is able to be retrieved.

5.3 Comparison with observations

Figure 4 shows the comparison of monthly averaged Melbourne Umkehr C and
A + C + D-pair retrievals with Melbourne ozonesonde data between 1965-1982 for
Umkehr layers 2+ 3, 4, 5, and 6. During this time period both ozonesondes and
Umkehrs were measured at Aspendale, Melbourne. Ozonesonde data was measured
using the Brewer—Mast instrument during this period. For visualisation purposes, any
singular missing months in the Umkehr and ozonesonde time series have been in-
terpolated from surrounding months. Retrieved Umkehr standard deviations are plot-
ted as the shaded regions for both the C-pair and A + C + D-pair time series. Monthly
averaging was performed as the Umkehr and ozonesonde data were not measured
at coincident times. To smooth the ozonesonde data to the lower resolution of the
Umkehr retrirvals, the ozonesonde data is convolved by the averaged retrieved C-
pair averaging kernels. As ozonesonde data has an altitude limit at around 35 km, the
ozonesonde data was combined with ozone information from the vertically resolved
ozone database for Umkehr layers 7 and above. This is required as to accurately con-
volve the ozonesonde data with the Umkehr averaging kernels, ozone layer amounts
for all layers are required. The original ozonesonde data is also shown for comparison.
For the site of Melbourne, measurements using all three wavelength pairs were not
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taken as consistently as the C-pair case, and at times the A and D-pair wavelengths
were only measured at high SZA. Due to these inconsistencies, and the infrequency of
A + C + D-pair measurements, ozonesonde data was not convolved with the A + C + D-
pair averaging kernels.

In Layer 2 + 3, the Umkehr retrievals agree very well with the ozonesonde data. The
seasonal cycle is captured very well in the Umkehr C and A + C + D-pair Umkehr re-
trievals, and convolving the ozonesondes with the C-pair averaging kernels reduces
the variability to more closely match that of the Umkehr C-pair retrievals. The C and
A + C + D-pair retrievals are very similar to each other for these altitudes as can be
expected from the averaging kernels (Fig. 3).

In layer 4, again the Umekhr retrievals agree very well with ozonesonde layer amount
and seasonal variability. The agreement is best in the un-convolved ozonesonde case,
with the convolved ozonesonde case decreasing the layer amount and variability
slightly. The C-pair and A + C + D-pair cases are very similar to each other in this layer.

Layers 5 and 6 show a larger difference between ozonesondes and Umkehr re-
trievals, with ozonesondes situated significantly outside the standard deviations of the
Umekhr retrievals. In layers 5 and 6, the A + C + D-pair Umkehr layer amount shows
slightly more pronounced differences with the C-pair layer amount compared to lower
layers. These two instances show the largest deviations between the two separate re-
trievals, and highlight that notable differences are present when using all wavelength
pairs in the retrieval.

The algorithm is seen to capture partial column ozone amounts on par to that of
ozonesondes in the lower Umkehr layers, showing the algorithm is performing well.
However, in Umkehr layers 5 and 6, slightly less ozone partial column amounts are
retrieved compared to ozonesondes. This is most likely from unaccounted for stray
light effects, and our inadequacies in completely representing stratospheric aerosol.
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6 Conclusions

The algorithm presented here provides improvements to the most widely used Umkehr
technique that are advantageous for obtaining a higher amount of information from the
Umkehr measurements. The single scattering radiative transfer forward model is able to
simulate the raw N value intensity measurements accurately, with only slight discrep-
ancies at high SZA most likely due to neglecting multiple scattering effects. A priori
ozone information and covariance matrices are set up with no total ozone column con-
straints to optimise for future long term trend studies. The algorithm retrieves Umkehr
profiles using different combinations of wavelength pairs, depending on the availability
of the observations.

Using the raw measurements with interactive refraction allows for a small increase
in the retrieval information compared to when using designated SZAs. In the case from
28 January 1994, the averaging kernel smoothing is slightly less pronounced, providing
a slightly higher resolved retrieval between 10 and 30 km. Also, the total information
content increases from 5.2 to 6.5 bits, and the total degrees of freedom increases from
3.1 to 3.4. Therefore, as this case does not have measurements that extend beyond a
SZA of 90°, fitting a spline through the raw measurement data does result in a slight
but direct loss of information.

Using multiple wavelengths in the retrieval procedure increases the amount of in-
formation obtained from the Umkehr measurements by a significant amount. The av-
eraging kernels become much more distinct at higher Umkehr levels, allowing much
more highly resolved retrievals between 25 and 40 km. Also the total information con-
tent approximately doubles compared to using only the C-pair wavelengths in the Mel-
bourne retrieval for 28 Janaury 1994. However, the increase in the information content
for individual Umkehr layers are not as large, meaning there is still large information
contribution from other layers. Also, approximately 2 more independent pieces of in-
formation are able to be discerned, allowing for layers 2 + 3 and 4, between 10—-20 km
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and 20-25 km respectively, to have approximately 1 degree of freedom in the case
presented.

The information gain is even more pronounced if the raw measurements extend be-
yond a SZA of 90°, as seen in the case from 13 April 1970, with measurements ex-
tending to 94° compared to the same measurements cut off at 90°. Total information
content increases from 11 to 12.8 bits, and the total degrees of freedom increases from
5.3 t0 6.5. These increases are most significant for the retrieval above 30 km.

Comparison of the retrieved Melbourne Umkehr time series with ozonesonde obser-
vations shows good agreement between the two measurement sets. The best agree-
ment is seen at lower Umkehr levels 2 + 3 and 4, between 10-20 km and 20-25 km
respectively, for both the C and A + C + D wavelength pair retrievals. This is expected
as these layers hold the largest amount of independent information. Seasonal variabil-
ity closely matches that seen in the ozonesonde data for these layers. Layers 5 and 6
show less agreement between the Umkehr retrievals and the ozonesonde data, where
the Umkehr retrievals have consistently retrieved a lower amount of ozone. The cause
of this is likely due to unaccounted for stray light effects, and under represented strato-
spheric aerosol. These layers also show the largest difference between the C-pair and
A + C + D-pair retrievals. This is expected as A + C + D-pair retrievals allow significantly
more information in the upper Umkehr layers to be obtained.

This work demonstrates an algorithm that can be used to retrieve full Umkehr time
series for climatology and trend studies for all Australian sites, as well as other global
sites under manual operation that have raw measurements available. It shows the ben-
efits achieved in resolution of Umkehr retrievals if multiple wavelength pairs are used,
and if raw measurement data is used, especially if the data extends beyond a SZA of
90°. The extension of measurements beyond 90° could also benefit automated Umkehr
setups. Also, future ammendments of the caveats acknowledged, such as under rep-
resented atmospheric aerosols, stray light effects, and multiple scattering corrections,
will provide a more accurate algorithm for future work.
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Table 1. Umkehr layer setup.

Umkehr layer

Altitude (km)

0+1
2+3

0o ~NOO Oh~

9+

45—top of atmosphere

0-10
10-20
20-25
25-30
30-35
35-40
40-45
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Table 2. Retrieval information content and degrees of freedom.

Layer 0+1 243 4 5 6 7 8 9+ Total
28 Jan 1994: H — C pair: designated SZAs 0.01 045 059 029 025 029 0.12 010 52
28 Jan 1994: H — C pair: all SZAs 0.02 065 066 031 023 028 0.12 0.10 6.5
28 Jan 1994: H — A+ C + D pair: all SZAs 0.09 093 079 048 065 041 0.177 056 10.3
13 Apr 1970: H — A + C + D pair: 90° limit 0.10 090 060 0.79 050 0.25 030 057 11.0
13 Apr 1970: H — A + C + D pair: 94° limit 0.09 090 060 0.79 062 095 035 0.75 128
28 Jan 1994: DOF — C pair: designated SZAs 0.02 0.64 0.74 0.41 041 044 022 022 3.1
28 Jan 1994: DOF — C pair: all SZAs 0.05 083 079 047 039 042 021 022 34
28 Jan 1994: DOF — A+ C + D pair: all SZAs 0.17 11 090 0.67 0.81 057 029 077 52
13 Apr 1970: DOF — A + C + D pair: 90° limit 019 10 077 093 069 042 045 079 53
13 Apr 1970: DOF — A + C + D pair: 94° limit 019 1.0 078 094 079 12 066 094 65
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Ozone number density (x 10% molecules/cn’)

50, 6 5 4 3 2 1 0

Altitude (km)

Intensity
—75 ——80" ——83 ——85 ——87" 90
—e—|,; =-o=|,, =——O0Ozoneprofile =—:=0zone maximum

Figure 1. Zenith sky intensity contribution curves for C-pair wavelengths at selected SZAs for
28 January 1994. Intensity values are arbitrary. The black curves show the weighted average
height for each curve. Dashed lines correspond to the longer wavelength, while solid lines
correspond to the shorter wavelength. An ozone profile with highlighted ozone maximum is
also plotted for reference.
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Figure 2. Simulated N values compared to the measurements after the iterative retrieval pro-
cess when using only C-pair measurements (top panel) and using A + C + D-pair measure-

ments (bottom panel) for 28

January 1994.
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