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Abstract. Several improvements have been made to the operational (ca. 1992) Umkehr ozone profile retrieval
algorithm by Mateer and DeLuisi (UMK92) and are described here. 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, UMKO92 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 or whether they reflect information contained in the measurements. In this paper we describe an updated
algorithm that uses fixed a priori profiles, which vary with season and latitude, but have no day-to-day or long-
term variability. Our new updated algorithm (UMKYVS) also has an improved forward model. The informational
content of Umkehr measurements is analyzed using the Averaging Kernel (AK) method developed by Rodgers.
The UMKO92 algorithm employs a normalization procedure that varies based on the availability of the highest
solar zenith angle (SZA) measurement. The UMKV algorithm is designed to normalize Umkehr measurements
to a 70-degree SZA, thus removing seasonal dependence in the normalization procedure. Because the SZA at
middle and high latitudes changes slowly with the time, this 70-degree normalization also allows significantly
reduces the observation time. Based on AK analysis of the informational content available from the UMKV8
algorithm, we recommend using an 8-layer scheme where ozone is combined in layers 0 and 1, and layers 2 and
3 to represent tropospheric and lower stratospheric changes respectively. We find that ozone information in layer
4 has similar informational content to ozone in layers 5 through 8. Thus, layers 4 through 8 should to be treated
as individual layers containing prevalently independent stratospheric ozone information. Layer 9 and above has
no independent information but could be combined with layer 8§ to get 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 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.

1. Introduction

The Umkehr method offers an inexpensive and important international addition to the array of methods
used to study ozone profiles and stratospheric ozone trends. The method has served exceptionally well for
validating satellite observations, which in earlier years were seen to drift significantly, and has been applied to
both ground-based Dobson and Brewer measurements. The retrieval techniques applied to satellite measurements

share many common features with the Umkehr method, and have similar vertical resolution and altitude
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coverage. For example, Elansky et al. [1999] proposed to utilize the spectral scan of the Brewer’s zenith sky

radiance measurements to retrieve the ozone profile using a technique similar to the satellite backscatter
ultraviolet (BUV) method. The similarity in the physical principles of the ground-based and satellite radiance
measurements make the two systems ideal for comparison.

The classical Umkehr curve was first observed at the beginning of the 20th century in the study of total
ozone column variations with season and latitude [Dobson, 1930, 1957; Gotz, 1931, 1934; Diitsch, 1957, 1959].
Once the photochemical theory of 0zone formation in the upper atmosphere was advanced [Chapman, 1930], the
vertical distribution of ozone was related to the Umkehr curve.. The curve represents the ratio of zenith sky
intensities measured at two wavelengths -- where one has stronger absorption characteristics relative to the other
-- as function of solar zenith angle (SZA). The maximum in the ozone profile is clearly detected by inverting the
relation between wavelength ratio measurement and solar zenith angle when the sun passes the 85-degree angle.
Mateer and Dutch [1964] developed the first computerized version (UMK64) of the algorithm for retrieving the
vertical ozone distribution. Two decades later, improved ozone absorption coefficients were published by Bass
and Paur [1985] and a new mathematical method for the inversion procedure (the optimal estimation method by
Rodgers [1976]) prompted work to update the Umkehr ozone profile retrieval algorithm. A new algorithm
(UMK92) was developed by Mateer and DeLuisi [1992] and is currently used operationally at the World
Meteorological Organization World Ozone Data Centre (WMO-WO3DC) in Toronto, Canada.

The ozone profile time-series retrieved from the Umkehr measurements are routinely published in so-
called “red books” and are also available electronically. The data have been used to intercompare and validate
the ozone profile information derived from remote-sensing and in-situ measurements [SPARC Report, 1999;
Newchurch et al, 1998; McPeters et al, 1996; etc.]. Recently, Diitch and Staehelin [1992] and Mateer et al.
[1996] compared Umkehr retrievals against ozone-sonde data, while Newchurch et al. [1998] compared UMK64
and UMKO92 retrievals with Stratospheric Aerosol and Gas Experiment (SAGE) data. Both papers agreed that the
UMKO92 a priori information in the lower layers was biased to the total ozone and did not reflect systematic
anthropogenic changes in the ozone profile. Thus, when the UMK92 retrievals are used for trend analysis, the
interference of the a priori information biases the trend detected in the tropospheric ozone to the total ozone trend
[Diitch and Staehelin, 1992; Mateer et al, 1996; Petropavlovskikh et al, 2000]. Above the troposphere, in layers 4
through 8, UMK92 was found to provide reliable information for trend analysis. An independent study by Miller
[1996] supported this conclusion, but in all layers, variations in the a priori information can make it difficult to
ascertain whether the retrieved long-term changes are forced by a priori or whether they reflect information
contained in the measurements. To study the true inter-annual variability in the data, the effect of the a priori
information on the retrieval should be eliminated.

Assessing changes or trends in the ozone profile requires improved retrievals showing no bias to a
priori information. Upper-stratospheric ozone trends have been derived from the Umkehr data and other remote-
sensing and balloon measurements [Newchurch et al., 2000; DeLuisi et al., 1994; Mateer et al, 1996; Reinsel et
al, 1999; Randel et al, 1999, Miller et al, 1996]. Reinsel et al. [1999] updated the Umkehr ozone profile trend
analysis for northern latitude records from 1977 through 1997 and reported a significant ozone depletion trend of
—0.5 % per year in layers 7, 8, and combined layer 8 and above. Strong seasonal and latitude dependences were

noticed in the trends derived for layers 2 and 3 (Reinsel et al., 1999). Newchurch et al. [2000] found strong
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similarities in the amplitudes of the annual variation and trends measured by SAGE I and II and Solar

Backscatter Ultraviolet (SBUV and SBUV/2) satellites, and the Dobson network between 1978 and 1998,
providing high confidence in the accuracy of the results for upper-stratospheric ozone depletion rates.

According to recent general circulation model (GCM) projections [Shindell, 2002], ozone recovery is
most likely to be detected in the middle stratosphere at around 40-km altitude. In this region, pure homogeneous
chlorofluorocarbon chemistry is the prevailing factor in ozone destruction; in the lower and upper stratosphere
additional processes, for instance changes in temperature or water vapor, may significantly contribute to ozone
changes. The Umkehr measurements, along with satellite and lidar measurements have very solid information
about ozone variability in this 40-km region, above the altitudes typically reached by ozonesondes. The satellite
measurements begun in the 1980s are often limited by problems combining measurements from different
instruments to provide a blended ozone record for trend analysis, while lidar measurements are very sparse and
often have less than a 15-year record. The long historical record of Umkehr measurements can therefore provide
valuable information about ozone loss rates as well as ozone recovery at the important 40-km altitude level.
Shindell [2002] also emphasized that there might be different ozone loss/recovery rates found at different
latitudes. Thus, ozone trends derived from Umkehr records at the middle latitudes can be compared with results

for tropical regions to validate the detection of ozone recovery.

This paper examines improvements and resulting error analyses for the Umkehr ozone profile
retrievals. The results should greatly advance the usefulness of the Umkehr data for ozone trend analysis. The
improvements to the retrieval algorithm account for all aspects of the observations and theory, from
instrumentation (described in Section 2.1), to the forward model (Section 2.2) and inverse model (Section 2.3).
Section 3 discusses the analysis of synthetic data, and Section 4 provides information on errors. Sections 5
illustrate the algorithm’s ability to retrieve a profile and a test trend respectively, and Section 6 presents an

overview of the new algorithm’s features.

2. Background.

2.1. Instrument description.

The Dobson and Brewer instruments report zenith-sky measurements in terms of N-values,

mathematically represented as:

FyxK'xC' (1)

N(0)=100x1o
© 8 F,xKxC

where Fj is the extraterrestrial solar flux constant, K is the instrumental constant, and C and C’ are the photon
counts related to zenith-sky intensities / and /” (ZSI) at two wavelengths, where the prime denotes the longer
wavelength. The observations are made as SZA, 0, changes from 60° to 90°. Umkehr observations are made by
several Zenith-sky UV (ZUV) instruments currently employed around the world. There are three known
techniques currently employed. The standard (manual) Dobson measurements are taken at the single C-pair

wavelength (311.4 and 332.4-nm) as SZA, 6, changes from 60° to 90°. Traditionally, Umkehr measurements are
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reported at 12 nominal SZAs (60, 65, 70, 74, 77, 80, 83, 85, 86.5, 88, 89, and 90 degrees). The automated

Dobson measurements are taken at a higher rate than the standard, manual Dobson measurements. In addition to
C-pair measurements, the automated Dobson instrument employs zenith-sky measurements at two additional
wavelength pairs (A- and D-pairs consisting of 305.5/325.4-nm wavelengths and 317.6/339.8-nm wavelengths,
respectively). The Brewer technique is similar to the automated Dobson, however the central wavelengths and
width of the band paths are chosen differently. The wavelength details for the Dobson instrument can be found in
Komhyr [1980, 1989] and Mateer [1964]; those for the Brewer are reported by McElroy et al [1995] and WMO
[1998b, 1998d].

None of the instruments is calibrated in zenith sky radiance mode. Therefore, the instrumental constants
(K and K') are unknown. In addition, atmospheric parameters (F, and F'y) are not known accurately. There are
also known episodes of instrument exchange and repairs of the optical parts, and calibration shifts have also been
detected (Petropavlovskikh et al. [2001]). Because of these factors, a normalization procedure is used to cancel
out the unknown parameters. Most typically, a measurement at the highest sun elevation (usually at 60-degrees
SZA) is subtracted from measurements at other nominal SZAs:
¥(0)=N(@©)-N(&)). (1b)
where y(0) is normalized measurement, N is Umkehr measurement, € is one of nominal SZAs, and 0, is the
normalization SZA. This process reduces the measurement to that of the diffuse sky transmittance.

The procedure assumes that the instrumental parameter does not change with SZA. Therefore, subtracting the
measurement at 60-degrees SZA from the measurements at other SZAs makes the retrieval insensitive to
calibration and solar flux uncertainties, and the technique can be described as “self-calibrating”, similar to solar-
occultation techniques from space (such as SAGE, GOME, etc.). We later (see Section 6.1) show that the
normalization technique also makes the measurements essentially insensitive to tropospheric aerosols and surface
albedo. During wintertime at high latitudes where the sun does not reach a 60° SZA, the measurements at 70°,
74° or 77° SZA can be used for normalization.

Umkehr observations are accompanied by direct-sun total ozone measurement providing critical
information for the profile retrieval algorithm. The total column ozone is determined by direct-sun measurements
taken at the AD-pair wavelengths (AD is a double pair consisting of A and D pair wavelengths). Typically, the
total ozone measurements are not taken at the same SZAs as the zenith-sky measurements. Therefore, the
variation in total ozone, as well as in other atmospheric parameters (cloud cover and aerosols) during the Umkehr

measurement can introduce uncertainties in the retrieved ozone profiles (see Section 4.1).

2.2. Forward model.

The forward model is used to describe the relation between an ozone profile distribution and an
Umkehr N-value. In order to use the forward model we need to know how the N-values depend on ozone,
aerosols, surface reflection, air refraction, and multiple-scattering assumptions. The model requires information
on ozone absorption and Rayleigh scattering cross-sections for the UV-part of solar spectrum where Dobson
measurements are taken. For the retrieval algorithm it allows us to calculate partial derivatives (or weighting
functions) that provide information about sensitivity of N-values with respect to ozone profile. The updates to the

forward model include improved standard ozone profiles; updated multiple-scattering corrections for N-values;
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updated refraction and temperature correction for N-values; tabulated multiple-scattering corrections for
Jacobian; updated spectroscopic data such as ozone absorption, Rayleigh cross-sections, extraterrestrial solar flux
data, as well as generalized C-pair Dobson slit functions. Information inAppendix A details the forward model

set-up.

2.3. Inverse Model.

The inverse method uses a maximum likelihood estimation procedure and is based on Rodgers [2000,
and therein], including the UMK92 retrieval method [Mateer and DeLuisi, 1992]. The most important changes to
the inverse model of the new UMKVS algorithm include the following: the ozone profile retrieval is done at
higher resolution (using quarters of Umkehr layers), which is consistent with the vertical resolution of the
forward model, and effectively eliminates interpolation errors embedded in the UMKO92 code; the a priori
covariance matrix is modified according to recommendation by Rodgers [2000] (see further discussion in
Sections 3 and 4); the error covariance matrix has solar zenith angle dependence as compared to the angle-
independent error matrix in the Umk92 algorithm; and the weighting function is linear in ozone amount (which
improves probability distribution function) as compared to a log-scale approach in the Umk92 retrieval. In
Appendix B we provide detailed information regarding changes made to the inverse model of the UMKV

algorithm.

3. Methods.

3.1. Synthetic data analysis.

To understand the information content of our algorithm as well as to choose C and k for the S, matrix

(see App. B, Eq. B5) we first do a controlled experiment using a set of “truth” data. This dataset is used to
compute what the instrument would measure using the forward model (see the error discussion in Section 4). The
profiles retrieved using these “synthetic” measurements are then compared with the truth to estimate the
information content, and to do controlled error studies, which we will discuss in Section 4.
To construct the “truth” data we created a time-series of synthetic ozone profiles combining ozonesonde data (0-
25 km) taken at Hohenpeissenberg, Germany and SAGE II data (30-60 km), and weighted averages of both in
the middle atmosphere (25-30 km). SAGE data were sampled from a 20-degree wide latitude-band (37-57° N)
centered at 47° N latitude, the ozonesonde station location. The time frame for the overlap of satellite and
ozonesonde measurements was not limited and allowed representative (consistent) sampling of data across a
month. The final set of ~1,400 profiles represents typical level of geophysical variations in ozone profile at
middle northern latitudes over the 1988-1999 time period.

To test the new algorithm, we needed a synthetic data set of Umkehr measurements. Synthetic N-value
data are used rather than real data in order to illustrate the difference between the various algorithm options. We
used the forward model described before (Appendix A) to calculate synthetic Umkehr measurements at 12
nominal SZAs for each synthetic ozone profile. A random noise with standard deviation of 0.35 N (S, see
Appendix B, sub-section B.7) was added to synthetic measurements to account for the noise in the measurement.

The set of ozone profiles retrieved using the modified algorithm was compared with the set of synthetic profiles
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(called the “truth” further on). We use synthetic data to optimize a priori covariance matrix and normalization

procedure, as described below.

3.1. 1 A priori covariance matrix (S,).

The purpose of this approach is to have a retrieval that can provide a minimum standard deviation in the
monthly mean ozone values usually used to study trends. We test the algorithm for the effect of a priori on the
ozone profile retrieval using four different values (0.05, 0.1, 0.2, 0.8) for coefficient C=Var(lnw) in Rodgers
definition of covariance matrix (see Appendix B, Eq. B5). The parameter k£ used in Eq. BS is set to 4, since
results are largely insensitive to the choice of k. Figure 1a shows standard deviation of the difference between the
“truth” and the retrieved ozone profiles. The layering scheme used in this figure is described in Table 1 (see
discussion in Sec 4.1). The standard deviation (SD) of the difference between the “truth” and a priori profile,
SD(AP-truth), is also given for reference. The figure shows that the SD of the difference between the retrieved
(RT) and the “truth” ozone profile in absence of noise, SD(RT-truth), decreases slowly as the S, matrix increases.
To include effect of noise in the test, we add a random 0.5 N-value noise to the synthesized N-values. When the
noise is added to the N-values, the effect of the S, matrix variation on the retrieved profile changes. Figure 1b
shows that now the error increases when the S, matrix is increased. Based on this finding, we suggest that S, (0.1)
provides a good compromise between capturing the variability of the atmosphere and retrieval noise. Results of
the retrieval using a climatological S, matrix (calculated from synthetic data set) have been included for
comparison. Analyzing the SD(RT-Truth) shows that the retrieval error is reduced when climatological S, was
used instead of Rodgers(0.1) matrix. This observation is particularly true in the lowest layers. However, as we
discuss later, the climatological S, are not suitable for deriving the long-term trends.

Figures 1a and b also show that there is a large reduction in error (compared to the a priori) in layers
0+1 and 243, but there is much less reduction in upper layers, particularly with noise, because the atmospheric
variability in these layers is quite small. This result is most dramatic in layer 5, where the error of the retrieved
profiles with noise is about the same as the error in the a priori, which gives 0.7 correlation between the “truth”
and RT layer ozone amount. Moreover, for monthly averages one can pick up some information, if the variability
of the atmosphere reduces slower than the instrument noise. The instrument noise should reduce as square root of
number of points averaged, assuming the noise is not correlated from one day to the next (low auto-correlation
level). The atmospheric variability tends to be auto-correlated from day to day (high ozone in one day is usually
followed by high ozone the next day indicating a high level of auto-correlation). The instrument noise therefore
reduces much slower than the square root of number of points averaged. Figure 2 shows the results of the
monthly averaged retrievals obtained with 60-degree SZA normalization. This result indicates that the monthly
averaged data have a sufficient level of independent information to assess the inter-annual ozone profile

variability in all layers.

3.1. 2. Normalization SZA (0,).

Fig. 3a shows the change in the retrieval error by changing the normalization SZA. The impact is
largely in layer 0+1. The result suggests that one can change the normalization point to 70 degree SZA without
adversely affecting the retrievals. One can even change the normalization to 77-degree SZA when less quality is

desired from the individual profile retrieval. The only significant impact is a modest increase in noise in some
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layers. For the monthly mean averaged time-series (see Fig. 3b), the errors of the retrieval using 70-degree
normalization appear to be comparable to the errors of the 60-degree normalized retrieval (with the exception of
layers 0+1 and 8). The retrieval without noise gets marginally worse when changing from 60 to 77 degree
normalization, but with noise, the retrieval gets noticeably worse in layer 8. Nevertheless, what is so remarkable
is not that the noise increases somewhat in one layer, but that the overall impact is so little. Moreover, we are
dropping 4 out of 11 measurements (12, if we include total ozone) from the retrieval, and reducing the change in
SZA from 30 degrees to 13 degrees, which cuts down the observation time by 60-70%. The UMK 92 algorithm
varies normalization SZA with season at middle and high latitudes depending on available noontime sun
elevation. Because the UMKO3 algorithm’s change to 70-degree SZA normalization removes the seasonal
dependence in normalized N-values the small increase of errors should be an acceptable penalty to pay in this

case.

3.2. Averaging Kernel.
The concept of Averaging Kernels (AK) was introduced by Rodgers [1976,1990]. The AK approach
provides information on how the observed change in the atmospheric profile is distributed in the measurement

system. For example, the algorithm-retrieved information can be defined as the following:

Xpr = AKxx; +(I = AK)xx, + D, x¢ , (22)
AK =D, xK,

where Xg7, X4p, X7 are retrieved, a priori, and true ozone respectively, AK is the averaging kernel (the product of
D, and K, matrices, which are defined in Appendix B, Eq. B3), and ¢ denotes measurement and forward model
errors. In the absence of measurement and modeling errors, the averaging kernel tells us what the algorithm is
capable of retrieving given a truth profile. The AK acts like a “low-pass filter”, smoothing highly resolved
structure of the true ozone profile. The (I-4K) matrix acts as a “high-pass filter” that allows highly resolved
structure to propagate in the retrieved profile. Moreover, the “high-pass filter” term permits propagation of any
time-dependence in a priori information to the retrieved profile as long as it has high frequency vertical structure.

To demonstrate this effect we re-write Eq. 2a in the following form:

M =AKxM, +(I-AK)xM, +D, x(E-¢&,), (2b)

x —
where, M =

Xo

0 , 1s the mean monthly ozone anomaly, subscript T denotes the true layer ozone anomaly,

and AP denotes the anomaly in the layer ozone a priori, X¢ denotes the mean reference layer ozone, and (& —

&) represents the anomaly in stability of the instrument. The first term on the right side of the Eq. 2b shows that
the AK function acts as low-pass filter to smooth out high vertical resolution features from the true anomaly.
(The width of the AK can be reduced by increasing a priori covariance, but only up to a point after which the
contribution matrix D increases rapidly. See the following discussion and additional information in Appendix C).

The third term represents the effect of the monthly mean instrument drift on the retrieved profile, which

emphasizes the importance of the instrument stability with respect to the retrieved data trend interpretation.
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However, to answer the question of how the change in a priori affects the retrieved data we should examine the
second term. The second term (high-pass filter) introduces high-resolution features from a priori into the
retrieved profile. If a priori changes from year-to-year this change would be embedded in the retrieved data.

For example, in the Umk92 algorithm the total ozone dependent a priori information introduces a high
frequency structure that varies with time. However, such a result does not honestly represent information
contained in the measurements, and has a particularly serious impact on derived trends when a priori information
about future trends is not available. Therefore, to minimize the effect of a priori on the retrieval, the a priori
profile has to be smooth. The main benefit of a priori information to the retrieval is to reduce the bias in the
retrieved data. The new UMKV8 algorithm uses an updated a priori that reduces bias in ozone profile retrieved
data. Moreover, the a priori in UMKVS algorithm does not vary from year to year, thus assuring the trend-quality
of the data. Therefore, any long-term variability in the UMKV8 retrieved data is truly independent from the a

priori information.

3.3 Assessment of the retrieval using AK approach.

The following examples demonstrate the AK method (additional information can be found in Appendix
C and Figure C). We compare the retrieved (RT) and AK-smoothed (AK) profiles against test (OBS) profile in
61-layers. The test profile was chosen from synthetic data.

Figure 4a shows an example of a “successful” retrieval. The ozone maximum and vertical distribution
are essentially captured by the retrieval. The selected profile is very smooth and does not exhibit any highly
resolved features. The AK smoothed profile (which represents the retrieval under idealized measurement
conditions) matches the RT profile. Their agreement provides internal validation for the retrieved profile, while
the residual differences are accounted for in MSC adjustments in the retrieval process. The AP profile is very
different from the observed and retrieved profiles. This example shows that under fair measurement conditions
(with no measurement errors and no aerosol interference), and in case of very smooth ozone profile, the
algorithm is quite capable of retrieving information from an Umkehr type measurement. However, AK-based
vertical resolution analysis suggests that Umkehr retrieved ozone be assessed in 8 independent layers (Table 1).

Fig.4b shows the example of less successful high-resolution retrieval (in 61-layers). The test profile
exhibits small-scale features in the troposphere, which are not picked up by the retrieval. The AK-smoothed and
AP profiles suggest that although the retrieval algorithm is not able to resolve the double maxima feature in the

upper troposphere, it produces a smooth solution that is different from the a priori.

3.4. Informational content of the retrieval using AK.

To better understand the informational content in the lower layers, we look at the averaging kernels in
broader layers (Fig.4a). Table 1 gives a definition for these layers. The resolution of layers has been chosen to be
slightly greater than the resolution of the algorithm perceived in the 61-layer AKs. Based on the 61-layer AK
analysis, utilizing 60-degree SZA normalization case (. C), it seems that the simplest approach would be to
combine layers 0+1+2+3. However, there are good geophysical reasons for reporting 2+3 in middle latitudes, for
this combined layer represents the lower stratosphere and is strongly influenced by planetary wave activity. In
addition, this layering scheme is far more convenient for data analysis than the more conservative 4-layer

scheme. The lowest layer (0+1) is entirely in the troposphere, the layer above it (2+3) represents the dynamically
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controlled lower stratosphere (in mid latitudes), layers 4 and 5 are defined as the transition region from dynamics
to photo-chemistry, and layers 6, 7, 8, and 8+ are described as the chemically controlled region of the
stratosphere.

The 8-layer scheme shows how the algorithm responds to perturbations in 8 broader layers. The
numbers on the y-axis correspond to the standard Umkehr layer. Figure 5a shows that roughly half of the
information in the layers shown comes from changes in the layer itself; the remaining information represents
changes in the adjacent layers. It also shows that the information content in layer 0+1 and layers 2+3 is similar to
the other layers. This result is contrary to what has been previously believed (Mateer et al.), where it has been
claimed that lower layers contain no useful information. The information content of the lower layers was not
previously realized because previous algorithms used total ozone as the a priori. Any information contained in
total ozone was thus considered a part of a priori, rather than a part of the measuring system (which provides
both N-values and total ozone). The total ozone measurement (in addition to the normalized N-values) is
important for retrieving the ozone profile in all layers, even the uppermost layers, because every photon seen by
the ground-based instrument has to pass through the total ozone column. Indeed, it can be easily shown that the
largest contributor to the variance of Umkehr N-values, at even 90° SZA, is total ozone and not the variance of
upper-level ozone.

The new algorithm improves ozone information in layer 8 and 8+ (see Figure 5a). The response of the 7
lower layers is about the same, but response in the top combined layer 8+ is somewhat better. The reason we
suggest reporting ozone integrated above layer 8 (layer 8+), as well as ozone in individual layer 8, is that the C-
pair Umkehr technique can provide layer 8+ ozone information more accurately (with less dependence on a
priori) than in any other layer, including layer 8. The ozone retrieval error in layer 9+ is negatively correlated
with the error in layer 8, so the combined ozone in layer 8+ is well defined. Hence, the combined ozone in layer
8+ is useful for comparing with instruments such as SBUV (Solar Backscatter Ultraviolet), which also measures
combined ozone in layer 8+ more accurately than in the individual layers. When trying to split the top layer into
8 and 9+, we found that the response of layer 9+ is quite poor compared to all the other layers. Hence we do not
recommend splitting layer 8+. At the same time, the response of the separate layer 8 is as good as other layers.
Moreover, providing information in the combined layer 8+ only makes it difficult to compare Umkehr retrieved
ozone profile with instruments like SAGE and HALOE that do not measure column amounts, and with model
results. The effect of a priori on the AKs was studied. Four different values of coefficients (0.05, 0.1, 0.2, 0.8)
were used in the Rodgers type covariance matrix. The corresponding AKs were inter-compared and tested to
assess the level of the retrieval noise. Normally distributed random data (0.25 N-value variance) were
constructed to represent measurement noise. Based on the results of synthetic data analysis, we can suggest that
Sx (0.1) (see Fig. 4) provides a good compromise between capturing the variability of the atmosphere and
retrieval noise for Se (0.25) that represents typical measurement noise of CMDL/NOAA automated Dobson
instruments.

The effect of the measurement noise on the AKs was addressed. Fig. 4b compares AKs constructed
using Se matrix with 0.25 and 2.0 N-value variance, while Sx (0.1) is the same in both cases. The results suggest
that increase in Se variance from 0.25 to 2.00 N-values reduces the vertical resolution of the retrieved profile

information from 2 to 2.5 layers (reduction in maximum of the fractional change from 0.5 to 0.4). Moreover, the
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increase of the Sx/Se ratio allows model to interpret a larger part of the measurement noise into profile
information, thus increasing retrieval noise. Therefore, the Sx matrix can be adjusted to improve the vertical
resolution of the retrieved profile and optimize retrieval noise. Four different values of coefficients (0.1, 0.2, 0.4,
0.8) were used in the Rodgers type covariance matrix and tested to assess the level of the retrieval noise.
Normally distributed random data (2.0 N-value variance) were constructed to represent measurement noise.
Based on the results of synthetic data analysis, we can suggest that Sx (0.4) optimizes solution for Se (2.0). The
effect of the changes in Se and Sx matrices on the retrieval noise is further discussed in Section 7.2.1.

The “best-prediction” AK calculated using a climatological Sx matrix was included for comparisons
(see Fig. 5¢). However, the AKs for the climatological matrix were distorted. Hence we recommend that the

climatological matrices not to be used in the retrievals when ozone profile time-series to be assessed for trends.

4. Error Analysis.

All remote sensing problems, including the Umkehr technique, are susceptible to three types of errors:
forward model errors, inverse model errors, and measurement errors. The radiative transfer code that we use in
our forward models is in itself considered quite accurate. Errors arise primarily because one has limited
information (about aerosols, for example) to model the true atmosphere or because one must make simplifying
assumptions such as using fixed atmospheric temperature profiles. However, the inverse model treats errors in
the measurements and forward models similarly (in Rodgers’ equations, measurements Y, and Y; have
symmetrical roles), so there is little value in improving the quality of measurements beyond what the forward

model can achieve, or the inverse model can take advantage.

4.1. Forward Model Errors.
The effect of forward model error can be presented as a change in measurement, where delta-N is
function of SZA. Therefore, the Rodgers contribution matrix (see Appendix B, Eq. B3) can be used to calculate

the error in layer ozone:
Aw, =D, x Ay, 3)

where y is normalized measurement vector and is associated with errors in the forward model when dealing with
aerosols, temperature variations, MSC, surface reflectivity and total ozone. See Table 2 for the D, coefficients (in
an 8-layer scheme) calculated based on a 325 DU standard ozone profile at middle latitudes.

There are several types of errors associated with assumptions in the forward model to simplify
calculations of N-values. One error is associated with the accuracy of the radiative-transfer code to produce
correction tables. Petropavlovskikh et al. [2000] compared selected radiative-transfer codes to validate the
accuracy of the forward model. The series of zenith-sky intensities were calculated at the ground level, at various
solar zenith angles, and for a Rayleigh scattering and ozone-absorbing atmosphere, with and without
stratospheric aerosols. Results of the comparisons showed that codes applying depolarization corrections to the
Rayleigh scattering agreed within £1%. The difference between zenith-sky intensities that were simulated using
the vector code (polarization included) and the scalar code (no polarization included) varied overall within a 15

% range depending on solar zenith angle (SZA) and wavelength. Although, the effect of depolarization is greatly
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reduced (to less than 0.8 N-values at large SZAs) by taking the ratio of zenith sky intensities (ZSIs) at two

wavelengths to calculate the N-values, we still correct for the depolarization effect in multiple-scattering
calculations. Petropavlovskikh et al. [2000] also compared ZSIs calculated using spherical or plane-parallel
treatment of the second and higher orders of scattering. The difference in the treatment produced negligible
effects on the N-values at the C-pair Dobson wavelengths. Thus, the results suggested that a vector radiative
transfer code is required for the Umkehr-type studies, although full spherical treatment of zenith-sky radiation is
not essential. We use the state-of-the-art vector pseudo-spherical Dave-Mateer code [Dave, 1964; Dave, 1972]
for the forward model calculations.

Another error is associated with using effective absorption and scattering coefficients instead of line-
by-line spectroscopic data. Applying effective coefficients in radiative transfer calculations tends to
underestimate the C-pair N-values, especially at long optical paths (large SZA). The error was estimated to be
within 1.5 N-value at 90-degrees SZA (after normalization to 60-degrees SZA was applied). The error depends

on total ozone and on the profile. The line-by-line calculation is applied to eliminate this type of error.

4.1.1. Aerosols.

The effect of tropospheric and stratospheric aerosols on Umkehr C-pair measurements was simulated
using radiative transfer code by Dave [1972 a,b]. The stratospheric aerosols are non-absorbing sulfate particles
with a total optical depth of 0.1 and a vertical distribution described by Gaussian shape profiles having maximum
aerosol loads at 10, 15, 20, and 25 km. The tropospheric aerosols are distinguished as either non-absorbing
(sulfate particles) or absorbing aerosols with 1.0 and 0.9 single-scattering albedo, respectively. The vertical
distributions for both types of tropospheric aerosols exhibit an exponential decrease with altitude when aerosol
total optical thickness is fixed to 0.1. We used three different size distributions for tropospheric absorbing
aerosols. However, the C-pair N-values were largely insensitive to the tested variability in size-distribution.
Overall, the C-pair N-values are affected by tropospheric and stratospheric aerosols, where a 1 N-value change is
equal to a —2.3 % change in radiance ratio.

Both non-absorbing and absorbing tropospheric aerosols (see example for TROP, ABS and TROP,
NABS cases in Table 3a) produce a small, though non-negligible effect on the Umkehr curve, while stratospheric
aerosols (see example for STR, 10, 15, 20, or 25-km cases in Table 3a) have a very large effect. N-values
normalized to 60-degree SZA are not seriously affected by tropospheric aerosols, especially if aerosols are non-
absorbing. As result, tropospheric aerosols do not significantly affect the retrieved ozone profile. Moreover, it
appears that applying 70- or even 77-degrees SZA normalization largely reduces the non-absorbing tropospheric
aerosol effect. Still, tropospheric aerosols can produce a small effect on the retrieved ozone profile, especially at
the upper stratosphere and lower troposphere. Our analyses indicate that interference from tropospheric aerosols
can result in a 3.5 % deficit of the retrieved ozone in layer 8, and a 6 % excess for retrieved ozone in layer 0+1
(our analysis is done for 0.3 optical depth, which is typical annual averaged value for local pollution, see Table
3b for more details). Moreover, if absorbing aerosols are located at higher altitudes (up to 10 km), the effect
becomes more serious, and the deficiency in the retrieved ozone in layer 8 can be as large as 10 percent.

At the same time, the effect of stratospheric aerosols on retrieved ozone can be significant [i.e. Mateer

and DeLuisi, 1992]. Stratospheric aerosols affect ozone profile products and produce significant errors (although
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at much shorter periods of time than local pollution). The error due to aerosol effect on N-values (see Table 3a
for examples) can be calculated using Eq. 3 (see Table 3b for corresponding examples). Note that values from
Table 3a can be used only after the normalization is applied. For example, the user should subtract the N-value at
60-degrees SZA (first column) from all N-values in the selected row in Table 3a. (Note, full vector radiative-
transfer code should be used when calculating aerosol error effects. Petropavlovskikh et al. [2000] showed that

scalar radiative-transfer codes overestimate aerosol errors by about 20 %.)

4.1.2. Multiple scattering.

The multiple scattering (MSC) error is associated with the use of tables to account for the second and higher
orders of scattering. The consistency between Ny tables and the first guess ozone profile is warranted by the
fact that the same set of the climatological ozone profiles is used to create tables. We propose to use individual
MSC tables for each station to account for altitude dependence in MSC. The seasonal change of ground albedo
also affects the MSC, however the effect is not SZA dependent and is reduced by normalization. The algorithm
uses pre-calculated MSC, which are a piecewise linear fit to the total ozone. However, the error in the observed
total ozone can produce an error in the MSC estimates. Table 4 lists the change in N-values due to errors in total
ozone. The problem of fast changes in total ozone during the measurement time is not addressed in this paper.

A new feature in the updated algorithm allows adjusting the tabulated MSC at each step of iteration to
reflect the difference between observed and standard ozone profiles. The MSC Jacobian matrix is pre-tabulated
for a set of standard first guess profiles, and it is linearly interpolated to match observed total ozone. The MSC
Jacobian matrix (see Appendix A, Eq. B1) is applied to a difference between the retrieved and the standard first
guess ozone profiles to calculate an adjustment to MSC tabulated N-values. Errors of less than 0.05 N-values are

possible because the Jacobian matrix depends on both the profile and total ozone.

4.1.3. Surface reflectivity.

We have looked at the effect of the ground reflectivity variations on ZSI measurements. We found that
there is an about 4 N-value increase in the Umkehr measurement for the Dobson C-pair for 60-percent change in
surface reflectivity (relative to zero-reflectivity calculations). However, the increase in the Umkehr measurement
has virtually no SZA dependence. It is clear that surface reflectivity has no effect on normalized N-values and
thus will not affect Umkehr ozone profile retrievals [Diitsch and Stachelin, 1992]. This result suggests another
reason for normalizing the Umkehr curve. Clouds that are not in the instrument’s field of view may have a

similar effect as surface reflectivity, but this assertion requires field-testing.

4.2. Inverse model errors.
Other errors can be introduced by the inverse models, and include effects from the a priori information, from

measurement noise, or from the temperature dependence of ozone cross sections.

4.2.1. A priori and measurement noise.
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Table 5 lists the standard deviations for retrieval errors in 8 layers, associated with the use of a priori
information ($x=0.1), the noise of normalized Umkehr measurement (Se=0.25), and total ozone measurements
(the standard error of 3 DU). The retrieval is done with 70-degree SZA normalization. The first row shows
retrieval errors due to a priori information. The second row shows retrieval errors due to both sources of errors.
Errors in the total ozone can affect estimates of the IV, (Table 4), and can also influence the retrieval. This
effect occurs because the total ozone measurement is used as conservation factor in place of the measurement
used in the normalization procedures. The effect of the increased measurement noise (Se=2.0) on the retrieval
noise (due to both sources of errors) is summarized in the third row of the Table 5. Errors of the retrieval
associated with increases in both measurement (Se=2.0) and a priori information (Sx=0.4) variance are shown in
the 4™ row of the table. The 5™ and the 6" rows summarize effect of the measurement noise on monthly averaged
retrievals in 8 layers.

The impact of the measurement noise on the accuracy of the retrieved ozone profile can be evaluated
from covariance of the retrieval noise (Rodgers, 2002, Eq. 2.19):

S,=D,S,D,",

where Dn (Appendix B, Eq. B4) is the contribution matrix, and Se is the measurement noise matrix, where noise
is considered to be random, unbiased and uncorrelated. Table 6 summarizes errors in the retrieved ozone profile
caused by three types of noise: low-level noise (0.5 N-value), high-level noise (1.4 N-value), and SZA dependent
noise (see Appendix B.7 and Table B for details). Results show an increase in the retrieval noise with higher
level of the measurement noise. However, when measurement errors increase with SZA, the primary impact on
the retrieval errors is found in the upper layers. These results agree with the fact that measurements at large SZAs
are especially sensitive to ozone variability in the upper stratospheric layers. Therefore, elevated errors at the

large SZAs would strongly contribute to the accuracy of the retrieved ozone in upper atmospheric layers.

4.2.2 Atmospheric Temperature.

The ozone absorption cross sections that are used in the forward model are temperature dependent. The
temperature profile used in our retrievals is a single middle-latitude average profile. According to Mateer and
DeLuisi [1992], the errors in the retrieved ozone profile can be within + 4 %, depending on the seasonal or
latitude difference between observed and averaged temperature profiles. We use a temperature profile
climatology that is monthly and zonal-averaged (10-degree band; Summer et al., 1993) to correct for seasonal
temperature dependence in the observed N-values.

From Komhyr et al. [1993], the temperature dependence of Dobson C-pair is 0.14%/degree C change in
atmospheric temperature. Therefore, we estimate that a 7-degree error in the temperature in a layer (using the 8-
layer scheme) will produce a 0.5 to 1% error in ozone depending on the vertical distribution of the temperature.
The smaller value applies if the temperature error is confined to a single layer, while the larger value applies if

the temperature error varies slowly with height.
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5. Retrieval of a test trend model

A test of the Umkehr retrieval algorithm's ability to capture predicted trends in the ozone profile has
been performed. Each Umkehr layer is divided into 4 sub-layers. The estimated trend in the ozone profile [Miller
et al., 1996] as derived from SAGE II and ozone-sonde measurements in the northern middle latitudes has been
used to study the performance of the new algorithm. Fig. 6a shows vertical distribution of ozone changes (in DU)
represented in 61-layers (marked as RT in the plot). The trend predicted using the method of Averaging Kernels
(AK) is also shown. This test demonstrates the best that the Dobson can do to detect ozone profile changes. For
small changes in the ozone profile, the AK method provides a very quick and very accurate way of assessing the
algorithm’s response.

Results of the comparisons show fairly good agreement between the retrieved (RT) and predicted (AK)
trends, even at high vertical resolution. The Umkehr algorithm predicts a secondary minimum in the ozone trend
in the lower stratosphere, although it places the maximum at a higher altitude than expected. Fig. 6a indicates
that the Umkehr method underestimates the ozone trend below 20 km. However, an apparent difference between
the large positive trend below 10 km seen by ozonesondes and the small positive trend seen by Umkehr results
from plotting results at a higher resolution, thus misrepresenting the ozone profile information contained in the
Umkehr retrieval. The Umkehr ozone profile information has only limited resolution (about 10 km) in the
troposphere, as can be deduced by examining the AKs (Appendix C). All comparisons in the troposphere (0-20
km) should be done after combining the high-resolution ozone profile into two 10-km-wide layers. This test
trend represents an extreme case of the large and steep increase of tropospheric ozone. However, after combining
the profile into § layers as described above, Fig. 6b shows that the expected trend in the lowermost 10-km layer
is only +2.5 % whereas the RT results give +1% change. Results of the UMK92 retrieval (TOAP) are also given

for comparison.

6. Conclusion.

The new UMKVS algorithm is designed to capture the ozone trend without algorithm interference. The
need to develop a new retrieval algorithm comes from the fact that a priori profiles used in the TOAP (UMK92)
algorithm are constructed using total ozone measured by Dobson in the direct sun mode. Although there is
nothing inherently wrong with this approach, it makes the error analysis of the retrieved profile difficult by
introducing short- and long-term variability other than the customary seasonal and latitudinal changes. The
variability makes it difficult to ascertain if the observed long-term changes were forced by a priori or are a part of
the measurements. Mateer and DeLuisi [1992] chose not to use the traditional method of basing the a priori
climatology on season and latitude only, for they felt that the profile variations due to total ozone were too large
and better results would be obtained if the a priori were normalized to contain the same total ozone as the
measured total ozone.

We made several changes to the algorithm. First, in our new updated algorithm UMKO3 we use the
more traditional approach of basing our a priori climatology on season and latitude only. Thus, the new a priori

profile has no short-term, inter-annual, or long-term variability. The inter-annual variability in the retrieved
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ozone can then be easily separated from the a priori information. Second, we reformulate the retrieval problem to
make it nearly linear, thus requiring less a priori information to obtain stable solutions. Third, we increase the
vertical resolution of the solution. This approach minimizes the errors of the retrieval caused by interpolation
procedures, where the lower-resolved inverse model solution has to be repeatedly converted to the highly
resolved profile utilized in the forward model. Fourth, we allow for a solar zenith dependence in the
measurement noise in the retrieval. Fifth, in order to achieve trend—quality data and minimize effect of a priori on
the retrieved data we change the a priori covariance matrix based on Rodgers recommendations.

Our results indicate it is possible to construct an algorithm that can handle large variations in total
ozone with no adverse effects. Our overall results are virtually the same as the Mateer and DeLuisi algorithm, but
the improved algorithm has no a priori dependence, and it is more linear, which simplifies analysis of retrieval
errors. Further information on the a priori ozone profiles for 12 months and AK, as well as a table for a full

resolution 61-layer AK is available at http://www.srrb.noaa.gov/research/umkehr. Readers can use the provided

information to predict how the Umkehr retrieval would respond to alternative trend scenarios. The advantage of
the method is that the AK can be applied directly to ozone mixing ratio profiles without first converting them to
Dobson units. We have made several other improvements, though they would be less noticeable to the end user.

We have tested our algorithm extensively by constructing a synthetic data set.

Our three key findings are as follows:

First, we recommend that the Umkehr profiles should be reported and analyzed in 8 layers obtained by
combining the 10 original layers as follows (0+1, 2+3, 4, 5, 6, 7, 8, 8+.). Note that traditional layer 1 has always
been a double layer and is essentially the same layer as 0+1 layer discussed in this paper. We are recommending
that layer 2 and 3 be similarly combined, as there is no information in the measurements to separate them. We
also recommend that layer 8 should be combined with all the layers above it to form a single layer. Our extensive
analysis using synthetic data indicates that the recommended 8 layers contain reasonably independent
information, meaning that the retrieval errors are not significantly correlated. However, it is important to
remember that the AK analysis indicates that the retrieval resolution from Umkehr is somewhat worse than the
width of these 8 layers. Thus, one cannot expect perfect retrievals even in the reduced 8-layer system.

Second, our error analysis indicates that if the total column ozone is known reasonably accurately, and
the instrument is properly calibrated, there is useful information in the tropospheric layer (253-1013 hPa), of
roughly the same quality as in the other 7 layers. However, the comparisons with the real Umkehr data and the
sondes are too noisy to make a definite conclusion.

Third, we recommend changing the normalization to 70-degree SZA regardless availability of the
measurements at lower SZAs. Unless we can provide a compelling case that layer 1 ozone can be reliably
obtained from Umkehr, we could even recommend changing the normalization of Umkehr N-values to a SZA of
up to 74 degrees. Although we do lose information in layer 1, we can reduce the measurement time by one half
to two thirds, reducing the chances of atmospheric variability, and perhaps better canceling out the wedge

calibration error.
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The question of “How much information do we lose when we change normalization from 60 to 77
degree SZA?" has contradictory answers, ranging from very little to somewhat significant. The consequence of
going to 77-degree SZA normalization would be an increase in the RT error. Because this approach might reduce
systematic errors due to a wedge calibration, the increased noise in the layer-8 retrieved ozone may be an
acceptable penalty to pay in particular cases. We suggest that in high latitudes, when the noontime SZA reaches
70 degrees or more, using a 77-degree normalization at high latitudes will reduce observing time while enabling
good quality retrievals. We therefore recommend that the high latitude stations, particularly the automated
Dobson and Brewer stations, should collect Umkehr data even when the noontime SZA is relatively low. Still,
the key question about reducing (or increasing) systematic errors by changing the normalization from 60 to 70 or
even to 77-degrees SZA cannot be answered using the synthetic dataset. We will examine this issue using real
data in a future paper.

This study has also revealed an important application of the N-value residuals. Analysis of these
residuals can detect subtle deficiencies of the inverse model better than AK or the standard deviations of the
retrieved minus true ozone. Future studies of the N-value residuals should be conducted using real data. We
expect to see the instrumental errors more clearly than with any other technique, particularly those techniques
that are purely statistical. Another use of the N-value residuals would be to search for a stratospheric aerosol
signature. It is possible to develop an analytical method to flag, and perhaps even correct, the data.

A future paper will look at how these results reported here can be applied to automated Dobson and
Brewer Umkehr data. We will address the main question of how much information can be gained by reducing

noise in the measurements. We will also examine the advantage of using multiple wavelength pairs.
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Appendix A. Detailed description of the Forward model.

A.1 Spectroscopique data set.

The input dataset is based on cross-sections, a, for ozone absorption measured by Bass and Paur
[1984]: 0=Cy+C, T+C,T?, where T is temperature, C, is ozone absorption at 0°C, and C, and C, are linear and
quadratic temperature correction coefficients respectively. The Rayleigh scattering cross-section, 3, are from
Bates [1984]. The forward model uses absorption and scattering coefficients (atm”cm™ and atm™), that are
converted from cross-sections by assuming 2.149 X 10% air molecules/cm® in 1 atm column of air [Pendorf,
1957] and 2.6868 x 10" O; molecules/cm® in 1 afm-cm column of ozone. The Dobson C-pair band passes are

published by [Komhyr et al., 1993].

A.2 N-value calculation

The radiative-transfer equation is an algebraic representation of the relation between ozone vertical
distribution and zenith-sky measurements at different solar zenith angles.
Because it is too expensive to run a full radiative-transfer code, for efficiency we separate total radiance (Nzor)
into four components: a first component that includes only single-scattered radiances (Nss); a second component
that contains secondary and higher orders of scattered radiances (Nysc); the third component that represents

refraction (Ny), and the fourth component allows for temperature correction (N7):
Nior =Ng+ Ny + Ny + N, (A1)
The Ngs is calculated using a 61-layer (each layer is one fourth of the nominal Umkehr layer, about 1.2 km wide)

vertical profile scheme inside of the program [Mateer, 1964]. The single-scattered zenith-sky intensity (I) at a

given wavelength can be described as following:
o0 P )
I,=1)x%px P(H)jpoexp [— Ipo (ogdx3 + B,dp )— J.p (Otidx3 + B ,dp ) ds /Ah} dp | Ap » (A2)

where L’ is the spectral radiance outside the earth’s atmosphere, P(6) is scattering function, 8 is scattering SZA,
a;, and f3, are ozone absorption and Rayleigh scattering coefficients (cm™) respectively (described above), dx;
(atm-cm) is ozone amount in layer dp, ds is slant path of incidence of direct beam in layer dp (atm) of Ah (km)
thickness, and p, is the pressure altitude of the station, Ap is change in pressure of sub-layer (atm). The
geometric slant path is used for each layer except for the top layer (3.052E-2 hPa atm and above) where the

Chapman function is used to estimate the slant path.

A.3 Line-by-line calculation.

The forward model provides line-by-line calculations of spectrally resolved zenith-sky radiances per
unit solar flux. The Dobson band-passes are relatively wide (1.4 and 3.2 nm). Therefore, to simulate Umkehr
measurement the highly resolved spectral radiances are convoluted with solar spectrum over the band-passes (S;)

for C-pair wavelength [Komhyr et al, 1993]:
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We use Eq. A2 to calculate first-guess single-scattering N-values, Ngs, at nominal SZAs. The first order
partial derivatives (ONsy/0X), or single-scattering Jacobian matrices, are calculated analytically by differentiating
the radiance, or forward model element, defined in Eq. (A3) with respect to a state vector element, or layer ozone
amount X. The N,;c and multiple-scattering Jacobian matrices, ON,;c/0X, are pre-calculated and tabulated at 1
and 0.5 atm pressure-levels, using full vector Dave-Mateer code [Dave, 1964; Dave, 1972]. The tabulated Ny
and Jacobians are based on the updated set of standard ozone profiles (see Section 4.5). The tabulated Nysc and
Jacobians are linearly interpolated to the altitude of the individual Dobson station location and to the total ozone

observed at the station.

A.4 Jacobian or weighting function.

Fig.A provides an example of the Jacobian matrix, ON/OInX, or so-called weighting functions, as a

function of altitude and SZA. The Umkehr C-pair weighting functions are shown after applying total ozone

normalization:
aNadj(e):aNadj(e)XX:[aN(e)_aN(e)j|xX (A4)
P ln( X) oX oX o0Q ’

where ON(6)/0Q is partial derivative that defines sensitivity of N-value at nominal SZA, 6, to total the ozone, Q.
The last term on the right in Eq. (A4) is estimated using polynomial fit of the second order to N-values as
function of total ozone (total ozone is normalized to mean middle latitude value of 325 DU). We synthesize
Umkehr C-pair N-values for a set of standard ozone profiles (see Section B.5) using our forward model as

described above. As a result, the N-value at nominal SZA, 6, can be defined as following:
N(0)= A(0)+ B(0)x(Q—325)+C(9)x (Q -325), (AS)
where A4, or N-value for 325 DU total ozone standard profile, B and C are coefficients of the polynomial fit and

are provided in Table A as function of SZA. Therefore, based on the polynomial fit we derive partial derivative

of the N-value with respect to the total ozone as following:

azg/_g()m = B(#)+2C(0)x (Q -325). (A6)

Figure A truly reveals the profile information of the Umkehr technique. Plots of the total ozone normalized

weighting functions make it clear that there is virtually no profile information in N-values at 60, 65, and 70 —

degrees SZAs, whereas functions at other SZAs are sensitive to ozone variations at different altitude levels.

The new UMKO3 algorithm includes a provision to adjust Nyc to reflect the departure in the retrieved ozone

profile from the standard profile:

W os (
oX

RT _ A7STD
Nyse = Nyse +

XRT - XSTD )a (A7)
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where Nys> " is tabulated correction, ON,,¢/0X is tabulated multiple-scattering Jacobian matrix, Xz and Xgrp is

retrieved and standard ozone respectively.

A.4 Refraction and temperature corrections.

The refraction correction, N, tables at sea level, 1 atm, and 0.5 atm are pre-calculated using TOMRAD
code, which is based on full vector Dave-Mateer code [Flitner et al., 2000]. The Ny is linearly adjusted to the
altitude of the station.

The temperature correction, Ny, is done in the forward model to account for seasonal variations in the
temperature profiles. We use NRL climatology of standard temperature profiles [Summers and Sawchuck, 1993]
that are tabulated as function of latitude and month. The dependence of the ozone absorption cross-section, e, on
temperature variations may create seasonal signatures in the Umkehr measurements (see Eq. A2). Therefore, we

can write the change in NV due to the change in absorption cross section a as:

ON
AN = ) —Aca ., i=1,...M A8
;aaj ! j (A8)

where X is the integral over M wavelengths within band-pass. In addition, the change in absorption cross-section,

Aqy, due to the change in temperature can be expressed as:
2 2
Aa,=C(T-T,)+C,(r* -13), (A9)

where T is the seasonal temperature, T, is the nominal temperature, and C; and C, are linear and quadratic
temperature correction coefficients for ozone absorption coefficient respectively. After assuming that change of
the layer ozone is proportional to the change of absorption cross-section in the log space, we can define

temperature correction, Ny=AN, as:

Ox

l

N, = Za—y%[a}(T_To)+af(Tz _Toz)l’ =1...N (A10)
i J

where X is the integral over N atmospheric layers.
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Appendix B. Details of the Inverse Model.

B.1 Inverse Model description.

Remote sensing methods present a non-linear problem when atmospheric information contained in the
measurement has to be retrieved. If the problem can be simplified, it is reduced to a linear relation between
measurements and the sought atmospheric parameters (the ozone profile in our case). The common methods
utilize a Newtonian technique, where information is expanded in a Taylor series around the a priori vector:
y:yl+a—y>x<Ax+o(Ax)2 (B1)

ox
where y is the measurement vector, y; is the predicted measurement vector based on the first guess information,
and x is the state vector, and the last term on the right represents the higher order terms in the equation that are
typically very small and are added iteratively
Rodgers [1976, see Eq. 101] provides the following equation for the inverse problem:

X, =X, +D, x [y -y, —Kn(xo - X, )] , n=1,...N (B2)

D,=SK'(K,SK +58) (B3)

where x,.; is the state vector for the solution of the iterative equation, and x,, =X (truth) when n—, x,is the a
priori (guessed) information, S, is the a priori covariance matrix, S, = K,.X is the measurement error matrix, K,
=dy/dx, is a Jacobian matrix, y is the measurement vector, y, is the predicted measurement vector for the state
vector x,, and D, is the Rodgers contribution function. Although Mateer and DeLuisi [1992] chose x;=x, to
initialize the inverse model, we make distinction between x, and x;, where x, is a priori, and x; is a “good” first
guess used to pre-calculate the MSC and Jacobian matrix tables. All of these parameters are discussed further in

this section.

B.2 State vector (x,).

The state vector x, in Eq. (B1) is defined as a retrieved ozone profile. In UMKO03 algorithm the state
vector is defined as layer ozone amount (x,=w) in DU (1DU=10" atm-cm). In Umk92 algorithm, the state vector
is defined as the log of ozone (x=In(w)) in nominal Umkehr layer to avoid negative ozone values in solution for
the individual layer. However, because N-values vary approximately linearly with layer ozone, errors in N-
values, such as measurement noise, produce retrieval errors in ozone that are roughly independent of layer ozone.
So, the use of In(w) distorts the statistics in layers where the retrieval errors are large (e.g., layers 2 and 3)). The
problem is particularly serious when the layer ozone is close to zero, for example, for layer 2 in the tropics and
layers 2 and 3 in the ozone hole. Using /n(w) forces the retrieval to produce only positive layer ozone values,
biasing the mean. Our algorithm allows ozone in these layers to fluctuate on both sides of zero.

We also use a 61 layer (4 of the traditional Umkehr layer, approximately 1.2 km wide) retrieval scheme as
opposed to the 12 layer Mateer scheme to avoid fitting a spline to convert from the retrieved layer ozone to the

high resolution layers in the forward model. Rodgers (private communication) has remarked that use of the
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lower-resolution layering introduces representational errors, which are easily avoided by using the same layering

scheme for the retrievals and for the forward model calculations.

B.3 A priori (x).

The a priori information was developed using a new ozone climatology [ref. Labow, 2000?], which had
been generated, using monthly mean of sonde measurements below 25 km, and SAGE (Stratospheric Aerosol
and Gas Experiment) and MLS (Microwave Limb Sounder) data in upper stratosphere. These data are converted
to Umkehr layers, averaged over 10-degree latitude bands, and then fitted as a function of day number only. This
procedure is principally different from that used previously for UMK92 algorithm, where the a priori was
adjusted using the observed total ozone. With the previous procedure, the a priori profile varied from
measurement to measurement, making it difficult to separate the contributions inherent in the measurements from
those due strictly to the a priori information. The a priori in new updated UMKO3 algorithm does not depend on

total ozone, and therefore does not carry any total ozone trend information.

B.4. A priori error covariance matrix (S,).

In the strict implementation of the maximum likelihood estimation method one should generate the a
priori error covariance matrix using the same dataset that was used to generate the mean profiles. However, it has
been noted by many authors [e.g., Mateer & DeLuisi, 1992] that this so-called climatological covariance matrix
has unwanted properties, including the fact that such matrices are often found to be nearly singular. A more
serious problem is that for techniques such as the Umkehr, where the main objective is to study inter-annual and
long-term changes in ozone, rather than short-term variability, the covariance matrix should ideally represent
year-to-year variability of monthly mean ozone rather than short-term variability. For these reasons we assume
that the fractional uncertainty in the a priori is same in all layers and the correlation between layers falls off

exponentially with layer number. This leads to the following form of the a priori error covariance:
[COV(ln a))]y =Cx exp(— [i - j]/k) (B4)

where, C=Var(lnw) is the assumed variance (square of standard deviation) of ozone in all layers, and & is a

smoothing parameter. In the X coordinate system, we get:
[cov(o)], = Cxa, x o, exp(~[i - j]/k) (B)

where w; is the ozone in the i-th layer of the a priori profile. In section 5.1 we describe our procedure for

selecting the proper values of C and k.

B.5. First Guess (x;).

For nearly linear problems, the inverse model (Eq. B2) should converge to the same profile,
independent of the first guess (x;). However, the retrieval can never be made independent of the a priori, x,.
Nevertheless, the first guess can be used to speed up the convergence in the inverse problem. The UMKO03

algorithm uses standard ozone profiles for the first guess, MSC and Jacobian matrix tables.
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The set of standard ozone profiles are latitude and total ozone dependent, and have been created to
present typical ozone profile behavior at high, middle and low latitudes at the sea-level pressure (similar to
standard profile used in the SBUV algorithm, V.8, McPeters, 1998). The total ozone column of standard profiles
ranges between 125 and 575 DU in 50 DU increments. In order to correct the standard ozone profile for altitude
of the station, first, ozone amounts in the tropospheric layer of standard ozone profiles are adjusted for the
pressure of the station; thus, total ozone in standard profiles is altitude corrected. Then, altitude-adjusted standard

profiles are linearly interpolated to the observed total ozone.

B.6. Measurement vector (y;(6)).

The measurement vector contains normalized N-values, y;(0)= N(0)- N(©,) (see Eq. A2), where the size
of the vector can vary from 11 to 7 parameters (depending upon the choice of the SZA for normalization). The
measurement vector also includes total ozone information from direct sun measurement. We discuss the proper

selection of 6, in section 5.2.

B.7. Measurement Error Covariance Matrix (S,).

The UMK92 algorithm assumes that the standard deviation of Umkehr measurements at each solar
zenith angle is 1 N-value, and that the errors between SZAs are uncorrelated. Thus, normalization increases the
standard deviation to 1.4 N, leading to a diagonal measurement error covariance matrix, S,, with 2 along the
diagonal. Based on careful examination of the Umkehr data simultaneously collected from two automated
Dobson instruments located at Arosa, Switzerland (Rene Stubi and Eliane Maillard, MeteoSwiss, private comm.)
we believe that the measurement errors increase with SZA. Therefore, for automated Dobson measurements we
recommend changing S, (See Table B for diagonal elements, where 0.25 value assumes that the noise of
normalized measurement is 0.5 N). The effect of the measurement noise on the retrieved ozone profile data is

discussed in sections 6 and 7.2.1.
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Appendix C. Definition of Averaging Kernel.

The ideal AK is a unity matrix, meaning that the system is capable of transferring independent layer
information to an appropriate layer of the retrieved profile without interference from other layers and information
loss. Numbers that are less than one indicate that not all information was transferred to the layer. Because the
system is constrained to preserve total ozone value, the lost information has to be derived elsewhere. Most of the
time, it is delivered to the adjoining layers. If the AKs have a Gaussian shape, the width of the Gaussian at the
half-maximum point represents the resolution of the technique. However, if they are not Gaussian, interpreting
the information content becomes trickier. For convenience, we rewrite Rodgers’ AK formula to express layer-
ozone changes in fraction of the a priori ozone, which gives:

I
(a)RT -

(ChH

Figure C shows the fractional AKs, i.e. AKi]-*w(f}ﬁ)oi. The 61-layer AKs calculated for a typical middle
latitude ozone profile show how the algorithm responds to a 1 percent ozone change in a layer of width
dlogp=log2/4 (approx. 1.2 km). The numbers in the graph represent the altitude of the layer center at which the
change is made. The plot shows that the response of the algorithm is to broaden the perturbation over many
layers. It also shows that information at altitudes between 20 and 40 km is very similar. The AK at any altitude in
this range can be described roughly as a Gaussian weighted distribution. The full width at half maximum of the
response is about between 8 and 10 km. The plot also shows that the algorithm cannot separate a 40.2 km
perturbation from the one at 46 km. (The higher altitudes are not shown but they also overlap with the 46 km
response.) The ozone profile information contained in layers below 20 km presents a tougher problem. It is clear
that the information in these layers is highly distorted with contributions coming from all levels. The AK

depends somewhat on the vertical ozone distribution.
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Table A. Second-degree polynomial fit coefficients for middle latitude ozone profiles (see Eq. AS).

SZA A B C*100
60 51.08 0.17 -0.003
65 60.16 0.19 -0.005
70 72.86 0.22 -0.008
74 86.85 0.25 -0.015
77 100.21 0.26 -0.023
80 115.68 0.26 -0.033
83 130.60 0.22 -0.035
85 137.21 0.17 -0.025

86.5 138.83 0.13 -0.024
88 136.97 0.10 -0.005
89 133.77 0.10 -0.002
90 129.05 0.09 -0.000

Table B. Measurement error matrix, Se.
SZA 65 70 74 77 80 83 85 86.5 88 89 90 TO
Variance | 0.15 | 0.15 | 0.15 | 020 | 0.25 | 0.30 | 035 | 040 | 0.70 | 1.40 | 2.80 | 0.1
Table 1. Umkehr layer system.
Layers Layer Boundary (km) Pressure limits (hPa)
0+1 0-10 1013 - 253
2+3 10 - 20 253 -63
4 20-25 63 -32
5 25-30 32-16
6 30-35 16 -8
7 35-40 8 -4
8 40 - 45 4-2
9 45 -50 2-1
8+ 40 — top of atmosphere 4-0




Table 2. Contribution Functions Dn (Appendix B, Eq

function of SZA (columns) and layers (rows).
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. B3) for middle latitude 325 DU standard ozone profile as

Layer\SZA | 60° | 65° | 70° | 74" | 77° | 80° | 83° | 85" | 86.5° | 88" | 89" | 90°
9+ 0.00 | 0.00 [ 0.02 | 0.03 | 007 | 0.08 | 0.00 | -0.11 [ -0.16 | -0.03 | -0.42 | 0.03

8 0.01 | 0.03 | 0.06 | 0.08 | 0.09 | 0.03 | -0.07 [ -0.11 | -0.02 | 0.16 | 0.37 | 0.14

7 0.05 | 009 | 0.10 | 0.04 | -0.13 [ -0.30 | -0.07 | 045 | 0.90 | 0.56 | -0.94 | 0.59

6 20.03 | -0.13 | -0.28 | -0.44 | -049 | 0.14 | 1.11 | 1.47 | 059 | -0.62 | -1.33 | 0.85

5 022 | -0.42 | -0.40 [ -0.02 | 1.03 | 2.30 | 1.50 | -0.59 | -2.15 | -1.31 | 127 | -1.65

4 022 | 067 | 128 | 1.84 | 1.99 | 032 | -1.71 | -2.05 | -0.53 | 0.65 | 1.02 | -1.97

2+3 051 | 099 | 1.07 | 055 | -0.88 | -2.44 | -1.60 | 020 | 1.28 | 0.83 | -0.54 | 4.85
0+1 <0.19 [ -0.55 | -1.01 | -1.37 | -1.40 | -0.49 | 0.42 | 0.63 | 0.27 | -0.08 | -0.33 | 5.50

Table 3a. Change in 12 N-values due to stratospheric (0.1 optical depth) and tropospheric (0.3 optical depth)

aerosols, for 350 DU standard ozone profile.

Type\SZA | 60° | 65° | 70° [ 74° | 77° | 80° | 83" | 85" | 86.5" | 88" | 89" | 90°
STR,10-km | 09 | 08 [ 06 | 04 | 03 | 01 | -00 [ -0.1 | -0.1 | -0.0 | 0.1 | 03
STR,15-km | 10 | 08 | 04 | 00 | -05 | -1.0 | -14 | -1.5 | -1.8 | 23 | 26 | 25
STR,20-km | 1.0 | 05 | -02 | -14 | 27 | 44 | 55 | 51 | 45| 47 | -58 | -74
STR,25-km | 0.6 | -02 | -1.8 | -42 | -74 | -11.7 | -154 | -149 | -123 | 92 | -9.0 | -12.0
TROP,ABS | -04 | -06 | -08 | -1.1 | -14 | -15 | -13 | 09 | -0.7 | -05 | -0.5 | -0.5

TROP, 32 | 31 | 29 | 27 | 26 | 25 | 26 | 27 | 28 | 28 | 2.8 [ 28
non-ABS

Table 3b. Change in 8 Umkehr layers (percent) corresponding changes to stratospheric (0.1) and tropospheric
(OD of 0.3) aerosols, for 350 DU standard ozone profile.

Type\Layer 8+ 8 7 6 5 4 2+3 0+1

STR, 10-km | -32 | -39 | 47 | -32 | -1.2 | -09 0.3 3.0

STR, 15-km | -15.8 | -17.7 | -11.3 | -1.5 | -1.2 | -4.1 1.1 7.8

STR, 20-km | -42.9 | -46.0 | -11.2 | 3.1 | -19.3 | -183 | 14.1 | 26.1

STR, 25-km | -67.5 | -73.0 | -7.5 | -6.5 | -58.0 | -39.3 | 484 | 56.0

TROP,ABS | -35 | -3.7 | -1.6 | -02 | -3.1 52 | -05 6.0
TROP, 29 | 3.0 | -12 0.2 -1.3 | 27 | -02 32
NABS




Table 4. Error in MSC N-values due to 1 DU error in total ozone at the middle latitude.
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error\SZA

60°

65°

77°

80°

83’

85°

86.5"

dN*100

2.0

23

4.2

5.2

5.7

4.8

3.8

32

2.9

2.8

Table 5. The percent error in the retrieved ozone due to a priori information is shown for 8 individual layers,

SD(RT-TR), without and with measurement noise error added.

8+ 8 7 6 5 4 2+3 1+0
Se(0.25), $x(0.1), no noise 1.6 3.1 2.7 3.9 4.3 8.1 10.7 11.6
Se(0.25), Sx(0.1), with noise 4.1 4.5 5.7 52 6.0 9.0 11.6 13.7
Se(2.00), Sx(0.1), with noise 6.8 7.0 6.1 7.3 6.9 10.6 15.2 13.8
Se(2.00), Sx(0.4), with noise 9.2 8.7 9.6 8.8 9.6 12.3 14.0 17.4
Se(0.25), Sx(0.1), monthly 1.4 1.9 22 2.5 2.7 4.1 5.8 6.5
Se(2.00), Sx(0.4), monthly 34 33 3.4 3.6 3.8 53 6.6 7.8
Table 6. The percent error in the retrieved ozone due to the measurement noise.

8+ 8 7 6 5 4 2+3 1+0
Se(0.25), RT error for 325 DU 3.1 22 35 2.9 3.1 3.1 24 6.1
Se(2.00), RT error for 325 DU 43 3.6 3.6 4.6 4.0 2.7 4.0 6.7
Se(SZA), RT error for 325 DU 4.4 3.6 29 3.8 2.8 33 24 6.2
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Altitude, km
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10

Jacobian, dh/dlogX

Figure A. Jacobian matrix dN/dnX is plotted as function of altitude and solar zenith angle. The N-value derivative at
60-degree SZA is shown as the first solid line from the left. The farthest dashed line to the right is the N-value
derivative at 90-degrees SZA. Results at other SZA are shown as series of alternating dashed and solid lines located
between 60 and 90-degrees. Results are shown for a standard middle latitude ozone profile with total ozone of 325 DU.
The Jacobian matrix is normalized to total ozone.

20 40 50

Approx. Altitude, km
20
|

10

o N 114 BT
-010 -0.05 0.0 0.05 0.10 0.15 0.20

Averaging Kernel

Figure C. Each line shows algorithm’s response (AK) to a 1 percent ozone change in a thin layer (approximately 1.2
km wide) as function of altitude. The numbers in the graph represent the altitude of the layer center at which the
| perturbation is made. AK is for typical middle latitude ozone profile.
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Figure 1. Standard deviation of the difference between the “truth” and the retrieved ozone profiles using a priori
covariance matrices with different coefficients (indicated in legend). Results are given in percent relative to the mean
synthetic ozone profile. The standard deviation (SD) of the difference between the “truth” and a priori profile, SD(AP-
truth), is also given for reference. Results are given for the ozone profile retrieval based on synthesized Umkehr
measurements either (a) without noise, or (b) with added random noise.
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B+

AP-TR
RT-TR iwith noise)
RT-TR (w/o noise)

Layers

A+2

1+0

0.0 0.05 010 015 0.20 0.25 0.30

Error Stnd. Dev./Mean O3

Figure 2. The standard deviation divided by mean ozone profile has been calculated for differences between the “a
priori” ozone and the “truth”(solid line), as well as errors of the retrieval (dashed line) obtained with 60-degree SZA
normalization (Xt, Xr, and Xap indicate truth, retrieved, and a priori ozone profiles respectively). The retrieval errors
are also shown for a case when a random 0.5 N-value noise had been added to the synthesized N-values (dotted line).
Errors are calculated for the monthly averaged data.
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Figure 3. Relative error (standard deviation divided by mean ozone) of the retrieval as function of layers. The effect of
the choice of the normalization SZA is shown by three lines representing three scenarios (60, 70 and 77 degree
normalization SZA). (a) Reduction in daily errors, (b) Reduction in errors for monthly averaged retrievals with added
random noise.
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Figure 4. Comparisons of selected retrieved (RT) and test (OBS) ozone profiles in 61-layers. The a priori profile (AP)
used for retrieval and profile obtained by using AK to smooth the referred test profile (AK) are also included for
comparisons.(a) Smooth profile retrieval; (b) Perturbed profile retrieval.



35

(@)

1+

+6

‘opN Jade

.0

.1

0.8

0.6

C.0 0.2 0.4

-0.2

Fractional Change

(b)

=025
2.0

1]
w

Se=

1.+

+6

tr 2+t 0+i

‘op JafeT

.0

1

08

0.6

0.2 0.4

0.0

-0.2

Fractional Change



36
()

S+

Layer Mo.

A+2

1+0 2+2 4
1

140

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Fractional Change
Figure 5. The same as Figure 2, but in 8 coarser layers (see Table 1 for details on layer system. (a) AKs are calculated
using Rodgers covariance matrix with 0.2 coefficient and 60-degrees SZA for normalization. (b) The same as (a), but
using two types of Se matrix representing lower (0.25) and higher (2.0) measurement noise; (c) The same as (a), but
using climatological information about covariance between layers.



37
(@)

Altitude, km
20 30 40

10

Czone Change, DU
(b)

40

20

Altitude, km

20

-4 -3 -2 -1 0 1 2

Czone Change, DU
Figure 6. A vertical distribution of ozone profile changes (in DU per decade). The estimated trend in the ozone profile
(sold squares) is compared with results of the new updated UMKO03 algorithm (FAP) retrieval (open squares). The trend
predicted using the method of Averaging Kernels (AK) is also shown (open circles). (a) Highly resolved vertical profile
change in 61-layers. (b) The same as (a), but in 8 coarser layers. Results of the UMK92 algorithm (TOAP) retrieval
(open triangles) are also included for reference.
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