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Abstract

The ACE-FTS (Atmospheric Chemistry Experiment — Fourier Transform Spectrometer)
instrument on board the Canadian satellite SCISAT has being observing the Earth’s
limb in solar occultation since its launch in 2003. Since February 2004, high resolu-
tion (0.02 cm‘1) observations in the spectral region of 750-4400 cm™ ' have been used
to derive volume mixing ratio profiles of over 30 atmospheric trace species and over
20 atmospheric isotopologues. Although the full ACE-FTS level 2 data set is available
to users in the general atmospheric community, until now no quality flags have been
assigned to the data in order to guide the users. This study describes the two-stage
procedure for detecting outliers within the data set for each retrieved species, which is
a fixed procedure across all species. Since the distributions of ACE-FTS data across
regions (altitude/latitude/season/local time) tend to be asymmetric, the screening pro-
cess does not make use of the median absolute deviation. Quality flags have been
assigned to the data based on fitting error, the outliers described in this study, and
known instrumental/processing errors. The quality flags defined and discussed in this
study are now available for all level 2 version 2.5 and 3.5 data and will be made avail-
able as a standard product for future versions.

1 Introduction

One of the most common techniques for screening out anomalous data from a data
set is to calculate the set's mean (u) and standard deviation (o). Data that are outside
the limits of u + ko, where k is some constant, are deemed to be outliers. Another
common, and similar, method is to use the median and MAD (Median Absolute Devia-
tion) (Toohey et al., 2010; and references therein), in place of the mean and standard
deviation respectively, where,

MAD = median; (| x; — median; (x;) |) (1)
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This method is much less sensitive to extreme outliers, as the presence of outliers
typically has an insignificant effect on the median value. However, this technique as-
sumes that the data being analyzed are symmetrically distributed about the median.
In the case of data that is asymmetrically distributed and consists of multiple extreme
outliers, it is likely that neither the o nor the MAD will be an appropriate estimate of the
variation, or scale, of the measurements. In such cases, they should be avoided in the
detection of outliers (Rousseeuw and Croux, 1993).

In satellite remote sensing of the atmospheric limb, measurements inherently suffer
from sampling biases. Therefore, isolating geographical/seasonal/local time regions
where global satellite-based data are normally distributed can be difficult and/or te-
dious. This is due to the fact that the atmosphere doesn’t necessarily behave in a
predictable, periodic manner. Measurements grouped into a given altitude and latitude
and month and local time bin can be driven away from normal behaviour by any number
of factors — e.qg., the polar vortex, a solar proton event, a sudden stratospheric warming,
etc.

The ACE-FTS (Atmospheric Chemistry Experiment — Fourier Transform Spectrom-
eter (Bernath et al., 2005) instrument, on board the Canadian satellite SCISAT, is a
solar occultation, high-resolution (0.02 cm_1) Fourier transform spectrometer operating
between 750 and 4400cm™'. ACE-FTS observations are used to derive volume mix-
ing ratio (VMR) profiles of over 30 atmospheric trace gases, as well as profiles of over
20 subsidiary isotopologues of atmospheric species (Boone et al., 2005). SCISAT was
launched in 2003 and ACE-FTS has been providing consistent measurements since
February 2004. Atmospheric profiles range in altitude from ~ 5-110km, depending on
the species, with a vertical resolution of ~3-4 km and sampling of 2—6 km.

This study outlines the repercussions of screening data based on the standard devia-
tion or the MAD given non-normally distributed data and discusses a two-step process
for detecting outliers that is currently carried out on the ACE-FTS level 2 data set. All
data presented in this study are ACE-FTS level 2 version 3.5 (v3.5) (Boone et al., 2013)
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spanning February 2004 to February 2013, however the same processes are used for
detecting outliers in version 2.5 (v2.5) data. The main differences in v3.5 from v2.5 are,

— amended sets of microwindows for all molecules, and an increase in the number
of allowed interferers in the retrievals;

— improvement in temperature/pressure retrievals, leading to a reduction in unphys-
ical oscillations in retrieved temperature profiles;

— inclusion of COCl,, COCIF, H,CO, CH;0H, and HCFC-141b and removal of HOCI
and CIO VMR retrievals.

The outlier detection and subsequent data flagging procedures discussed in this study
have only been performed on the ACE-FTS level 2 data products that have been in-
terpolated onto a 1 km altitude grid (between 0.5 and 149.5km) (Boone et al., 2005).
The philosophical approach for flagging data as potential outliers was one of caution, in
that it is better to keep some “bad” data than to reject “good”, or “true”, data. As well, it
was desired that the approach be consistent for all subsets of data being analyzed, i.e.
tolerance levels, regional limits, etc. should be the same for all species, for all seasons,
at all altitudes.

2 Detection method and results

All distributions of data discussed in this section represent the February 2004—February
2013 data, and all VMRs are given in parts per volume (ppv).

Global satellite-based measurements of trace gases in the atmosphere typically are
not normally distributed. Different regions are governed by different, varying processes,
and therefore analysis of the data is typically carried out by breaking down the data into
different altitude, latitudinal, etc. bins. Figure 1 shows the ACE-FTS H,O data at 17.5
and 35.5km and the corresponding measurement distributions. For both subsets of
H,O data, inlier limits were determined for u+ 30 and median +3MAD x 1.428 (1.428 is
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the scale factor for a consistent estimate of the variation assuming a normal distribution,
Rousseeuw and Croux, 1993). These limits are plotted in Fig. 1a and Fig. 1c and
highlight two key points: first, using the standard deviation when there are extreme
outliers can allow for the acceptance of data that should clearly be rejected. Second,
using the MAD on asymmetrically distributed data can lead to the rejection of “good”
data. For instance, as shown in Fig. 1a, the lower cut-off using the MAD of 2.76 ppm
clearly excludes the low H,O concentrations that are observed in Antarctic (austral)
spring. As can be seen in Fig. 1b and Fig. 1d, the H,O data at both altitude levels are
not normally distributed.

The data can be separated further into bins based on latitudinal regions and local
times. For example, Fig. 2 shows H,O and Oj sunset data at 30.5 and 35.5km, sep-
arated into different latitude regions (0-30°S, 30-60°S, and 60-90°S), with dashed
lines representing best fits to normal distributions. These regions are representative of
bins often used to partition atmospheric data. Figure 2 exemplifies that using a given
bin definition that leads to symmetrically distributed data at one altitude level doesn’t
necessarily lead to symmetrically distributed data at all altitude levels, nor across all
species. For instance, in Fig. 2a the 35.5 km Og distributions in all three latitude regions
are fairly symmetric. However the 35.5 km H,O distribution (Fig. 2c) in the mid-latitudes
is highly skewed, and in Figs. 2b and d we see bimodal, asymmetric distributions for
both O3 and H,O in the 30-60°S and 60-90° S regions at 30.5 km. For high-latitude
data in many species’ data sets, distributions can be bimodal due to observing inside
and outside of the vortex, and therefore it is not possible to find sub-regions (based on
season, latitude, or local time) that will always exhibit symmetric distributions.

Therefore, the ACE-FTS data screening process takes an approach that does not re-
quire the distribution of any subset of data to be symmetric. The screening processes
starts by analysing the data’s probability density functions. The probability density func-
tion of data subset x, pdf(x), multiplied by the number of data points, N, gives you the
expected number of data points at a given value of x,

E(x) = N x pdf(x) (2)
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The function E (x) is the expectation distribution. Anywhere that the expectation distri-
bution is less than 1 is most likely a statistical outlier, as no data points are expected to
be measured at those values of x, given the pdf. Therefore, the criterion for excluding
data can be any value of x where E(x) is less than 1. This is similar to Peirce’s cri-
terion (Peirce, 1852; Ross, 2003) and Chauvenet’s criterion (Chauvenet, 1871), which
both assume a normally distributed probability density function. The tolerance level can
be varied to suit the desired acceptance level of possible outliers. For ACE-FTS data,
a tolerance level of 107™* is used, which corresponds to a 99.99 % confidence of an
excluded data point being an outlier —i.e., any value x where E(x) < 107 is rejected.

This method, however, requires determining an analytical solution for the data’s ex-
pectation distributions. For each of the 50+ ACE-FTS retrieved species, at each altitude
level, the data is separated into sunset and sunrise occultations as well as into four dif-
ferent latitude regions: 60-90° S, 0-60° S, 0-60° N, and 60-90° N. Due to the SCISAT
orbital geometry, the majority of ACE-FTS measurements are at high latitudes, and
therefore each latitudinal bin has roughly the same number of profiles. The distribu-
tion of each subset is then fit to a Gaussian mixed distribution, using three Gaussian
distributions. This assumes that the data is at most tri-modally distributed. The fit is
performed using the Matlab statistical toolbox, which uses an Estimation Maximization
algorithm (McLachlan and Peel, 2000). Figure 3 shows the O distribution at 30.5 km
in the 60-90° S and 60-90° N regions, along with the fitted expectation distributions
and the three Gaussian distributions derived in the fit. It should be noted that prior to
fitting a data subset to a Gaussian mixed distribution, profiles affected by previously
determined issues either with the instrument or with the data processing have been
excluded, and extreme outliers are screened out by assuming that any data points with
absolute values greater than 10 000 times the median of the subset’s absolute values
are outliers.

Figure 4 shows three examples of ACE-FTS sunset data distributions — NO, at 60—
90° S and 30.5km, CH, at 0-60°N and 17.5km, and N,O at 60-90° N and 20.5km —
and the corresponding fitted expectation distributions. These were chosen in order to
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illustrate typical results for commonly used ACE-FTS data. The average root-mean-
square error (RMSE) between the expectation distributions and actual distributions is
6 % and has a 10 deviation of 2 %. In the case of rare extreme events present in the
data, which tend to be under-sampled in ACE-FTS data, the effect on the distribution
can be to skew a tail end of the distribution, driving the shape of the tail away from
Gaussian. An additional ad hoc method has been implemented to ensure that no “true”
data is excluded in the screening process when rare extreme events occur that are not
properly accounted for in the fit. For each subset, the standard deviation is calculated
for the inlying data, where £(x) > 10™*. This standard deviation we will call i, Original
upper and lower limiting values, x,, are calculated, where E(x)) = 10'4, and both the
upper and lower limiting values are extended by o;,. Hence, x," = x + 6,, and x» =
x|'°w - 0,,. Figure 5 shows the inliers and outliers as determined by the expectation
distributions for the subsets shown in Fig. 4. As can be seen, not all subsets contain
extreme outliers, e.g. NO, at 30.5km (Fig. 5a). When there are obvious outliers, this
method does exclude the most extreme outliers, although perhaps not all outliers. For
instance, several (potentially) anomalously low values, near 0.75 ppm, in the CH, data
(Fig. 5b) remain as inliers. This is in part due to the lax tolerance level of 10™*, which is
more likely to leave in outliers than if a larger value (but still less than 1) was chosen.
It should be noted that screening using the expectation distribution is a hard-limiting
filter, which doesn’t necessarily reject data that are non-physically anomalous for a
given season. To screen the data of this type of moderate outlier, the 15-day running
mean (u45) and 15-day running standard deviation (o45) are calculated for each subset,
excluding outliers as determined from the expectation distributions. Any data point with
a value outside the bounds of 45 +5.50;5 are considered to be outliers. The value
of 5.5 was empirically found to maximize the number of discovered outliers without
rejecting obviously “true” data. If outliers are detected, they are removed from the data,
and a new running mean and standard deviation are calculated for the inlying data
in order to determine if there are any more outliers. This process is iterated until all
data points are determined to be inliers. The mean and standard deviation are used
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instead of the median and MAD, as it is assumed that the subsets have already been
screened for extreme outliers. Figure 6 shows the inliers and outliers as determined
by the 15-day running values for the subsets shown in Fig. 4. Clearly this step catches
moderate outliers that were not detected using the expectation distributions, although
still not all anomalous data have been screened out. The potentially anomalous values
near 0.75 ppm in the CH, data (Fig. 6b) still remain as inliers. Stricter tolerance criteria
in either the expectation distribution or running standard deviation screening process
would allow for these data to be screened out; however, they were found to lead to
screening out “true” data in other subsets of data, which would be discordant with our
philosophical approach.

In order to explore the response to periodic extreme events and to trends, Fig. 7
shows the final inliers and outliers in all ACE-FTS HCN data at 9.5 km, which exhibits
periodic increases that could correspond to biomass burning events (e.g. Crutzen and
Andreae, 1990; Pommrich et al., 2010), as well as all SFg data at 19.5km, which ex-
hibits a clear positive trend throughout the time series (Rinsland et al., 2005; Brown
et al., 2011). Even in these instances of extreme events and a significant trend in the
data, the outlier detection method outlined here is robust enough to keep the data as
inliers. The top panel in Fig. 7 shows all data points and demonstrates the extreme out-
liers (red dots) that can occur within the ACE-FTS data set. The middle panel shows
the same data as the top panel, however without the more extreme outliers in order to
better view the data; and the bottom panel shows the data with all outliers removed.

Stratospheric sudden warmings cause there to be strong descent in the northern
high-latitude upper atmosphere. This leads to large concentrations of NO and CO in
the upper stratosphere-lower mesosphere, near 50 km (e.g. Manney et al., 2008; Ran-
dall et al., 2009). Figure 8 shows the time series of the final inliers and outliers in
all ACE-FTS NO and CO data at 55.5 and 50.5 km, respectively. Again, the detection
method is robust enough to keep the majority of data during these extreme events as
inliers. In a couple extreme cases, NO data in early 2004 at 55.5 km (Fig. 8a—c), seven
data points were flagged as extreme outliers that could potentially be “true” data; and
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similarly in early 2011 CO data at 50.5 km (Fig. 8d—f), eight data points may have been
erroneously flagged. Out of all subsets of all 50+ species/isotopologues, these were
the most extreme instances of apparent rejection of true data. The down side of not
screening out rare extreme events, however, is that this method is less likely to catch
sporadic systematic instrument or processing errors. Therefore, continual monitoring
of both the rejected and non-rejected data statistics is necessary to determine if any
such errors have occurred.

Table 1 shows what percentage of ACE-FTS level 2 v3.5 profiles contain at least one
detected outlier (by either method). For any given species, if all profiles that contained
at least one outlier are rejected, less than 6 % of the total number of profiles will be
omitted.

3 Conclusions

A two-step process has been developed in order to screen all ACE-FTS level 2 data for
outliers. The first step fits an expectation distribution, the superposition of three Gaus-
sian distributions, to actual distributions. Data that have corresponding expectation val-
ues that are less than the subset tolerance level are determined to be extreme outliers.
The second step iteratively takes the 15-day running mean and standard deviation and
screens for moderate seasonal outliers. At each iteration, data that are further than 5.5
times the standard deviation from the mean are determined to be moderate outliers.
Using these methods to screen the ACE-FTS data for outliers, a flagging system
has been implemented to give ACE-FTS level 2 data users a guide for how best to
use the data. Each VMR data point in each profile is flagged with an integer from 0-9.
Table 2 gives the definition for each flag value. Any data with a O flag is recommended
for use. It is recommended that data points with a corresponding flag greater than
2 be removed before any analysis is performed. This screening method alone may
be adequate when only looking at one altitude level, however, profiles that contain
an outlier at a given altitude level may also be compromised at lower altitude levels.
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Therefore it is recommended that any profile that contains a flag between 4 and 7
(inclusive) be removed before analysis. However, screening the data using these flags
should be done with caution when investigating middle to upper atmospheric NO, CO,
and CO isotopologues.

At certain altitude levels for a given species, the data can be either noisy, with a sig-
nificant number of negative values, or have a strong negative bias. In either case, since
the ACE-FTS retrieval allows for negative concentrations, it is possible for valid data to
have values close to zero, both positive and negative. When values are systematically
near zero, the percent error becomes extremely large. Therefore, in these situations,
screening the data based on the percent error may introduce a bias in the data. As
such, before analysis, removing data that has a corresponding flag value of 1 is only
recommended at altitude levels where the overwhelming majority of data points are
greater than zero.

Since the outlier detection methodology was approached with a philosophy that it is
better to leave in outliers than to remove inliers, there are outliers that have gone un-
flagged — especially in data sets that are inherently noisy and at low altitudes (below
~10km). Level 2 data users should use the defined quality flags as a starting point
for screening the data and be aware that some outliers may still exist that could be
screened out prior to analysis. It is recommended that data users also avoid using the
MAD in any attempts to further screen the ACE-FTS level 2 data.

The flag values for all v2.5, v3.0, and v3.5 data are available upon request from the
lead author and will soon be made available for download on the ACE-FTS website. It
is currently expected that similar flags will be a standard product within the level 2 data
of all future products.

Acknowledgements. This work was supported by the Canadian Space Agency (CSA). The
Atmospheric Chemistry Experiment is a Canadian-led mission mainly supported by the CSA.
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Table 1. Percent rejection of ACE-FTS level 2 v3.5 profiles that contain one or more detected
outlier (either by running mean or expectation distribution).

Species % reject \ Species % reject \ Species % reject
C,H, 1.71 HCFC141b 2.03 c'o 1.95
C,Hs 1.81 HCFC142b 1.81 c'®o 2.54
CClLF, 2.09 HCI 2.19 0"®CO  4.46
CCILF  1.66 HCN 2.50 0'*c®o 1.30
ccl, 1.81 HCOOH 2.09 oc’o  1.33
CF, 2.35 HF 1.53 oc®o  4.90
CFC113 1.50 HNO,4 2.65 HOH 295
CH,Cl  2.39 HNO, 2.49 H'®0H  3.08
CH,OH 283 N, 2.62 HDO 2.76
CH, 2.95 N,O 4.29 NNO  2.39
CHF,Cl 235 N,Ox 2.16 N'°NO  2.37
CIONO, 1.68 NO 4.91 NN7O  1.88
co 4.10 NO, 2.34 NN'®0 291
CO, 5.70 0, 2.23 0700  3.03
cocCl, 2.37 0, 2.40 000  1.97
COCIF  1.35 0CSs 1.42 000  1.85
COF, 126 SF, 2.31 o’cs 217
H,CO  3.43 BCH, 3.00 oc*s 192
H,O 3.97 CH3D 2.01

H,O0, 3.16 Bco 3.08
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Table 2. Definition of flag values associated with ACE-FTS level 2 data.

Flag value Definition
0 No known issues with data
1 Percent error is not within 0.01-100 %, and no other category of flag applies
2 Not enough data points in the region to do statistical analysis,
and percent error is within 0.01-100 %
3 Not enough data points in the region to do statistical analysis,
and percent error is not within 0.01-100 %
4 Moderate outlier detected from running mean, percent error within limits
5 Extreme outlier detected from expectation distribution,
percent error within limits
6 Outlier detected and percent error is outside of limits
7 Instrument or processing error
8 Error fill value of —888 (data is scaled a priori)
9 Data fill value of =999 (no data)
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Figure 1. ACE-FTS level 2 v3.5 H,O data (left) and corresponding distributions (right). Top

panel shows data at 17.5 km, and the bottom panel shows data at 35.5 km.
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Figure 7. The final inlying (blue dots) and outlying (red dots) data for all ACE-FTS HCN data at
9.5km (left) and SF, data at 19.5km (right). The top panel shows all data, the middle panel is
the same as the top panel only zoomed in for clarity, and the bottom panel is all data excluding

the outliers.
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Figure 8. The final inlying (blue dots) and outlying (red dots) data for all ACE-FTS NO data at
55.5km (left) and CO data at 50.5 km (right). The top panel shows all data, the middle panel is
the same as the top panel only zoomed in for clarity, and the bottom panel is all data excluding

the outliers.
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