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Abstract

We compare Tropospheric Emission Spectrometre (TES) versions 3 and 4, V003 and
V004, respectively, nadir-stare ozone profiles with ozonesonde profiles from the Arctic
Intensive Ozonesonde Network Study (ARCIONS, http://croc.gsfc.nasa.gov/arcions/)
during the Arctic Research on the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS) field mission. The ozonesonde data are from launches timed to
match the Aura’s overpass, where 11 coincidences spanned 44° N to 71° N from April
to July 2008. Using the TES “stare” observation mode, 32 observations are taken
over each coincident ozonesonde launch. By effectively sampling the same air mass
32 times, comparisons are made between the empirically-calculated random errors
to the expected random errors from measurement noise, temperature and interfering
species, such as water. This study represents the first validation of high latitude (>60°)
TES ozone. We find that the calculated errors are consistent with the actual errors with
a similar vertical distribution that varies between 5% and 20% for V003 and V004 TES
data. In general, TES ozone profiles are positively biased (by less than 15%) from the
surface to the upper troposphere (~1000 to 100 hPa) and negatively biased (by less
than 20%) from the upper troposphere to the lower stratosphere (100 to 30 hPa) when
compared to the ozonesonde data. Lastly, for VOO3 and V004 TES data between 44° N
and 71°N there is a small variability in the mean biases (from —14 to +15%), mean
theoretical errors (from 6 to 13%), and mean random errors (from 9 to 19%).

1 Introduction

The troposphere contains ~10% of the total ozone in the atmosphere, while the bulk
is in the stratosphere. Tropospheric ozone has increased as a consequence of human
activities, especially from photochemical combustion products. The environmental im-
pact of this increase depends on the altitude as tropospheric ozone may serve as an
air pollutant (lower troposphere), an oxidizing agent (lower-to-middle troposphere), and
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a greenhouse gas (middle-to-upper troposphere). Therefore, it is essential to map the
global three-dimensional distribution of tropospheric ozone and its precursors in order
to elucidate factors governing ozone abundances in various regions of the troposphere.

The first large-scale distributions of the tropospheric 0zone column, as viewed from
space, were derived from Total Ozone Measurement Spectrometre (TOMS) data (Fish-
man and Larsen, 1987; Fishman et al., 1990). Several residual methods, where the
column of stratospheric ozone is subtracted from the total ozone column, have been
used to estimate the tropospheric ozone column from TOMS observations (Hudson
and Thompson, 1998; Ziemke et al., 1998; Fishman and Balok, 1999; Ziemke et al.,
2001, 2003; Newchurch et al., 2003; Schoeberl et al., 2007). Global distributions of tro-
pospheric ozone have also been retrieved from space directly from the Global Ozone
and Monitoring Experiment (GOME) (Liu et al., 2005, 2006) and the Ozone Monitoring
Instrument (OMI) (Liu et al., 2009). The Interferometric Monitor of Greenhouse Gases
(IMG) instrument on the Advanced Earth Observing Satellite (ADEOS) retrieved a lim-
ited data set of nadir profiles of tropospheric ozone, which spanned a brief period from
August 1996 to June 1997 (Coheur et al., 2005; Turquety et al., 2002). Several limb-
viewing satellite instruments, such as the High Resolution Dynamics Limb Sounder
(HIRDLS) and Microwave Limb Sounder (MLS), are capable of providing valuable in-
formation on upper tropospheric and lower stratospheric ozone, but do not observe the
lower troposphere. Furthermore, their vertical information in the upper troposphere-
lower stratosphere (UTLS) is inadequate for critically investigations of mechanisms
that control the tropospheric ozone distribution.

The Tropospheric Emission Spectrometre (TES), launched in July 2004 on the
Earth Observing System Aura (EOS-Aura) platform, provides a global view of tropo-
spheric ozone, as well as temperature and other tropospheric species, including car-
bon monoxide, methane, water vapor and its isotopes (e.g., Worden et al., 2007), and
the most recent data product, NH; (Beer et al., 2001, 2006, 2008). Initially, to docu-
ment the accuracy of the first release of TES data (V001), TES ozone was validated by
comparing about 40 observations from 14° S to 59° N between September and Novem-
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ber 2004 (Worden et al., 2007). Thereafter, approximately 1600 TES and ozonesonde
coincidences from October 2004 to October 2006 (73° S to 80° N) were examined to
validate TES data version 2 (V002) (Nassar et al., 2008). In the present study, TES data
versions 3 and 4, V003 and V004, respectively, are evaluated from April to July 2008
(44° N to 71° N) using approximately 10 ozonesonde profiles from the Arctic Intensive
Ozonesonde Network Study (ARCIONS, http://croc.gsfc.nasa.gov/arcions/), part of the
International Polar Year project Arctic Research on the Composition of the Troposphere
from Aircraft and Satellites (ARCTAS).

In the Worden et al. (2007) and Nassar et al. (2008) studies, almost all of the
sonde/TES ozone profile comparisons showed significant discrepancies because most
of the sonde-launches were 50 to 600 km away from the locations observed by the
TES instrument. Despite this additional variability in the comparison due to significant
temporal/spatial mismatches between the sonde launches and the TES overpasses,
these studies did find that the TES ozone profiles were possibly biased high by about
10-15% in the middle and lower troposphere. A subsequent study by Richards et
al. (2008) showed comparisons between TES observations and the differential absorp-
tion lidar (DIAL) instrument during the Intercontinental Chemical Transport Experiment
— B (INTEX)-B aircraft campaign, with 225 near-coincident ozone profile measure-
ments. These comparisons also showed a positive bias in the TES tropospheric ozone
measurements of between 5-15% between 20 to 60° N.

The present analysis differs from these prior validation studies in that the sonde
launches were timed to the TES orbit overpasses, and the TES instrument pointed to
the location of each sonde launch, thus, greatly reducing the temporal/spatial mismatch
of the prior validation measurements. In addition, the TES instrument made thirty-two
observations (using the “Stare” observation model) of the air parcel sampled by the
sonde within a period of a couple of minutes. Consequently, the observed variability
can be attributed almost entirely to the random errors of the TES retrievals, thus, al-
lowing, for the first time, a comparison between the calculated random errors and the
actual random errors. Furthermore, the bias between the TES ozone profiles should be
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better characterized, because the standard error of the mean between the ensemble
of TES ozone profiles from each “Stare” as compared to the ozone-sonde profile will
be much smaller than in the previous studies.

As in the previous studies, the TES averaging kernel and a priori constraint are
applied to the sonde data to account for the vertical resolution and measurement sen-
sitivity of TES, which allows for the quantification of both the bias and variability of the
TES data versions 3 and 4 nadir-stare ozone data set.

2 TES measurements and retrievals
2.1 The TES instrument

TES is an infrared Fourier transform spectrometre with a spectral range from 650 to
3250cm™ ' anda 0.10cm™" (apodized) resolution (Beer et al., 2001). In cloud-free con-
ditions, the nadir ozone profiles have approximately four degrees of freedom for signal,
approximately two of which are in the troposphere, giving an estimated vertical resolu-
tion of about 6 km (Bowman et al., 2002, 2006; Worden et al., 2004). The footprint is
imaged onto an array of 16 detectors with geometric dimensions of approximately 5 by
0.5km. Under normal operations, however, the spectra from these detectors are aver-
aged, resulting in a horizontal resolution of 5x8.5 km. TES, contained on the EOS-Aura
platform, is in a near-polar, sun-synchronous, ~705km altitude orbit with an equator
crossing time of ~01:45p.m. local solar time, a 16 day repeat cycle, and a coverage
of 16 orbits within ~26 h via the Global Survey (GS) measurement mode (Schoeberl et
al., 2006).

2.2 TES observation modes

There are four observation modes used with the TES instrument. The “Global Sur-

vey” mode runs every other day and takes one down-looking (nadir) observation ap-

proximately every 180 km. TES global survey observations were primarily used in the
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Worden et al. (2007) and Nassar et al. (2008) ozone validation studies. Another obser-
vation mode used for tropospheric composition or validation campaigns (e.g., INTEX-B
or ARCTAS) is the “step-and-stare” mode. In this mode the TES instrument takes
one nadir observation approximately every 35km over a latitude range of about 60
degrees (or about ~160 observations total). The ozone comparisons in the Richards
et al. (2008) paper used observations from both the global-survey and step-and-stare
modes. Two other modes that point the instrument at a specific location instead of
looking straight down; these are the “transect” and “stare” modes. The transect mode
takes about 30 observations over a distance of approximately 150 km; each observa-
tion consists of three measurements (thus increasing the signal-to-noise by a factor
of three); this mode has been used to examine urban locations, for example, Beijing
during the time period of the Olympics. The other pointing mode is the stare mode in
which TES is pointed at a specified location and takes thirty-two observations; this is
the mode used for the comparisons discussed in this paper.

2.3 Overview of ozone profile retrieval approach

Atmospheric ozone concentrations are estimated from radiances measured at the
9.6 um ozone band. The algorithms and spectral windows used for TES retrievals
of atmospheric state with corresponding error estimation are based on the optimal es-
timation approach (Rodgers, 2000). Bowman et al. (2002, 2006) describe the TES
retrievals methodology, while Worden et al. (2004) and Kulawik et al. (2006a) give a
detailed description of the error characterisation. In VOO3 water vapor, temperature
and ozone are retrieved simultaneously in the first step of the retrieval process. In
V004 temperature is retrieved by itself in the first step, and then water vapor and ozone
are retrieved simultaneously in the second step of the retrieval process. Other species
are retrieved in steps thereafter. Shephard et al. (2008) describes the validation of
TES water vapor, and Herman et al. (2009) describes the validation of TES tempera-
ture retrievals. The Model of Ozone and Related Tracers (MOZART) (Brasseur et al.,
1998; Park et al., 2004) is used to derive the ozone a priori profile (also used as the

27273

ACPD
9, 27267-27301, 2009

Validation of northern
latitude TES ozone

C. S. Boxe et al.

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

initial guess), and the covariance matrix is averaged in 10° latitude x60° longitude grid
boxes. The averaging kernel matrix and priori constraint matrix are made available with
the data and can be obtained from the Langley Atmospheric Sciences Data Center.

3 Ozonesonde data

Ozone and temperature reference data are taken from ozonesonde-radiosonde pack-
ages that were launched within the ARCIONS protocol (Arctic Intensive Ozonesonde
Network Study; http://croc.gsfc.nasa.gov/arcions; (Thompson et al., 2008a,b) during
the Arctic Research on the Composition of the Troposphere from Aircraft and Satellites
(ARCTAS) experiment in April, late June and early July 2008 (http://www.espo.nasa.
gov/arctas/; (Jacob et al., 2009). Launches were normally timed for the early afternoon
Aura overpass. For the pre-planned TES stare manoeuvres described here, launches
were matched as closely as conditions allowed (see Table 1). Table 2 lists the sonde
sites and launch dates for the data used in these comparisons, and Table 1 shows the
time overlap between ozonesonde launches and TES overpasses.

Electrochemical cell (ECC) ozonesondes were used (Komhyr et al., 1995) with
Vaisala RS-80 or RS-92 (in Canada) radiosondes. ECC ozonesondes have a preci-
sion of 3-5% and an absolute accuracy of +(5-10)% up to a 30-km altitude, since
differences in sonde manufacture and preparation introduce tropospheric biases of up
to £5% (Smit et al., 2007). The effective vertical resolution of the ozonesondes is
about 125m, due to the balloon ascent rate (5m/s) and response time of (~25s) of
the ozone-sensing potassium iodide solution. In this study, all ozonesondes reached
30 hPa before burst. Data are provided in 0zone mixing ratio on a scale of atmospheric
pressure.
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4 Previous validation of TES ozone profiles

Worden et al. (2007) provided the first validation of TES ozone version 1 data (V001)
with about 55 TES-sonde coincidences, where a time separation of £+48h and a
600 km radius from the sonde station were used as the coincidence criteria. Nassar et
al. (2008) provided the second validation of TES ozone version 2 data (V002) with ap-
proximately 1600 TES-sonde coincidences and a time separation of £9 h and a 300 km
radius from the sonde station as the coincidence criteria. The coincidence criteria of
both investigations were chosen to provide TES-sonde measurement pairs that gave a
sufficient number of matches for reasonable statistics during Global Surveys, but they
should be considered carefully with respect to expected scale dependencies for atmo-
spheric variability. In the Worden et al. (2007) study, a more ideal 100 km distance
criterion (Sparling and Bacmeister, 2001) would have only yielded three sonde-TES
matches. However, the 600 km criterion that was used to obtain a statistically sig-
nificant number of TES-sonde matches might be more appropriate for stratospheric
variability than for the troposphere (Worden et al., 2007).

In this work, we exploit the TES stare mode to apply a more stringent criterion of
+2h and a direct overpass of sonde. This produced 10 TES-stare and ozonesonde
coincidences from April to July 2008, where each TES-stare mode represented 32
TES observations. The exact separation between the sonde and TES measurements
may differ from the stated distances, which are based on the position of the sonde
station, due to horizontal drift of the ozonesonde. Such horizontal drifts are, in general,
less than 10 km at the tropopause.

TES data were screened using the “TES ozone data quality flag” (Osterman et al.,
2006), the “emission layer flag” (Nassar et al., 2008), and cloud top pressures and
cloud effective optical depth (Kulawik et al., 2006b; Eldering et al., 2008). Profiles with
thick clouds in the field of view were removed because these obscured the infrared
emissions from the lower troposphere, significantly reducing TES sensitivity. The av-
eraging kernels were used to inspect the optical depth threshold. It permits some

27275

ACPD
9, 27267-27301, 2009

Validation of northern
latitude TES ozone

C. S. Boxe et al.

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

cloudiness and, thus, some reduction in the averaging kernel, but it is a slightly stricter
cloud criterion than the effective optical depth >3.0 used by Worden et al. (2007).

5 Characterisation of TES random and bias errors

The full characterisation of atmospheric profiles derived from TES radiances has been
described previously in Bowman et al. (2002, 2006), Worden et al. (2004), and Kulawik
et al. (2006a). We describe this error characterisation as a starting point for deriving
the expected versus actual errors from observing the same air mass multiple times.

For any single profile, the estimate X can be related to the true state, measurement
error, vertical resolution and errors from interfering species:

X=X, +Au(x—X,)+MG,n+MG, > K;(b;-b?), (1)
i

where the true full state vector x is the log of the ozone mixing ratio (in VMR) at the full
67 TES pressure level grid and the retrieval vector is a subset of this full-state vector,
M is the mapping matrix, x,=Mz_, is the a priori state vector (z, is the a prior retrieval
vector), and n is the noise vector. The averaging kernel matrix A, , = g—ﬁ describes the
sensitivity of the estimate to the true state profile x; note that we can refer to x on the full
state grid. The last term in Eq. (1) refers to the sum (subscript /) over all parameters
(denoted by b) which could contribute uncertainty to the estimate. The Jacobian K;
describes how dependent the forward model radiance F is on vector b. Note that
Eqg. (1) does not include bias errors from, for example, instrumental or spectroscopic
errors. G, is the gain matrix, which is defined by:
0z

-1
G,=—-= (KZTS;1KZ +/\Z) K,7S7". 2)

Then n is the zero-mean Gaussian noise vector with convariance S,,. The retrieval
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Jacobian, K, is defined by

_OF 0x
27 0x 0z
The A, matrix is used to regularize the retrieval; for the TES ozone retrievals, this
constraint matrix is based on a combination of Tikhanov smoothing constraints and
climatologies derived from the MOZART model (Kulawik et al., 2006a). The final term,
8,‘,1, is the inverse of the measurement error matrix; the diagonals of this matrix are
composed of the estimated measurement uncertainty for each spectral element.
The mean of N TES observations is simply:

1N
Xy == D X 4
vy 2% @

Following Egs. (1) and (4), the estimated bias error when observing the same air mass
is:

L. _ 1 1 YT
xN=xN—x=(/—AN)(xa—x)+NZG,-n,-+NZZG,KA”(b;—b;’/) (5)

= K, M. (3)

where x, is the same for all observations and A, = N ZA In order to calculate the

second-order statistics of the estimated bias error, we flrst make the assumption that n;
and b are independent, identically distributed random variables for all N observations.
Furthermore, we assume that n; and b’ b’ 2, are zero-mean, which is an approxima-
tion used for spatially and temporally-located measurements. The expected mean bias
error is:

E[Xy]=E[Xy]-x = (/- Ap)(X - X,) (6)

The covariance of the estimated bias error can be estimated as:

Sy = E[(Xy — E[Xp])(Xn — E[Xp])] Z G;S,G] + 5 LS S kisl Ky (7)
i

27277

ACPD
9, 2726727301, 2009

Validation of northern
latitude TES ozone

C. S. Boxe et al.

gMIHHHM


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

where the spectral noise and systematic errors are assumed to be uncorrelated. Under
the condition that for all /, G;= G and K = Kb, then covariance of the estimated bias
error reduces to

1 1
Sy = NG S,G" + N D KIS K (8)
/

The standard deviation of the estimated bias error reduces as the square root of N as
expected.

We can also examine how well the estimated systematic and random covariance
matrices represent the actual variability in the TES retrievals. The sample covariance
can be calculated from the TES stare mode as:

n 1 A = A~ =\

5=—(x-x) (x-x) 9
N -1 (9)

where X is a matrix whose columns are the retrieved TES profiles, X; and X is a matrix

whose columns are the estimated mean value, X,. Assuming that the variability of G

and K, are small over the TES stare observations, then:

S~ GSGT+ZKS’ I (10)

The error covariance described in Eq. (10) is the observation error covariance found
in the TES product. The square root of the diagonal of the covariance described in
Eq. (10) can be compared to the root-mean-square of the collection of profiles from the
stare, relative to the mean, as described by Eq. (9).

To compare TES ozone profiles with in situ ozonesonde measurements, we first
account for the variable sensitivity inherent to trace gas and temperature profiles ob-
tained by remote sensing. In addition to the sensitivity to the estimated parameters,
the relative effect of the retrieval constraint vector, or a priori, varies with pressure. The
general procedure for this operation is described in Rodgers and Connor (2003) and
specifically for TES profile/sonde comparisons in Worden et al. (2007). Its theory and
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application is described thoroughly by Worden et al. (2004) and Worden et al. (2007).
First the sonde profile is mapped to the pressure grid used in the TES profile retrievals.
Then the instrument operator is applied to this re-mapped sonde profile where the in-
strument operator is the combination of the Averaging kernel and a priori constraint
from the TES profile retrieval that is compared to the sonde:

izxa'*'Axx[Xsonde_Xa]’ (11)

Eq. (11) quantitatively produces a profile that would be retrieved from TES measure-
ments for the same air sampled by the sonde without the presence of other errors.
Therefore, the TES a priori does not bias the TES-sonde difference. In Eq. (11), the
averaging kernel matrix is the average of all the averaging kernel matrices from the
collection of stare observations.

6 Results and discussion
6.1 Comparing TES profiles to sondes

TES-sonde comparisons are summarized in Tables 1 and 2 for Bratt’s Lake, Barrow,
Yellownife, and Egbert. To illustrate the TES-sonde comparison method, we choose
TES-ozonesonde coincidence measurements at Bratt’s Lake (Fig. 1a and b), Barrow
(Fig. 2a and b), Yellowknife (Fig. 3a and b), and Egbert (Fig. 4a and b) on 2 April,
14 April, 5 July, and 7 July 2008, respectively. These coincidence measurements
are representative of spring and summer during ARCTAS for versions 3 and 4 of the
TES O data product. The remaining 7 TES-sonde comparisons are included in the
supplementary material. The TES-stare sequence on 2 April 2008, over Bratt’s Lake
started at 20:04 UTC, and the ozonesonde at Bratt’s Lake was launched at 20:01 UTC
on that day (Fig. 1a and b). The TES-stare sequence on 5 July 2008, over Barrow
started at 21:45 UTC, and the corresponding ozonesonde at Yellowknife was launched
at 22:13UTC that day (Fig. 3a and b). The TES-stare sequence on 5 July 2008, over
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Yellowknife started at 20:19 UTC, and the corresponding ozonesonde at Yellowknife
was launched at 20:07 UTC that day (Fig. 3a and b). Lastly, the TES-stare sequence
on 5 July 2008, over Egbert started at 18:36 UTC, and the corresponding ozonesonde
at Egbert was launched at 18:35 (UTC) that day (Fig. 4a and b). All figures juxtapose
four profiles: (1) the mean TES profile for 32 scans; (2) the sonde profile; (3) the sonde
with the TES operator applied; and (4) the a priori ozone profile. In general, these
profiles are similar for both the TES V003 and V004 ozone data product. These plots
exemplify how the fine vertical structure of the original sonde data is smoothed by the
TES operator via the averaging kernel, A,,, and the a priori constraint vector, x,. Ap-
plying the TES operator produces a profile that represents what TES would measure
for the same air sampled by the sonde, in the absence of other errors. Firstly, it can be
seen that the sonde variability is within the range of the TES-stare 32 scan for the TES
retrievals as shown by Worden et al. (2007) and Nassar et al. (2008). In general, all
the figures display comparable congruence (see supplementary material: http://www.
atmos-chem-phys-discuss.net/9/27267/2009/acpd-9-27267-2009-supplement.pdf) for
V003 and V004 TES data with the mean TES ozone profile, associated sonde data, and
associated sonde profiles with the TES operator applied. Simultaneously, for Bratt's
Lake and Barrow, Fig. 1a and b and Fig. 2a and b, respectively, TES V004 in compari-
son to TES V003 clearly reduces the difference between these ozone profiles.

6.2 TES-Nadir-stare ozone-averaging kernel examples

TES averaging kernels describe the vertical sensitivity of a retrieval and how the in-
formation is smoothed, thereby giving a measure of the vertical resolution. The 11
coincidences show the sensitivity for the TES retrievals to ozone abundances at pres-
sures greater than and less than 400 hPa (approximately the mid-troposphere) in a
broad perspective for TES V003 and V004 data under (both clear and cloudy condi-
tions). The averaging kernels for TES V003 and V004 retrieval data are given in the
upper right panel of each figure, and show how the TES profiles reflect a combination
of information from different pressure levels. For instance, Fig. 4a and b show that for
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Egbert, Ontario on 7 July 2008 the ozone abundance below 400 hPa has an influence
on the retrieval of TES V003 and V004 ozone below 300 hPa; its influence increases
with increasing pressure before falling off near the boundary layer. Figure 4 also shows
that for this profile, ozone abundances above 400 hPa influence TES retrieval at all al-
titudes, with more prominent influence at higher altitudes (i.e., at pressures <300 hPa).
In general, the data show that the influence of the UTLS ozone abundance peaks in
the middle-to-lower troposphere, while ozone abundance in the stratosphere has the
strongest influence on the TES retrieval in the stratosphere, some influence in the up-
per troposphere, but little influence close to the surface (e.g., Bratt’s Lake (2 April 2008,
V003 and V004 data, Fig. 1a and b), Bratt’s Lake (18 April 2008, V003 and V004 data,
see supplementary material), Egbert (5 July 2008, V003 and V004 data, see supple-
mentary material), Egbert (7 July 2008 V003 and V004, Fig. 4a and b), and Yellowknife
(7 July 2008, V003 data, see supplementary material). However, there are a few cases,
such as Barrow (10, 12 and 14 April, Fig. 2a and b, 2008, V003 and V004 data) and
Yellowknife (5 July 2008, V003 and V004 data, Fig. 3a and b), where the TES retrieval
of upper-tropospheric-stratospheric ozone (i.e., at pressures below 400 hPa) has very
little influence on lower-tropospheric ozone, especially close to the Earth’s surface,
which is primarily due to high cloud cover. All figures show averaging kernel examples
for TES V003 and V004 retrieval data. They illustrate how the vertical smoothing in
TES retrievals combines the information from different pressure levels. For instance,
Fig. 4a and b show that for Egbert, Ontario on 7 July 2008 the ozone abundance, in
general, at pressures below 400 hPa has an increasingly significant influence on the
retrieval of TES V003 and V004 ozone at pressures >300 hPa; this figure also shows
that ozone abundances at pressure levels above 400 hPa influence TES retrievals at
all altitudes, where the influence is more prominent at higher pressure levels (i.e., at
pressures <300 hPa). In general, the averaging kernels are similar for both the TES
V003 and V004 ozone data product.
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6.3 Bias between TES retrieval and ozonesonde data

Worden et al. (2007) applied the temperature difference criteria and excluded latitudes
>60°, where TES measurements are less reliable because of poor surface character-
isation. This left 43 V001 TES ozone retrieval-ozonesonde coincident pairs for which
their respective biases were quantified. The comparison revealed that TES V001 ozone
retrievals are biased high compared to sonde measurements in the upper troposphere,
with the largest bias around 200 hPa. Despite this bias, TES is able to distinguish
between high and low ozone abundances in both the lower and upper troposphere
and can detect large-scale features in ozone profiles (Worden et al., 2007). Nassar et
al. (2008) also quantified biases for TES V002 retrieved ozone, with a large and wider
ranging set of coincident ozonesondes. Considering all latitudes, upper troposphere bi-
ases ranged from 2.9+8.5 ppbv to 10.6+15.0 ppbv. In the lower troposphere, sensitivity
of the V002 retrievals in the Arctic was very low so the data was discarded. For the
remaining latitude zones, biases ranged from 3.7+6.9 ppbv to 9.2+16.3 ppbv. These
tropospheric biases agree with an evaluation of TES ozone using airborne differential
absorption Light Detection and Ranging (LIDAR) (Richards et al., 2008).

Here, we quantify biases for TES V003 and V004 ozone stare retrievals when com-
pared to the coincident ozonesondes from ARCIONS. Although the mean TES profiles
are used in quantifying the fractional differences (or biases), the quantified biases are
due to the inherent variability in both the TES ozone retrievals and ozonesonde profiles.
For VOO3 and V004 versions the TES ozone profiles seen here are usually positively
biased (by less than 15%) in the troposphere and lower stratosphere and negatively bi-
ased in the middle stratosphere (by less than 20%) when compared to the ozonesonde
data. The first important finding here is that better characterisation of the surface at
high latitudes (i.e., >60°) via the retrieval of TES V003 and V004 ozone, allowed for
greater sensitivity to ozone and more reliable retrievals; therefore, this validation shows
that TES can retrieve robust tropospheric and stratospheric ozone at latitudes greater
than 60°, thereby representing the first validation of high latitude ozone. Another impor-
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tant finding is that, despite corresponding variability in TES and sonde measurements,
the two measurements yield similar ozone profiles, thereby validating TES within the
observed biases. Figure 1a and b through Fig. 4a and b show profiles of the differ-
ence between TES ozone (the mean of the 32 TES scans) and sonde data. Figure 1a
and b, describing Bratt’s Lake on 2 April 2008, shows a considerable improvement in
the TES-sonde ozone bias, throughout the troposphere and stratosphere from V003
to V0O04; this improvement is more significant in the stratosphere. Figure 2a and b,
describing Barrow on 14 April 2008, also shows a considerable improvement in the
TES-sonde ozone bias, throughout the troposphere and stratosphere, with the largest
improvement in the stratosphere. Figures 3 and 4a and b show that, for both V003 and
V004 TES ozone data, TES is negatively biased in the stratosphere by no more than
20% and positively biased in the troposphere by no more than 15%. The mean bias for
all V003 and V004 TES data-ozonesonde comparisons are shown in Tables 3 and 4.

6.4 Actual random (empirical) versus expected (theoretical) errors

Multiple sampling of the same air mass, via the TES stare-ozonesonde coincidence
measurements, allows for a comparison between the actual random errors (i.e., the
empirical errors), as derived from the root-mean-square of the TES profiles, to the
expected errors (i.e., theoretical errors) from measurement noise, temperature and
interfering species, such as water. Using Eq. (7), we find that the theoretical errors are
generally consistent with the empirical errors, showing analogous vertical distribution
to the theoretical errors, where VO03 and V004 TES data show only a few percent
differences between the theoretical and empirical errors. Both errors are generally
within 5 to 20% for V003 TES data, while for V004 TES data, both errors are generally
within 5 to 15%. Overall, as shown in Fig. 1a and b through Fig. 4a and b, V003
and V004 TES data show only a few percent difference between the theoretical and
empirical errors. In addition, these figures also show that TES ozone V004 data gives
a significant improvement in the theoretical and empirical errors, compared to V003,
both in the percent difference between the theoretical and empirical errors and their
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respective absolute values. For example, TES V004 data for Yellowknife on 5 July 2008
show, overall, an improvement in their empirical and theoretical errors with a significant
improvement in the upper troposphere, at approximately 200 hPa, from 0.15 to 0.10.
The mean theoretical and random errors for all VOO3 and V004 TES data-ozonesonde
comparisons are shown in Tables 3 and 4. Specifically, for VO03 and V004 TES data
between 44°N and 71° N there is minor variability in the mean theoretical and mean
random errors, ranging from 6 to +13% and 9 to 19%, respectively.

7 Conclusions

In the present study, TES data versions 3 and 4, V003 and V004, respectively, were val-
idated from April to July 2008 for the middle to high latitudes (44° N to 71° N) by approx-
imately 10 ozonesonde profiles from the Arctic Intensive Ozonesonde Network Study
(ARCIONS) component of Arctic Research on the Composition of the Troposphere from
Aircraft and Satellites (ARCTAS). This analysis is an update from the validation studies
of Worden et al. (2007) and Nassar et al. (2008) and differs in several ways: (1) this
study represents the first validation of high latitude ozone — that is, at latitudes greater
than 60°; (2) we use the most current versions of TES data (i.e., versions 3 and 4,
V003 and V004, respectively); (3) we compare for the first time TES-stare-sonde coin-
cidence measurements as opposed to TES-Step-and-Stare-sonde and TES-Transect-
sonde coincidence measurements; (4) the stare mode provides a point (or smaller
footprint) assessment of ozone during a specific ozone retrieval sequence; and (5) we
characterize actual versus random errors for TES stare profiles. 32 TES observations
are taken over the location of the coincident ozonesonde launch, which test whether
the predicted errors are consistent with the actual errors. The TES measurement sen-
sitivity and vertical resolution are taken into account by applying the TES-averaging
kernel and a priori constraint to the ozonesonde data prior to differencing the profiles.
When taking into account the a priori bias and vertical resolution, the predicted errors
include noise in the TES radiance measurements and smoothing error, and systematic
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errors from interfering species, surface emissivity, atmospheric and surface tempera-
ture. We find that the calculated observation errors are generally consistent with the
empirically derived random errors, both showing analogous vertical distribution. Both
error calculations are generally within 5 to 20% for V003 TES data, while for V004 TES
data both error distributions are generally within 5 to 15%. Overall, V003 and V004
TES data show only a few percent differences between the theoretical and empirical
errors.

For V003 and V004 versions TES ozone profiles are usually positively biased (less
than 15%) in the troposphere and lower stratosphere and negatively biased in the
middle stratosphere (less than 20%) when compared to ozonesonde data. Lastly, for
V003 and V004 TES data between 44°N and 71°N there is small variability in the
mean biases (from —14 to +15%), mean theoretical errors (from 6 to 13%), and mean
random errors (from 9 to 19%). Our results are consistent with previous analysis and
show that the error characterisation of TES profiles is robust given that stratospheric
and tropospheric ozone distributions are well captured by the TES data.
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Table 1. Time overlap between ozonesonde launches and TES overpasses for the 11 TES Co- C. S. Boxe et al.
incidences used for V003 and V004 TES data comparisons (http://croc.gsfc.nasa.gov/arcions).

Ozonesonde Station Ozonesonde Launch Time TES Overpass _
(UTC) (UTC)

Bratt's Lake (1) 2 April 2008, 20:01 2 April 2008, 20:04 ! !
parrow (3 10 Aprl 2008, 2285 10 Aprl 2008, 223 BN B
ool Tommame 203 laspnzoon s N KN
Cabert () SJay 2008, 1836 5y 2008, 1635 e m
Volowknie @ Souly2008,2007 5y 2006, 2019 BN
Velowknifo (1) 70y 2008, 1750 7 Jly 2008, 20:06 —

| FullSomen/Ess
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Table 2. Ozonesonde Station Locations and Data Providers for the 11 TES Coincidences used

for VOO3 and V004 TES data comparisons (http://croc.gsfc.nasa.gov/arcions).
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Ozonesonde Station Latitude Longitude Data Source Date
Bratt’s Lake 50°N 105°W ARCIONS 2 April 2008
Barrow 71°N 157°W ARCIONS 10 April 2008
Barrow 71°N 157°W ARCIONS 12 April 2008
Barrow 71°N 157°W ARCIONS 14 April 2008
Bratt’s Lake 50°N 105°W ARCIONS 18 April 2008
Egbert 44°N 80°W ARCIONS 5 July 2008
Yellowknife 62°N 114°W ARCIONS 5 July 2008
Egbert 44° N 80° W ARCIONS 7 July 2008
Yellowknife 62°N 114°W ARCIONS 7 July 2008
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Table 3. Mean bias, theoretical, and random errors for VO03 TES data comparisons.
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Ozonesonde Bias Theoretical Random
Station Random Error  Empirical Error
Bratt’s Lake (1) 0.15 0.11 0.13
Barrow (2) 0.002 0.07 0.09
Barrow (3) 0.002 0.07 0.10
Barrow (4) 0.10 0.09 0.11
Barrow (5) 0.02 0.07 0.07
Bratt's Lake (6)  0.07 0.07 0.12
Egbert (7) 0.11 0.11 0.19
Egbert (8) 0.09 0.11 0.19
Yellowknife (9) 0.08 0.07 0.09
Egbert (10) -0.06 0.13 0.19
Yellowknife (11)  0.13 0.10 0.10
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Table 4. Mean bias, theoretical, and random errors for VO03 TES data comparisons.

ACPD
9, 2726727301, 2009

Ozonesonde Bias Theoretical Random
Station Random Error  Empirical Error
Bratt’s Lake (1)  0.11 0.07 0.10
Barrow (2) 0.002 0.07 0.09
Barrow (3) 0.002 0.07 0.09
Barrow (4) 0.01 0.06 0.09
Barrow (5) -0.01 0.07 0.1
Bratt's Lake (6)  0.06 0.07 0.12
Egbert (7) 0.05 0.08 0.15
Egbert (8) 0.15 0.07 0.15
Yellowknife (9) 0.10 0.07 0.09
Egbert (10) -0.14 0.08 0.11
Yellowknife (11)  0.12 0.09 0.13
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Fig. 1. The TES-stare sequence on 2 April 2008 over Bratt's Lake started at 20:04 UTC, and

the ozonesonde on that day at Bratt's Lake was launched at 20:01 UTC, using V003 (a) and
V004 (b) TES data.
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Fig. 1. Continued.
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Fig. 2. The TES-stare sequence on 14 April 2008 over Barrow started at 21:45 (UTC), and the
ozonesonde on that day at Barrow was launched at 22:13 UTC, using V003 (a) and V004 (b)
TES data.
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Fig. 3. The TES-stare sequence on 5 July 2008 over Egbert started at 17:58 (UTC), and the
ozonesonde on that day at Egbert was launched at 18:25 UTC, using V003 (a) and V004 (b)

TES data.
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