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Abstract. CO, O3, and HO data in the upper tropo- tween the ACE-FTS and SPURT aircraft measurements in
sphere/lower stratosphere (UTLS) measured by the Atmothe upper troposphere (UT) and lower stratosphere (LS), re-
spheric Chemistry Experiment Fourier Transform Spectrom-spectively: for CO+9% and+12%, for HO £30% and

eter (ACE-FTS) on Canada’s SCISAT-1 satellite are vali- £18%, and for Q@ £25% and+19%. The relative differ-
dated using aircraft and ozonesonde measurements. In ttences for @ can be narrowed down by using a larger dataset
UTLS, validation of chemical trace gas measurements is abtained from ozonesondes, yielding a high bias in the ACE-
challenging task due to small-scale variability in the tracerFTS measurements of 18% in the UT and relative differences
fields, strong gradients of the tracers across the tropopausef +8% for measurements in the LS. When taking into ac-
and scarcity of measurements suitable for validation pur-count the smearing effect of the vertically limited spacing
poses. Validation based on coincidences therefore sufferbetween measurements of the ACE-FTS instrument, the rel-
from geophysical noise. Two alternative methods for theative differences decrease by 5-15% around the tropopause,
validation of satellite data are introduced, which avoid the suggesting a vertical resolution of the ACE-FTS in the UTLS
usual need for coincident measurements: tracer-tracer colef around 1 km. The ACE-FTS hence offers unprecedented
relations, and vertical tracer profiles relative to tropopauseprecision and vertical resolution for a satellite instrument,
height. Both are increasingly being used for model validationwhich will allow a new global perspective on UTLS tracer
as they strongly suppress geophysical variability and therebylistributions.

provide an “instantaneous climatology”. This allows com-
parison of measurements between non-coincident data sets

which yields information about the precision and a statisti-

cally meaningful error-assessment of the ACE-FTS satellitel Introduction

data in the UTLS. By defining a trade-off factor, we show

that the measurement errors can be reduced by includinghe upper troposphere/lower stratosphere (UTLS) has re-
more measurements obtained over a wider longitude rangeently attracted major research interest in atmospheric sci-
into the comparison, despite the increased geophysical varience due to its key role in chemistry-climate coupling. In
ability. Applying the methods then yields the following up- order to characterize UTLS tracer distributions and to detect
per bounds to the relative differences in the mean found befuture changes, tracer measurements with global coverage
are needed. Satellites are the only means by which this task
can be accomplished, however, their capability to measure
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Fig. 1. \Vertical cross section of ECMWF potential vortic- CO [ppbv] rel diff [%]

ity (colour coded) from equator to North Pole af\@ on

10 November 2001 at 06:00 UTC. White thick line shows the Fig. 2. Left panel:
dyf‘i‘m'c‘g" tgoﬁolpausfl(z PVU, with 1PVU=1 potential vorticity g, ring ascent (black) and descent (red) of the SPURT aircraft on
unit=10">m<s""Kkg™"), white dashed line the 380K isentrope. 10 November 2001 from and to the airport Hohn (Northern Ger-

Grgen lines ipdicgte Fhe Iocati.on .of two .independent profiles thatmany). The profiles were taken approximately 10h apart. Right
fulfill the spatial coincidence criteria of being taken no further apart panel: Relative difference of the measured profiles. Gray shading

than 500 km. indicates an error range €f10%.

Vertical profiles of CO mixing ratios taken

These limitations arise from the dynamical and chem- . e ! -
ical structure of the UTLS. Dynamical variability in the tion sounders, it can be difficult to find a sufficient number of
tropopause region induced by Rossby wave activity is high,coincident measurements for a statistically meaningful val-

and length scales of the associated features in the tracer fielddation (Walker et al., 2005). Furthermore, this validation
are small — less than 1 km in the vertical. and 100 km in theMethod does not account for differences in the tracer mix-

horizontal. Tracer mixing ratios also exhibit a strong gradi- INd ratios which are produced by the geophysical variability
ent across the tropopause because it acts as a transport bund within the defined time and length scales.
rier (Pan et al., 2004; Hoor et al., 2004; Hegglin et al., 2006 The use of coincident measurements is especially an is-
and references therein). Ultimately, the remote sensing techsue in the UTLS, where geophysical variability is large and
nique used determines the achievable vertical and horizona strong gradient in chemical tracers is found across the
tal resolution of the measurements and hence the capabitropopause. Figure 1 provides a Northern Hemisphere cross
ity of the instrument to resolve the given geophysical small-section of ECMWF potential vorticity at8V on 10 Novem-
scale variability. The Atmospheric Chemistry Experiment ber 2001 at 06:00 UTC. The dynamical tropopause (white
Fourier Transform Spectrometer (ACE-FTS) on Canada’sline) shows strong undulations and even profiles taken no fur-
SCISAT-1 satellite (Bernath et al., 2005) has provided accu-ther apart than 500 km exhibit large differences in tropopause
rate measurements of numerous chemical species throughobeight (green lines). Figure 2 shows two vertical profiles
the stratosphere and into the UT since February 2004, wittof CO mixing ratios measured in-situ by an aircraft instru-
a vertical spacing between measurements of less than 1 ksment during the same dynamical situation and taken within
at the lowest retrieval altitudes. The measurements suggest&h and a distance of 400km. As can be seen, the apparent
high potential for studies related to the UTLS. error derived for the measurements in the tropopause region
In the stratosphere and mesosphere, the ACE-FTS satelliti$ as large as 50%. However, this is due to the geophysi-
measurements are being validated by comparison to balloorfal variability and not a measurement error (the profiles are
borne or independent satellite data which are approximately@ken by the same instrument). Further complicating a sta-
coincident in time and space (see other publications in thidistically meaningful comparison is the sharp tracer gradient
special issue on ACE validation). Coincidence criteria are@t the tropopause, which causes sampling errors to be non-
defined in various ways, but typically the measurements havéormally distributed.
to be taken within several hours and at locations no further On the other hand, sparse data sets are increasingly being
apart than around 500 km. However, in the case of occultaused for the validation of chemistry transport and chemistry
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climate models, through diagnostics that provide “instan-
taneous climatologies” and reveal characteristic features in
tracer distributions (Douglass et al., 2003; Sankey and
Shepherd, 2003; Hegglin and Shepherd, 2007; Strahan et
al., 2007). In the UTLS, such characteristic features are
found when moving from geometric altitude coordinates into
tracer-tracer space or tropopause coordinates. These trans-
formations strongly reduce geophysical variability and help
in assessing the quality and vertical information content of
the model data. The same approach can therefore be consid-
ered for the validation of new satellite data.

In this study, we investigate the use of tracer-tracer corre-
lations and vertical tracer profiles relative to the tropopause
height for the validation of the ACE-FTS COzand HO
measurements in the UTLS. Section 2 provides the descrip-
tion of the data sets used. In Sect. 3, the new validation meth-
ods are introduced, and their strengths and weaknesses dis- 0.0 0.1 0.2
cussed. We assess whether spatial and temporal variations

in the “climatologies” are acceptable for identifying vari- iy 3. propanility density function of the vertical spacing between

ous types of errors. The methods are then used in Sect. the ACE-FTS measurementi] as a function of retrieval altitude.
to validate the ACE-FTS measurements using aircraft andrhe vertical spacing in the tropopause region (between approxi-

ozonesonde data. A summary is given in Sect. 5. mately 8 and 14 km) exhibits values that can be much lower than
1km.

0.3 0.4 0.5

2 Data description
leading to higher vertical sampling for larger beta angles. At

2.1 ACE-FTS satellite data low altitudes, refraction effects also impact the measurement
spacing. ACE-FTS results are provided on two altitude grids,
The Atmospheric Chemistry Experiment Fourier Trans-a 1-km grid common to all occultations and a “retrieval grid”
form Spectrometer (ACE-FTS) is the primary instrument on that varies from occultation to occultation. The retrieval grid
SCISAT-1, a Canadian-led satellite mission for remote senscontains values at the measurement altitudes, unless there are
ing of the Earth’s atmosphere. ACE-FTS features high resmultiple measurements within a layer on the 1-km grid, in
olution (0.02cn!) and broad spectral coverage in the in- which case it provides a single value at the center of the 1-km
frared (750 to 4400 cmt). The instrument operates almost grid layer. For this study, we use the measurements on the re-
exclusively in solar occultation mode (Bernath et al., 2005).trieval grid. Figure 3 shows the probability density function
The SCISAT-1 satellite was launched into low Earth circu- of the vertical spacing between altitudes on the retrieval grid
lar orbit (650 km) with high inclination (79 on 12 August  as a function of height for all measurements between 5 and
2003. In solar occultation mode, this orbit provides season60 km. The altitude spacing in the UTLS varies from about
ally varying coverage of the globe, with an emphasis on mid-3 km to less than 1 km. Part of the purpose of this paper is
latitudes and polar regions. Up to 30 occultation events (sunto assess how much real vertical resolution there is in the re-
rises or sunsets viewed by the orbiting satellite) occur pertrieval grid.
calendar day. Science operations for the ACE-FTS began in In this study we focus on the validation of the ACE-FTS
February 2004. Retrievals for the ACE-FTS employ a non-version 2.2 HO, CO, as well as the “version 2.23Qup-
linear least squares global-fit approach (Boone et al., 2005) date” results in the UTLS between February 2004 and Jan-
The instrument has a 1.25 mrad input aperture, which subuary 2007. The UTLS comprises the tropopause region, and
tends an altitude range of 3—-4km at the tangent point (thdies between approximately 5 and 15 km altitude or 500 and
point of closest approach to the Earth for a solar ray mea-100 hPa. The validation of the stratospheric and mesospheric
sured by the instrument). However the ACE-FTS instrumentACE-FTS version 2.2 data (with ozone updates) is published
collects measurements every 2s, which can lead to signifialong with the paper presented here in the special issue on
cant oversampling. The altitude spacing between measureralidation of ACE (for CO: Clerbaux et al. (2007), forzO
ments varies over the course of the year, governed primarilDupuy et al. (2008), for KO: Carleer et al. (2008)). Ear-
by the beta angle (the angle between the satellite orbit planéer comparisons of the version 1.0 ACE-FTS @ata with
and the Earth-Sun vector) corresponding to the occultationGOMOS, POAM llI, and SAGE lll satellite data (Fussen et
The rate of change of the tangent height of each measuremeat., 2005; Walker et al., 2005) yielded good agreement be-
within an occultation decreases with increasing beta angletween the data sets with differences mostly lower than 10%
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between 15 and 45 km. With HALOE, an agreement-6£6 2.4 Derived meteorological products

between 15 and 35 km was found (McHugh et al., 2005). In

the same study, the ACE-FTS$8 data indicated a high bias

of around 20% at altitudes below 20 km. A first validation of For each measurement of the different data sets, we derived
the version 1.0 CO by Jin et al. (2005) using Odin satellitethe thermal tropopause height according to the WMO def-
data yielded excellent agreement, and a comprehensive andhition, i.e. the lowest level at which the lapse rate drops
yses of these data was provided by Clerbaux et al. (2005)to 2Kkm™ or less, and the average lapse rate between
ACE-FTS version 2.1 level data were compared to the Aura-his level and all higher levels within 2 km does not ex-
MLS version 1.5 (Froidevaux et al., 2006), and Aura-MLS ceed 2Kknt! (WMO, 1957). The tropopauses for the
version 2.2 satellite data (Lambert et al., 2b0Froidevaux ~ 0zonesonde data were calculated using simultaneously mea-
et al., 2008; Pumphrey et al., 2007 The MLS/ACE-FTS  sured temperature profiles, and those for the ACE-FTS and
differences for @ in the lower stratosphere are withir6%, the SPURT data using the Goddard Earth Observing Sys-
but increase with altitude. FordJ®, the instruments show tem Model, Version 4 (GEOS-4), by interpolation of the
good agreement, withi#5%, between 68—0.004 hPa. Atthe model fields onto the exact measurement location in time
lowest levels considered in this study (around 100 hPa) theand space and by applying the Reichler et al. (2003) al-
differences increase up to 30%. Differences in the CO meagorithm. The GEOS-4 analyses are described by Bloom
surements are around 50% in the stratosphere, and 25% i@t al. (2005). The GEOS-4 data used here are provided

the mesosphere. on 55 hybrid ¢/pressure) model levels from the surface to
0.01 hPa. The horizontal grid is 2.Gatitude by 1.28 lon-
22 SPURT aircraft data gitude. Six-hourly average fields are provided centered at

00:00, 06:00, 12:00 and 18:00 UTC. Besides the standard

T . meteorological variables, GEOS-4 products include an ex-
As a reference data set, we use in-situ high-resolution ang g b

: - ensive set of fields from the model and assimilation sys-
high-precision CO, @ and HgO“measurements from_the tem, including PV calculated internally in the model. Fur-
SPURT (German acronym for “trace gas transport in the . ; . :

e : . ther information on the derived meteorological products can
tropopause region”) aircraft campaign. The flights were car- e found in Manney et al. (2007)
ried out seasonally between November 2001 and July 200? y ’ '
in the Northern Hemisphere over Europe and cover a lati-
tude range between 30l and 80 N. For each season, ap-
proximately 32 flight hours or 24 000 data points were ob-
tained. An overview of the campaign can be found in Engel

etal. (2006). Detailed descrlpnons of the Gy, @nd HO . The Canadian Middle Atmosphere Model (CMAM) is used
measurements can be found in Hoor et al. (2004), Hegglin e%o investiaate the geophvsical variability in the tracer dis-
al. (2006), and Krebsbach et al. (2006), respectively. ) Investigate the geophysical varabiity | . !
tributions on different time and spatial scales, which poten-
tially influences the reliability of the validation methods in-
2.3 WOUDC ozonesonde data troduced here. CMAM is an extension of the Canadian Cen-
tre for Climate Modelling and Analysis (CCCma) spectral
In order to corroborate the results obtained by the valida-General Circulation Model into the lower thermosphere up
tion using the spatially limited aircraft measurements we ex-to 0.0006 hPa (around 100 km). CMAM includes a compre-
tend our evaluation to the WOUDC ozonesonde data sethensive representation of the relevant physical and chemical
The data set is available at the WOUDC Data Web pageprocesses in a fully interactive mode (Beagley et al., 1997;
(http://www.woudc.org/dat@.htm) and includes over 300 de Grandpe et al., 2000). Data presented here correspond to
stations worldwide. We use temperature and ozone profileshe 3-day output of instantaneous fields in the years 2000-
with a vertical resolution of 100-150 m obtained during the 2010 of a 150-year transient run from 1950 with CMAM
years 2004—-2007 and in a latitude range betweéMdénd  version 8, using model-generated sea-surface temperatures
60° N. The accuracy of ozonesonde observations is estimatednd background aerosol forcing. Model fields are calculated
to be+5% (e.g. SPARC, 1998). on a linear Gaussian transform grid with>324 grid points
in the horizontal, corresponding to a resolution of around
1L ambert, A, Read, W. G., Livesey, N. J., et al.: Validation of 6°x6°, and 71 vertical levels. The vertical resolution in

the Aura Microwave Limb Sounder middle atmosphere water va—the tropopause region is around 900 m, increasing to around

por and nitrous oxide measurements, J. Geophys. Res., submitted, km in the.upper stratosphere. A detail?d comparison of
2007. CMAM version 8 (run over 1960-2004 with observed sea

2pumphrey, H. C., Filipiak, M. J., Livesey, N. J., et al.: Valida- Surface temperatures and volcanic aerosol forcing) with ob-
tion of middle-atmosphere carbon monoxide retrievals from MLS servations is provided as part of the model intercomparison
on Aura, J. Geophys. Res., submitted, 2007. of Eyring et al. (2006).

2.5 Canadian Middle Atmosphere Model data

Atmos. Chem. Phys., 8, 1488499 2008 www.atmos-chem-phys.net/8/1483/2008/


http://www.woudc.org/data_e.html

M. I. Hegglin et al.: ACE-FTS satellite validation in the UTLS 1487

3 New validation methods

The underlying idea of the validation methods introduced
here is based on the widely accepted use of characteris
tic features found in tracer climatologies to test the simu-
lation of tracer distributions in chemistry climate or chem-
istry transport models (Douglass et al., 2003; Sankey and
Shepherd, 2003; Hegglin and Shepherd, 2007; Strahan et al.
2007). These climatologies are often obtained from spatially
and temporally inhomogeneous tracer observations, yet are
considered to represent the full atmosphere. In the UTLS,— 5 — e
characteristic features in tracer distributions are found when = 5—'_
moving from geometric altitude coordinates into tracer-tracer < ¢ 7=

space or tropopause coordinates, as explained in more detag |

below. Our hypothesis is that new observations, such as they _s {

ACE-FTS data set, can be considered accurate and precise i S
shown to be capable of resolving the characteristic features 00 05 10 15 20 06 05 10 15 20
found in such climatologies. Since this approach allows one 0s [ppmy) rotio Our.p/ Oarpe

to include all measurements, not just the coincident ones, one. L _ )

can get much better statistics. When using tracer-tracer COIJ-:Ig' 4. Ozonesonde data obtained in Northern Hemisphere winters

: . 2004-2007 between 4NN and 60 N. (a) In geometric altitude and
relations in the lower stratosphere, for example, model errorj

altitude [km]
dz from tp [km]

1
w

|
o ©
o
o
w
o
o
N
o

dz from tp [km]

! ndicating the average height of the tropopause (gray solid tine)
of the order of 10% can be detected (Hegglin and Shepher ts standard deviatios (dashed gray lines}b) in tropopause coor-

2007). dinates, andc) plotted as meanso with the data from (a) in gray
_ plotted relative to the mean tropopause height (subsddmed,
3.1 Tracer-tracer correlations and data from (b) in black (subscrigztp). (d) Ratio between the

standard deviations of the two sample methoglg ¢,/04; ¢co)s
Sufficiently long-lived species exhibit compact correlations now depicted for all seasons.
(Plumb and Ko, 1992), which reduce day-to-day variations
and provide an “instantaneous climatology”. Depending on
the lifetimes of the tracers used, compact correlations argospheric and stratospheric tracer mixing ratios which can
not necessarily linear; as in the case of thg@D and be used to test the vertical resolution and information con-
03-H,0 correlations, they can exhibit a strong curvature tent of the ACE-FTS data. A recent study by Monahan
which can be used to identify the chemical transition be-et al. (2007) used tropopause coordinates for the validation
tween the troposphere and the stratosphere (Pan et al., 20@f Oz data from the AIRS satellite using coincident mea-
and references therein). Apart from recent troposphere-tosurements. They showed that tropopause coordinates allow
stratosphere transport events, which produce distinct anthe separation of the measurement errors between the tro-
nearly linear mixing lines (Fischer et al., 2000), the compact-posphere and the stratosphere, which led to a decrease and
ness of these correlations is relatively high and their shapéncrease in the error in lower stratospheric and upper tropo-
distinct due to their strong dependence on the location of thespheric measurements, respectively. We show here that this
tropopause, so that they can be used to gauge the precisiolidation method, when used in a climatological rather than

of the ACE-FTS measurements. an instantaneous way, can be applied even to non-coincident
measurements, allowing a statistically meaningful error as-
3.2 \Vertical profiles relative to tropopause height sessment for sparse data sets.

In order to apply the tropopause coordinates to the ACE-
Another method for reducing the effects of geophysical vari-FTS and SPURT or ozonesonde data, we first calculate the
ability in UTLS tracer measurements, and for obtaining fieldsdistance from the thermal tropopause of each measurement
suitable for comparison of non-coincident measurements, igoint. We then calculate the COgCand HO mean mixing
the use of tracer vertical profiles relative to the tropopauseratios {r) and their standard deviations)(for each 1 km alti-
height (i.e. in tropopause coordinates) (cf. Hoor et al., 2004;tude bin from—6 to +6 km relative to the tropopause height.
Pan et al., 2004; Hegglin et al., 2006). These profiles arene finally derive the relative differenced ) between the
more compact and show less scatter than data plotted in gegnean profiles of the ACE-FTS (subscript ACE) and the ref-
metric altitude (or potential temperature) coordinates. Thiserence data set (subscript ref) using
is shown in Fig. 4a and b for ozonesonde data obtained
during winter (DJF) and accumulated over the years 2004— XACE — Xref
2007. They furthermore reveal a sharp gradient between trofrel =

)

0.5 X (XYACE + Xref) '

www.atmos-chem-phys.net/8/1483/2008/ Atmos. Chem. Phys., 8, 14932008
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6 0 e RS N sate for the inherent uncertainty when using climatologies
T 4 i ) MAM ] " in tropopause coordinates? How many independent mea-
= ol i P i surements are needed to describe this climatology? We will
a i . . . . .
=z answer these questions by focusing on vertical profiles in
‘E‘ or ; 1 con tropopause coordinates. However, the derived results will be
S -2 N 1 e g ] valid as well for the tracer-tracer correlations.
N P S TR T T MAM
Y —4r i ] — OUF . N . . .
_6 s s 3.3.1 Daily variability and climatological uncertainty
5 10 15 20 5 10 15 20
05 variability [%] 05 variability [%] We can estimate the reduction in geophysical variability by

comparing the standard deviations of the meanv@lues
Fig. 5. Interannual variability in the seasonal means of vertical calculated from the ozonesondes in each coordinate system
ozone profiles in tropopause coordinates for the latitude range be¢Fig. 4¢). The data in geometric altitude is plotted relative to
tween 40 N and 60 N and all longitudes, calculated froa) ten  the mean tropopause height in order to allow direct compar-
years of CMAM data an¢b) ozonesondes taken between 2004 and j5on of the two coordinate systems. Moving from geomet-
2007. ric altitude to tropopause coordinates reduces the geophysi-
cal variability by up to 50% around the tropopause (Fig. 4d).

and their relative uncertainties4) calculated according to This accounts for the very large standard deviations found in

the general rules of error propagation, and using the standart{'® error assessment for the ACE-FTg & altitudes below
errors §) of each mean value estimated by 15 km (note the tropopause is found around 10—-12 km) using

coincident measurements (Fig. 46 in Dupuy et al., 2008), and
s=_2 ) implies that accounting for the daily geophysical variability
VN/b will greatly improve the validation. It is furthermore inter-

Here.N is the number of measurements. dnis a factor to esting to see that the effectiveness of the tropopause coor-

account for the autocorrelation length of the measurementdinate system in reducing geophysical variability decreases
taken to be 30. 45. and 3 for ozonesonde. SPURT aircraftWith increasing distance from the tropopause, and reverses

and ACE-FTS data, respectively. For the SPURT data setSign beyond a certain distance. This evaluation reveals that

b corresponds to the autocorrelation length between mealhe influence of the tropopause in shaping UTLS tracer dis-

surements along a flight track which is mainly determined fiPutionsislimited to a certain depth which is determined by
by the length scales generated by the prevailing dynamicaﬁhe season. During winter and spring, variability is reduced
fields (350 km). For the ozonesondes and the ACE-FTSUP 10 5 km (4 km) above (below) the tropopause, but only
profiles, b is determined by the maximum number of mea- up to 2 km (3 km) in summer and autumn. Hence the use

surements per profile expected to end up in the same aItitud@f tropopause coordinates is beneficial only in this altitude
bin. Single profiles are assumed to be independent of eacH"9€:

other. Conservative values were chosen for these parameters. 1 "€ question about the inherent uncertainty of “instanta-
neous climatologies” using tropopause coordinates is more

3.3 Strengths and limitations of the validation methods difficult to answer since it is influenced by geophysical vari-

ability on various time and length scales. This cannot be
The use of “instantaneous climatologies” in the form of determined by observations alone since they are limited in
tracer-tracer correlations or vertical profiles in tropopausespace and time, and might be affected by sampling biases.
coordinates allows one to compare a much larger numbeHowever, we can use a model which provides information
of measurements than using coincident measurements onlgbout the full atmosphere (in our case CMAM), to estimate
This helps reduce the standard errors of the derived mean vathe geophysical variability on the time and length scales
ues, and hence allows a statistically more meaningful errocchosen. In order to test the capability of CMAM to cap-
assessment. The downside of including more measurementare geophysical variability appropriately, we compare the
taken over larger geographical regions and longer time peinterannual variability in the seasonal means obtained for
riods, however, is that the geophysical variability increasesa latitude range between 4N and 60 N derived from ten
Furthermore the “instantaneous climatology” will itself vary, years of CMAM data and from 3 years of ozonesonde data
which introduces a potential source of error if the two data(Fig. 5). The evaluation shows that the variability simulated
sets have different sampling. In the worst case, if theseby CMAM lies around 10% for all altitude levels. The in-
spatial and temporal variations are larger than the measurderannual variability of the seasonal means derived from the
ment errors, the real uncertainty in the measurement willozonesonde observations shows a similar range in the LS,
never be found. Hence the questions to be addressed in oand a smaller one for the UT. This evaluation provides us
study are: how much daily geophysical variability can be with some confidence that we can use CMAM to test sam-
eliminated? Can the elimination of this variability compen- pling requirements.

Atmos. Chem. Phys., 8, 1488499 2008 www.atmos-chem-phys.net/8/1483/2008/
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We now determine how many independent measurements
_ (a) (b)

are needed to represent the mean profiles of the full atmo-
sphere, so that the error introduced by the spatial and tempo oy 60 |
ral variability inherent in the climatology is acceptable. To _ 0] “0 h‘“\ i
do this we use CMAM data obtained during a single winter % %° L - 20____#_"_"_”’_‘_'fjl_"ﬂ‘_‘u‘,_L"L¥3__J_<
season (DJF) from latitudes betweer? 8Dand 60 N (in- % 0';{1."‘W’W“*“‘v'*‘:“;:"; & O"'""“‘il"l{““.:m“glﬁ;}rr';rfr‘\1i
cluding all longitudes). Datasets for 12 altitude levels be- ® -20) -20 “J'ﬂl-‘“‘f‘ L
tween—6 and 6 km relative to the tropopause height (with -40| -40 ;’ “
a bin size of 1 km) are generated, which will be referred to 60l ) —60
henceforth as full sampling. From these datasets, we gen- 'l .., 300§
erate 1000 smaller (“subsampled”) datasets each of which . 200*
is composed of a different number of measurements ranging 50 B x
from 1to 1000. Means and standard deviations are computec r 100l
for each of the full sampling and the “subsampled” datasets. 5 SHsene-es 1
The relative differences of the means between full sampling s o 0
and the “subsampled” datasets for each altitude level (colour 3 [Ere D \
coded) are shown in the top panels of Fig. & (@panel a, W 02 <100 A

H>0 in panel b). The relative differences decrease with the  _so »—— e
number of data points included in the subsample. They are (K',"“km -200 | o 550
generally larger for lower (bluish colours) than for higher al- ('/_—/ f/“r—;

titude levels (reddish colours), and larger fos®ithan for B —— | -300 L. ' ' ]

O3. The relative differences lie on average within 10% for 0 200 #4%2 :,":225 8001000 0 200#4,?2% ﬁqoe%saoo 1000

H»0, but within 5% for Q.

In order to show that the relative differences are decreasingrig. 6. Relative differences between the means of the full model
with increasing number of included measurements followingfield and the means derived from a specified numbér df in-
theoretical expectations, the 1000 “subsampled” datasets gfependent data points plotted as a functiorNofor (a) Og, and
each level are regenerated 20 times using randomized daté?) H20. Data used are restricted to the latitude range between
and their means and standard deviations are computed. TH& N and 60 N and DJF of one year. Upper panels: one cal-
relative differences between the means of these 20 “subsanfulation for each altitude bin between6 and +6 km above the
pled” and the fully sampled datasets are shown in the IOWeI1ropopause (1 km spacing, colour coded) with dashed/solid lines in-

. . . dicating+5% and+10% relative difference. Lower panels: 20 cal-
panels of Fig. 6 (gray shadings) for selected altitude levels. g==o7b > P

e ) culations using randomized data (in gray) for selected altitudes rel-
The col.ored curves mdmate the the(')retl.cally ex'pected deztive to the tropopause height$.5,—2.5, 0.5, 0.5, 2.5, 5.5 km,
crease in the relative differences, which is described by thgjour coded) and offset by 75, 45, 1515, —45, and—75% for
standard error of the mean/(/N), whereo is the standard 03, and by 250, 150, 50,50, —150, —250% for H,O, respec-
deviation of the full sampling. The decrease is dependent orniively. Dashed lines indicate in (a}5%, and (b)+15% relative

the respective altitude level. The relative differences are seedifference. The coloured lines illustrate how the standard error of
to be largest just below the tropopause, and are smaller in ththe mean#o/+/N, with o being the standard deviation of the full
LS and in the troposphere. Also denoted are the number o$ampling) is decreasing with increasing number of measurements.
measurements (black asterisks) needed to reduce the relatiJée black asterisks indicate the number of measurements needed to
differences tat5% for Oz, and to+15% for HO. 50—-100 decrease the standard error of the meatt$6%6 and+15% for O3
independent measurements are needed fora@d 80-120 and HO, respectively.

for H,O, depending on the altitude level.

3.3.2 Trade-off factor Fig. 7. The black curves denote the standard errors of the
mean computed using thefor data obtained over one year
Given an available set of measurements, we now need to a®f DJF data between 4N and 60 N, and restricted to lon-
sess whether it is beneficial to move to a wider longitudegitudes between°tE and 45 E. The gray curves are for the
range and/or add more years of data. Expressed in anothédull longitude range. The upper curves are foy & 3.5 km,
way, we need to know whether the trade-off between increasthe lower curves for BO at 1.5 km above the tropopause.
ing geophysical variability and adding more measurement®Red triangles indicate the number of available independent
is helping to improve our error assessment. To this end weSPURT measurementdfp), and black and gray asterisks the
compare the standard errors of the meah/(N), shown in  number of independent ACE-FTS measurements for the re-
the previous section to describe the decrease in relative difstricted and full longitude ranges, respectively. Note that the
ferences, for CMAM datasets including different longitude ozonesondes provide over 200 independent measurements
ranges and years. Examples of this evaluation are shown ifor both full and restricted longitude ranges and all altitude
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Fig. 7. Standard errors of the mean/{(/N) as a function of number
of measurements\() for O3 at 3.5 km (upper curves) and,B® at
1.5km above the tropopause (lower curves, sign has been flippe
and for two different CMAM datasets including DJF data from 5
years and a latitude range betweer? MO0and 60 N. Black lines

denotes the calculation for data restricted to a longitude range o 80, 180, 8020, —120,—220% for HO, respectively. Different

0° E-45 E, gray lines include measurements from all longitudes. ; ;
Black and gray asterisks denote the number of independent ACE§had|ngs of the colours represent calculations for the SPURT pe-

FTS measurementl(b) for the restricted and full longitude ranges riod (2002-2003), the ACE-FTS period (2004-2007), and all years

- B . 2002-2007), but note that these lines are hardly distinguishable.
during DJF and between 2004—2007. Red triangles denote the nu lack and gray asterisks denote the number of independent ACE-

ber of independent SPURT measurements. Red arrow indicates trY—ETS measurementbl(b) for the restricted and full longitude ranges.

B e o ot e a1 dncte e s of ndependent SPURT measir
9 9 ments. Dashed lines indicate relative differences of 5% and 15%

range. for Oz and B0, respectively.

Fig. 8. Same as in previous Fig. 7, but now for all levels and for
O(a) O3, and(b) H>O. Darker lines are calculations for the CMAM
ataset restricted to a latitude range of #3-60° N and a longitude
range of 0 E-45 E, gray lines include all longitudes. Calculations
re offset by 150, 90, 30,30, —90, and—150% for &, and by

levels, hence can be regarded as a “perfect” validation datg,ent Or expressed in a different way, one can determine for

set (Fhe data point§ lie outside.of the plotted range). Wheniny, many years the ACE-FTS observations should be con-
cluding more longitudes (moving from the black to the gray ineq in order to reduce the uncertainty in the climatology

curves), the standard errors in the mean (i.e. the geophySgeqy 4 certain level. For example, in order to obtain un-
cal variability) for a given number of measurements increase.etainties of 5% for @and 15% for HO, respectively, 4-8

for both tracers, but less so forGhan for HO. However,  ,qgitional years of operation of the ACE-FTS would be re-
when including more longitudes, more ACE-FTS measure-qjireq, However, we need also to find larger but still reliable
ments are available (the gain is denoted by the red amows)yai4 sets for comparison, since the given number of SPURT
and the relative differences are reduced (the gain is denoteg,e 45 rements ultimately limits the achievable improvement,
by the blue arrows). Table 1 summarizes and Fig. 8 illus-ggpecially in the troposphere and fos®t It follows from
trates the results of this evaluation for all altitude levels, in-.¢ evaluation that any measurement errors derived in the

dicating the number of available independent measurementgompariSon with SPURT have to be regarded as upper limits.
of the different datasets, and the theoretically derived stan- \ye move on to explain our findings in Figs. 7 and 8 in a

dard errors of the mean. The decrease in the standard error j§,e theoretical way. The errors in the measurements de-
ameasure of the benefit obtained by the trade-off. The calcug, g by the suggested method include the variance intro-

lations of the standard errors in the mean when adding morey ,~oq by geophysical variabiligy?, and the variance of the
years do not change the curves for the restricted and full lon-

) o= o . . actual measurement erref. For the full longitude range
gitude ranges significantly, indicating that interannual varia- . )

4 .= o . the total squared errok f) is then written as
tions are a negligible source of error. This justifies comparing A
SPURT with ACE-FTS data, even though the measurements
are from different years.

Since ACE-FTS will continue measuring the atmosphere,

we will have the possibility to include more measurements in
a future comparison which then will improve the error assess-

2 2
o, + 0,

IO ©)

Atmos. Chem. Phys., 8, 1488499 2008 www.atmos-chem-phys.net/8/1483/2008/



M. I. Hegglin et al.: ACE-FTS satellite validation in the UTLS 1491

Table 1. Number of available independent measurements and theoretically derived relative differences (see text for details) for the ACE-FTS
and SPURT data at different levels. All are forr40-60° N and DJF 2004—-2007.

dz fromtp —5.5km —2.5km —0.5km 0.5 km 2.5km 5.5km
N/b  Apgl N/b Al Nb A Nb A Nb A Nb Ay

(@) G

SPURT 6 9% 15 11% 42 6% 109 3% 16 8% - -%

ACE (45°) 1 38% 2 29% 2 29% 3 18% 3 16% 4 18%
ACE (360) 2 24% 12 15% 13 13% 23 % 34 6% 33 7%

(b) H20

SPURT 2 55% 15 26% 42 15% 94 7% 16 15% - —%
ACE (45°) 1 133% 2 66% 2 67% 3 40% 3 33% 5 5%
ACE (360) 2 74% 12 43% 12 46% 23 28% 34 18% 33 3%

For the restricted longitude range, the squared erpr (
changes to

2 2
aog + oy

—&_m 4
B(N/b) @

€ =

whereq is the ratio of the geophysical variabilities, afithe

ratio of the number of measurements between the restricted
and the full fields. Botlw andg are less than unity for a re-
stricted range. The issue is whether an expanded range leads
to reduced errors. This is a trade-off between the effeats of
andg. We now can define a trade-off factpr

2 2
aocs; + 0
y=i=ﬁ. (5) 0 100 200 300
€f os + 0, .
s Pl ton # longitudes
If y>1 then full sampling is preferable to restricted sam- _ )
pling. With Fig. 9. Trade-off factory as a function of number of longitudes
included in the climatologies of £)(solid lines) and HO (dashed
5 lines). For the calculation of the trade-off factor, CMAM data from
W= T (6) the altitude bin 1 km below the tropopause and over 5 years of
ogz’ Northern Hemisphere winter data were used. Different colours in-
dicate calculations performed for differgi’s, which represent the
Eq. (5) yields ratio between the variance of the measurement error and the vari-
ance introduced by geophysical variability.

o+ U

=" 7
L TE %

4 Results and discussion
If w1 (i.e. geophysical variability dominates over measure-
ment error), thery>1 if «>p, i.e. if the geophysical vari- 4.1 SPURT versus ACE-FTS tracer-tracer correlations
ance increases less rapidly than the number of measurements
as the range of longitudes increases. ButfetO(1), the  Figure 10 shows the CO-0Oand HO-O3 correlations for
condition is less stringent. This is shown in Fig. 9, where wethe ACE-FTS and the SPURT measurements for the lati-
see that, except for 40 in the case of small measurement tude range between 306 and 90 N, full longitude range,
errors, this requirement is true and it is beneficial to includeand different seasons. ACE-FTS data were accumulated
all data. This result is also consistent with what we expectover the years 2004—2007. The SPURT data were obtained
from Fig. 8 and Table 1, where moving from the restricted to during two campaigns in two different years (2002/2003).
full longitude range is more beneficial in the case gft@an ~ The agreement between the correlations of the two data sets
in the case of HO. is remarkable, despite the fact that the measurements were
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Fig. 10. CO-O3 (upper panels) and4®-03 correlations (lower panels) for ACE-FTS satellite (black) and SPURT aircraft (red) data between

30° N and 90 N. From left to right: winter, spring, summer, and autumn measurements. Note that the two data sets were obtained during
different years.

carried out in different years. In general, the SPURT data4.2 SPURT versus ACE-FTS vertical profiles
lie well within the range of the ACE-FTS data, and the lim-

ited spread (or scatter) of the ACE-FTS indicates a very gOOdI'he validation of seasonal ACE-FTS CO;.@nd RO data

precision and vertical resolution of the instrument. Some fea-  _. . . . o
. . ) using vertical profiles relative to the tropopause height is pre-
tures such as the “high-heel” shape found in the sprip@H g P Pop 9 P

O3 correlation, or the relatively broad transition between thesented In Fig. 113, ¢ and Fig. 12a, c. In order to minimize
3 , . . . . .

. the uncertainties caused by a potential latitudinal dependence
troposphere and the stratosphere in the summer gCe® yap P

relation, are evident in both data sets. With the lower verti—Of the mean tracer profiles, we use da_ta betwee nd

cal reso’Iution of a satellite instrument .the transition between6oo N only. Based on the_e\_/aluat|on n S?Ct' 3.3, we use

the stratospheric and the tropospher’ic branch in the tracer'i“CE_FTS data obtained within the full longitude range be-
tween 180 W and 180 E. In the case of kO, we also pro-

tracer correlation is expected to be less sharp. Using ACE- . ; : :
. vide the evaluation for the restri longi ran ween
FTS data from a narrower latitude range (e.g. betwe&m40 de the evaluation for the restricted longitude range betwee

) . AW 4B E f i .

and 60 N) does not change the results of this evaluation in ast?ownar;?ncz theoziﬁr;rzizljorgnsgn(:mﬁreﬁ;gatsTarrﬁ;gure-
significant way, it just Fends to decrease sljghtly the spread ir]11ents ’did not allow a meaningful comparison (see Fig. 10,
the A(]:‘tE-FTslzolirelartllon. Ntohte That the(;el'“ng altltud_e ct)r:the third panel of the HO-O3 correlation). The left panels of
arcraft was m, hence the largess @lues seen in the Figs. 11 and 12 show the mean vertical profiles and their

ACE-FTS were not sampled. On the other hand, the ACE-g) 24 deviations for the SPURT (black) and the ACE-FTS

FTS reaches on average only down to an altitude of 5 km . . :
which might explain why the largest® values in the air- data (gray). The right panels show the relative differences

: and their uncertainties.
craft measurements were never sampled by the satellite. The _ _ _ _
aircraft measurements in autumn which lie outside the ex- The comparison between satellite and aircraft data yields
pected HO-O; correlation range stem from an extraordinary the best result for CQ. Average relative @fferences o_f the
troposphere-to-stratosphere exchange event associated witiéan are around9% in the UT, andt12% in the LS. This
overshooting deep convection (Hegglin et al., 2004). Suchesult is comparable to the 16% relative difference derived
events are mixed into the background within a couple of daydrom a validation using MOZAIC aircraft data in the UTLS

and therefore are not a characteristic of the climatology. ~ Py Clerbaux et al. (2007). For{the derived relative dif-
ferences in the LS are&-19% on average, but closer to the
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Fig. 11. Comparison of ACE-FTS and SPURT CO ang Measurements. Left panels (a, c) Vertical profiles of mean CO and{O

mixing ratios with standard deviationso} as a function of altitude relative to the thermal tropopause for SPURT (black) and ACE-FTS
(gray), and for DJF, MAM, JJA, and SON (from top to bottom), respectively. Left panéls oh: Same as in (a, c) but the SPURT vertical

CO and Q profiles are smoothed according to Eqg. (8) in order to account for the limited vertical resolution of the ACE-FTS instrument.
Right panels in (a, b, c, d): Relative differences between ACE-FTS and SPURT mean profiles (black line, calculated using Eq. (1) in text),
with positive/negative values indicating a high/low bias in the ACE-FTS measurements. The gray bar indi@¥eselative difference.
Horizontal bars show the uncertainties in the relative differences. The total numbers of measurements are indicated for each altitude bin anc
data set.
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Fig. 12. Same as previous Fig. 10 but fop8. (a, b) ACE-FTS profiles used to calculate the mean profiles were taken betwé&v d6d
45° E, and(c, d) between 189W and 180 E. From top to bottom: DJF, MAM, and SON. JJA comparison is omitted due to a too small
dynamical range of the SPURT,® measurements.

5+5% derived by Dupuy et al. (2008) for altitudes higher accurately measuring low mixing ratios below atmospheric
than 15 km if the autumn values between 3 and 6 km abovédayers with very high mixing ratios. Furthermore, at lower
the tropopause are excluded from the calculation of the avaltitudes, fewer microwindows are being used for ther®
erage. This is justified by the evaluation in Fig. 4d, which trieval and there are potentially more interfering species. In-
suggests not including these altitude levels into a comparideed, the sensitivity problem is reflected in larger relative
son. However, in the UT, the relative differences increaseretrieval errors in the troposphere.,® shows the largest

to around 25% indicating a persistent high bias of the ACE-relative differences of about18% in the LS, andt30%
FTS ;. This is consistent with a high bias in the ACE-FTS in the UT, with the uncertainties of the relative differences
Os interpolated to the tropopause level with respect to MLS, suggesting a systematic low bias of the ACE-FTS measure-
and other solar occultation instruments as shown by Manneynents, at least for the middle to upper troposphere in winter
et al. (2007). The reason for this bias might be a sensitiv-and spring. However, $0O is the most variable tracer in the
ity problem of the ACE-FTS when it comes to detecting and troposphere among the species presented here. Indeed the
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Fig. 13. Comparison of ACE-FTS ©and ozonesonde data. From top to bottom: DJF, MAM, JJA, and DJF. Left panels: vertical mean
profilest+10 standard deviations for ACE-FTS (in gray) and the ozonesonde data (in black). Right panels: Relative differences between the
two data sets and their uncertainties. The total numbers of measurements are indicated for each altitude bin and data set. Profiles were take
(a) between 43W and 45 E and during the years 2004—-20@) between 180W and 180 E and during the years 2004—20@%) same

as in (b) but during the year 20061) same as in (b) but during the year 2006.
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Fig. 14. Same as previous Fig. 13b but with ozonesonde data smoothed according to Eq. (8).

evaluation in Sect. 3.3 indicates that up to 20% of these erby the smoothing effect since it exhibits the weakest gradient
rors might still be due to undersampling despite the improve-in tracer mixing ratios across the tropopause. This evaluation
ment when moving from the restricted to the full longitude suggests that the ACE-FTS is capable of resolving the transi-
range. Including future measurements of the ACE-FTS intotion between the troposphere and the stratosphere with high
this comparison will likely help to decrease the errors further,accuracy, and points towards a vertical resolution of around
however, the number of available SPURT measurements ultid km.
mately will set another limitation. Hence we will need to find
other reliable reference data sets for further comparisons.
While the vertical resolution of the ACE-FTS is affected
by its field-of-view, as shown in Fig. 3 there is often a signif- In order to gain more confidence in the validation results ob-
icant altitude oversampling in the vicinity of the tropopause, tained in the comparison with aircraft data, which may suffer
which may increase the effective vertical resolution of the from the limited number of independent measurements, we
measurements. This is also suggested by Fig. 10. If the res@ls0 use ozonesonde data which according to our evaluation
lution was not better than 3 km, then the relatively sharp tranin Sect. 3.3 represent a “perfect” data set for a non-coincident
sition between the tropospheric and the stratospheric branchomparison. We look at different time and spatial samples in
of the correlation would be smeared out to a much greatePrder to explore, in an empirical way, how sampling issues
extent. However, at the level of 1km, there is additionally might influence the validation results, and if these results are
an inherent smoothing in the retrieval process, since forward@onsistent with what we expect from theory (Sect. 3.3).
model calculations employ data on a 1-km grid. To account InFig. 13a, we show the seasonal comparison between the
(very roughly) for the limitations in the ACE-FTS vertical ©zonesonde and the ACE-FTS @ata obtained during the
resolution, we smoothed the SPURT profiles with a triangu-full observation period 2004—-2007 and restricted to a longi-
lar function. We app|y the fo”owing Smoothing tude band between 48V and 45 E. In general, the results
obtained are comparable to the results found from the vali-
dation using the SPURT data set. The data show good agree-
ment in the LS, and an ACE-FTS high bias in the UT. How-
ever, the noise between the altitude levels is largely reduced,
wherei is the altitude level of a given tracer volume mixing related to the increase in number of measurements when us-
ratio (x). By smoothing the SPURT £ CO, and HO pro- ing ozonesonde data instead of SPURT data. In Fig. 13b, the
files with the above equation, we can gauge whether smearomparison is shown between the data of the two data sets
ing effects from the ACE-FTS vertical resolution have a sig- taken within the full longitude range. This increases the num-
nificant effect on the results. ber of measurements to compare with by a factor of 2 or 3 for
Figures 11b, d and 12b, d show the relative difference bethe ozonesondes, and by a factor of 4 for ACE-FTS. Includ-
tween the smoothed SPURT and the ACE-FTS mean traceing more measurements leads to a reduction in the relative
profiles. The comparison with the unsmoothed vertical meardifferences but also in their uncertainties, hence this compar-
profiles suggests that the smoothing effect accounts only forson yields a statistically more meaningful error assessment
about 5-15% of the total measurement error, with largest im-than using the restricted longitude range. The relative differ-
pact just above and below the tropopause. Indeed, largesinces between the ACE-FTS @nd ozonesonde measure-
impact is expected to be found close to the tropopause wherments aret18% and+8% for the UT and LS, respectively.
strong gradients in the tracer mixing ratios are present. Ac-The £8% in the LS is consistent with the results of Dupuy
cordingly, CO seems to be the tracer which is least impacteckt al. (2008). Finally, we compare the data obtained during

4.3 Ozonesonde versus ACE-FTS vertical profiles

x[11=0.25% x [ —1]4+0.5% x [i]4+0.25% x [i+1] (8)
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the years 2005 and 2006 separately (Fig. 13c and d, respec- We first assessed the performance and limitations of the
tively). The derived relative differences of the measurementsiew validation methods. The most important question is
remain basically unchanged. A change can however be seemhether spatial and temporal variations of the “climatology”
in the uncertainties in the relative differences, which increaseare smaller than the errors one is trying to identify. This is
due to the decrease in the available number of measurementguantified through a trade-off factor. Using CMAM data to
This is consistent with our earlier analysis based on CMAM simulate real measurements, we show that the uncertainty
and shown in Fig. 8, suggesting that inclusion of ozone meain climatologies due to limited sampling is small enough
surements taken during different years does not add a disto allow for a meaningful error assessment in the UTLS if
cernible amount of geophysical variability. enough measurements are available to describe the clima-
The validation using SPURT aircraft and ozonesonde datdology. However, this is not always the case, especially for
thus yields consistent results, and the uncertainties are sedawer altitude levels. For the ACE-FTS, we show that in-
to follow the theoretical expectations derived in Sect. 3.3. Including more measurements obtained over a wider longi-
particular, the measurement errors are better characterizeitide range improves the error assessment, despite the in-
when including measurements obtained over larger spatiatreased geophysical variability. Given the number of cur-
and temporal scales, despite the increase in geophysical variently available measurements, the uncertainty of the ACE-
ability. From this it follows that the trade-off factoyp] is FTS and SPURT climatologies is estimated to be around 5-
also>1 in the real atmosphere. 10% for G5, and 10-25% for KO depending on the altitude
In Fig. 14, we finally show for each season the compari-level. In contrast, standard validation techniques indicate that
son between the ACE-FTS;@ata and the ozonesonde pro- ACE-FTS measurement errors in the UTLS region (i.e. be-
files smoothed according to Eq. (8) using all available yeardow 100 hPa or 15 km) may be as large as 50% or not deter-
and the full range of longitudes. The smoothing effect leadsminable (Dupuy et al., 2008; Carleer et al., 2008). Hence the
to a decrease in the relative differences which is again moserror assessment of the ACE-FTS can be improved signifi-
pronounced just below the tropopause, and seen to be 5%antly compared to standard validation techniques using the
larger than in the comparison with the SPURT data set. Thenew methods.
larger decrease might reflect the additional bias introduced The theoretical analysis also allows one to estimate the
by calculating tropopauses for the ozonesondes from simulnumber of measurements needed to reduce the uncertain-
taneously measured temperature profiles instead of from th#ies in the climatologies below a certain level. For exam-
GEOS-4 analyses. ple, to obtain uncertainties aE5% for O3 and £15% for
H>0, around 50-100 and 80-120 independent measurements
would be needed, respectively, depending on the altitude
5 Conclusions level. These numbers would require an additional 4-8 years
of operation of the ACE-FTS instrument.
In this study we present the validation of ACE-FTS CQ, O From the ozonesonde measurements we determined that
and HO measurements from Canada’s SCISAT-1 satellite inusing tropopause coordinates is only beneficial close to the
the UTLS using SPURT aircraft and ozonesonde measuretropopause, i.e. around 5(4) km above(below) the tropopause
ments. This contributes to the validation efforts of the ACE- in winter and spring, and around 3(2) km in summer and au-
FTS data published in this special issue. Other studies (extumn, respectively. On the other hand, the correlation method
cept the one focusing on CO), however, mainly focus on val-can be used wherever correlations are compact, i.e. for trac-
idation in the stratosphere and the mesosphere. In the UTLSrs whose lifetimes are longer than the transport timescales
validation of chemical trace gas measurements is a challengnvolved. This is true for both @CO, and @-H»0O in the
ing task due to small-scale variability in the tracer fields, UTLS. In the stratosphere, the method would be applicable
strong gradients of the tracers across the tropopause, artd correlations involving MO, CHs, and NG,.. Although not
scarcity of measurements suitable for validation purposesshown in this study, it will also be possible to extract quan-
We here suggest two alternative/complementary methodstative information about the accuracy of one tracer, as long
for the validation of satellite measurements in the UTLS as the accuracy of the other tracer is known.
which are increasingly being used for the validation of chem- We then applied the new methods to the measurements.
istry transport models or chemistry climate models: tracer-We used the tracer-tracer correlations to obtain qualitative
tracer correlations, and vertical profiles relative to tropopausenformation on the precision, and the vertical profiles relative
height. These methods are known to reduce geophysical vario the tropopause to determine quantitatively the uncertainty
ability, and thereby provide an “instantaneous climatology”, of the ACE-FTS measurements.
which avoids the need for coincident measurements. The cli- Using the correlation method, we find that the ACE-FTS
matological comparison allows one to include all available measurements reproduce characteristic features found in the
measurements, not just coincident ones, and thus obtain beSPURT aircraft measurements, and hence offer unprece-
ter statistics and more reliable information about the instru-dented precision for a satellite instrument. The evaluation
ment accuracy and precision. also suggests a vertical resolution of around 1 km. This
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implies that the resolution is not solely determined by theEdited by: T. Wagner
field-of-view, which is around 3 km for the ACE-FTS. It
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