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[1] Ozone distributions display a rich spatial structure in the upper troposphere and lower
stratosphere (UTLS). This study uses in situ aircraft observations to examine how
accurately such spatial distributions of ozone are represented in an assimilation of NASA’s
EOS‐Aura ozone data using meteorological fields from the Goddard Earth Observing
System, Version 4. Total ozone columns from the Ozone Monitoring Instrument (OMI)
and stratospheric profiles from the Microwave Limb Sounder (MLS) are assimilated. The
results demonstrate that the dominant large‐scale ozone distribution is well‐constrained
(to realistic concentrations) near 250 hPa in the UTLS. Spatial patterns and the
spectral power of variations are similar in the model simulations and the assimilation.
The spectral power of the analysis increments is concentrated at large scales. Thus
transport, rather than direct assimilation of small‐scale features, is responsible for the
spatial ozone structure in the UTLS. Consistent with the documented behavior of the
Lin‐Rood transport scheme, we demonstrate that the assimilated ozone represents realistic
features on spatial scales of about four‐to‐six model grid boxes (500–800 km) and that
smaller scales present in the aircraft observations are represented too weakly in the modeled
and assimilated ozone fields. For the assimilated ozone, this result is robust over a range of
realistic model‐error‐covariance length scales. The results indicate that observations of
ozone on spatial scales that constrain the large‐scale gradients are suited to producing
global analyses of UTLS ozone that represent features at higher spatial resolution.

Citation: Wargan, K., S. Pawson, I. Stajner, and V. Thouret (2010), Spatial structure of assimilated ozone in the upper
troposphere and lower stratosphere, J. Geophys. Res., 115, D24316, doi:10.1029/2010JD013941.

1. Introduction

[2] Ozone in the upper stratosphere and lower troposphere
(UTLS) is known to provide important contributions to the
planet’s radiation balance and to shield the surface from
potentially harmful ultraviolet radiation. Our knowledge of
ozone distributions in the UTLS has historically been con-
fined to localized information from sonde [e.g., McPeters
et al., 2007] and aircraft measurements [e.g., Thouret
et al., 1998], with contributions from occultation sensors
in the past couple of decades [e.g., Terao and Logan, 2007].
The more recent availability of near‐global satellite‐based
UTLS ozone profiles, with much higher spatiotemporal
density than the historical networks, but with coarser verti-
cal and horizontal resolution, provides opportunities for

increased understanding of the UTLS ozone distribution.
Stajner et al. [2008] and others have demonstrated that data
assimilation systems can provide quite realistic representa-
tions of stratospheric ozone profiles and tropospheric ozone
columns, when they ingest total ozone column and strato-
spheric profiles retrieved from satellite instrument mea-
surements. This work extends Stajner et al. [2008] by
examining the spatial structure of assimilated ozone in the
UTLS.
[3] Previous studies have assessed assimilated ozone in

the lower stratosphere and the UTLS. Space‐based obser-
vations using nadir ultraviolet measurements, such as the
Solar Backscattered Ultraviolet (SBUV) sensors, lose sen-
sitivity to vertical ozone structure below about 64 hPa and
consequently have little impact on UTLS profiles. Assimi-
lation experiments using retrieved profiles from the Global
Ozone Monitoring Experiment (GOME) [de Laat et al.,
2009] showed that even though UTLS ozone biases were
corrected compared to chemistry‐transport model (CTM)
simulations, there was no positive impact on the structure of
synoptic‐scale ozone variations. Although very accurate, the
sparse horizontal sampling of occultation measurements
provides inadequate constraint for assimilation over most
of the globe [e.g., Stajner and Wargan, 2004] unless
additional mapping is performed [e.g., Pierce et al., 2007].
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The increasing availability of lower‐stratospheric ozone
information from successive limb‐sounding instruments has
led to increasingly realistic UTLS ozone profiles, compared
to sonde observations, in the assimilated products [Wargan
et al., 2005; Semane et al., 2007; Jackson, 2007; Stajner
et al., 2008; Feng et al., 2008; Parrington et al., 2008].
[4] The ozone assimilation system used here [Stajner

et al., 2008] incorporates retrieved total‐column ozone
from the Ozone Monitoring Instrument (OMI) [Levelt et al.,
2006; McPeters et al., 2008] and ozone profiles, extending
from the upper troposphere to the lower mesosphere, from
the Microwave Limb Sounder (MLS) [Froidevaux et al.,
2006, 2008]. The assimilation merges these data with fore-
casts from an adapted version of the Goddard Earth
Observing System, Version 4 (GEOS‐4) general circulation
model (GCM), which includes time‐smoothed meteorolog-
ical analyses [Pawson et al., 2007] that are used to transport
ozone and a linearized ozone chemistry module [Stajner
et al., 2008].
[5] This work provides a detailed evaluation of UTLS

ozone in the GEOS assimilation system, focusing on the
roles of physical versus statistical processes (transport versus
assimilation) in defining the ozone structure. Following a
description of the assimilation system, the analysis compares
simulated to assimilated ozone structures (section 2) to
evaluate the roles of transport and assimilation in determin-
ing spatial scales in the ozone fields. Evaluation of spatial
structures in the assimilation and simulation against those
observed by aircraft (section 3) then enables an assessment of
the true resolution of the assimilated ozone fields: this im-
pacts evaluation of the information content of assimilated
ozone in the UTLS. Conclusions are presented in section 4.

2. Ozone Structure in the Model and Assimilation

2.1. System Descriptions

[6] Different components of the ozone model and assim-
ilation system used in this work are described by Bloom et al.
[2005], Pawson et al. [2007] and Stajner et al. [2008].
Bloom et al. [2005] give details of the GEOS‐4 general
circulation model (GCM) and the meteorological data
assimilation system (DAS), which uses the Physical‐space
Statistical Analysis Scheme (PSAS). The system is run at
1° (latitude) × 1.25° (longitude) spatial resolution with
55 layers between the surface and about 80 km; nine layers
lie between 300–70 hPa, producing a vertical resolution of
0.9–1.1 km near the tropopause. The GEOS‐4 DAS includes
meteorological data between the surface and about 55 km
(0.4 hPa), using many types of in situ and space‐based
observations through the troposphere and stratosphere.
Pawson et al. [2007] demonstrate that transport in GEOS‐4
is substantially improved when 6 h time averaging is applied
to the analyzed winds: the improvements were evident in
simulated trace gas distributions and in the “observation‐
minus‐forecast” (O‐F) statistics of assimilated Solar Back-
scatter Ultra‐Violet (SBUV) ozone fields.
[7] The model run performed for this study uses the time‐

smoothed meteorological analyses from GEOS‐4. Photo-
chemistry is approximated using a linearized ozone scheme
[Stajner et al., 2008], with prescribed photochemical pro-
duction rates (P) and loss frequencies (L). Stratospheric P and
L are adapted from zonal and monthly values by Douglass

et al. [1996]. Daily values of tropospheric P and L are
archived from the GEOS‐CHEM model on a three‐
dimensional grid [Hudman et al., 2007]. Note that in the
UTLS, which is the focus of this paper, ozone chemistry is
relatively slow and thus transport plays the dominant role
in shaping the tracer fields.
[8] Two types of ozone data from EOS‐Aura, OMI col-

umns and MLS profiles, are included in the assimilation,
with forecasts (background states) provided by the identical
model (with identical meteorological fields) as the model
simulation. The OMTO3 Collection 2 retrievals from OMI
are based on the Total Ozone Mapping Spectrometer
(TOMS) v8 total ozone algorithm [Bhartia and Wellemeyer,
2002]. These OMI OMTO3 ozone column retrievals have
been compared extensively validated against an ensemble of
data from well‐calibrated ground stations McPeters et al.
[2008]. An alternate retrieval of OMI columns, OMDOAO3
[Veefkind et al., 2006] is also available. Use of this product,
as well as later versions of the OMTO3 retrievals, would
likely have some impacts on the assimilated ozone fields,
but will not impact the main conclusions of this study.
Ozone profile retrievals (Version 1.5) between 215–0.14 hPa
from MLS [Froidevaux et al., 2006; Waters et al., 2006]
constrain the profile shape in the upper troposphere,
stratosphere and lower mesosphere. In the UTLS, retrievals
are provided at 215, 146, 100, and 68 hPa, with a vertical
resolution of about 3 km, which is somewhat coarser than
that of the model. As in the work of Stajner et al. [2008],
diagonal elements of the observation error covariances are
obtained from the profile precision estimates provided with
the retrievals and nondiagonal elements are assumed to be
zero. Newer versions of the retrieved Aura data are avail-
able. For the MLS ozone the newer V2.2 retrievals are close
to the V1.5 retrievals in the region of interest. The largest
differences between the two versions are in the mesosphere
and in the tropical upper troposphere [Froidevaux et al.,
2008]. Experiments show that the main conclusions of this
study are not sensitive to changing between V1.5 and V2.2
of the MLS data.
[9] Stajner et al. [2008] extensively validated the assim-

ilated ozone against independent data, concentrating mainly
on stratospheric profiles and tropospheric partial columns.
They found that the assimilated ozone in the lower strato-
sphere agrees within 10% of independent sonde and aircraft
observation. The relative root mean square (RMS) differ-
ence with integrated 200–1 hPa ozone columns from SAGE
II is within 5%. They also found that tropospheric ozone in
the assimilation was more realistic than in the model sim-
ulation, with smaller RMS differences from sonde data.

2.2. A Case Study Contrasting Modeled
and Assimilated UTLS Ozone

[10] This discussion of the results begins with a compar-
ison of the morphology of modeled and assimilated ozone
fields. Visual comparison of ozone maps generated by the
model and those from the DAS indicate that spatial struc-
tures are very similar in the simulated and assimilated fields,
even though the mixing ratios are changed by the assimi-
lation. In particular, the shapes and locations of air mass
boundaries, filaments, and local maxima and minima in the
assimilation are typically already present in the fields gen-
erated by the model. One such comparison is now discussed.
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[11] Figure 1 shows ozone at 118.25 hPa (a model layer)
at 6 UTC on 16 March 2005, from assimilation and model.
Both panels show a tongue of ozone‐rich air extending from
Alaska into the mid‐Pacific, where it wraps around
cyclonically. The feature is the lower part of a filament
discussed in detail by Leblanc et al. [2006] and Tripathi
et al. [2006] who show that at higher altitudes (435 K) the
filament reaches even further south and passes over the Big
Island of Hawaii. The spatial structure of this filament is
similar in the two cases, but the maximum ozone con-
centrations are lower in the assimilation than in the model.
Features inside the polar vortex reveal a similar discrepancy.
A scatterplot of assimilated versus modeled ozone mixing
ratios at the model level of 118.25 hPa (Figure 2) gives a
more quantitative demonstration of the biases at both low
and high concentrations. Compared to the assimilation, the
modeled ozone is systematically high biased at mixing ratios
larger than about 1 ppmv (part per million by volume),

which are typical of the polar vortex at this level, and low
biased at the lower mixing ratios typical of midlatitude air
masses.
[12] A transect through the fields (Figure 3) shows the

longitudinal structure of modeled and assimilated ozone
mixing ratios at 40°N and 118.25 hPa on 16 March 2005.
The “Hawaiian filament” is seen as a sharp peak between
150°W and 160°W. Figure 1 shows that very similar fea-
tures appear in both modeled and assimilated fields and
Figure 2 shows how the bias in concentrations varies with
concentration. Figure 3 shows the impacts of these two
effects on the comparison between modeled and assimilated
ozone, with both fields showing very similar peaks and
troughs, but rather different ranking of the relative strengths
of these features (examples are the two double peaks near
60°W and 100°W, where in each case the larger local peak
in the assimilated field is the smaller peak in the modeled
field).

2.3. Monthly Characterization of Global Structure

[13] The above case study illustrates that differential
transport of air masses appears to determine the morphology
of the horizontal ozone field in both model and assimilation,
while the assimilation acts to change the ozone concentra-
tions within that structure.

Figure 1. Ozone mixing ratio (ppmv) at 118.25 hPa on
16 March 2005, 6 UTC from (a) assimilation of MLS and
OMI ozone into the CCM and (b) the model simulation.

Figure 2. Scatterplots of simulated ozone versus assimi-
lated ozone and simulated ozone versus the difference field
at 118.25 hPa on 16 March 2005, 6 UTC. Data from the
entire Northern Hemisphere are plotted, and the units are
ppmv. Negative values in the difference field are where sim-
ulated concentrations exceed those in the assimilation.
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[14] This result is now examined in the more general
context of accumulated monthly data. Figure 4a shows the
histograms with binning at intervals of 0.1 ppmv, of mod-
eled and assimilated ozone at 55°N on the 325 K isentrope
in February 2005. Both distributions are bimodal, but have
different higher modes and slightly different modal fre-
quencies. At low mixing ratios, typical of tropospheric air,
the model has a slightly smaller population near the lower
mode of 0.6 ppmv, indicating that the assimilation is con-
strained to a more uniform upper tropospheric ozone dis-
tribution than the simulated ozone. In the stratospheric air
masses the assimilated mode (near 0.18 ppmv) is lower and
more populated than the modeled mode (0.23 ppmv). The
fact that the model (which uses assimilated winds) over-
estimates the population in the high end of the mixing ratio
tail is consistent with excessive transport from higher levels
(where ozone abundance is greater). This transport defi-
ciency, which has been noted for several assimilated data
sets by Schoeberl et al. [2003] and discussed for GEOS‐4
by Pawson et al. [2007], causes the overestimation of ozone
in the model that is corrected by the assimilation process.
[15] A number of prior studies have used trace‐gas power

spectra to investigate atmospheric variability at a range of
spatial scales [e.g., Strahan and Mahlman, 1994; Koshyk
et al., 1999]. In this study the power P(k) at wave number
k of a data series u0, u1, … uN−1 is computed as P(k) =
([Fu]k)

2, where the Fast Fourier Transform operator, F, is
given by

Fu½ �k ¼ 1

N

XN�1

s¼0

us exp �2�iks=Nð Þ:

The quantity P(k) represents a measure of variability in the
data at the spatial scales determined by k. In general, it is
expected that a tracer (or dynamical) field will exhibit scale
invariance within a range of scales, so that its power spec-
trum satisfies a power law, P(k) ∼ kb. The slope, b can be
thought of as a measure of “smoothness” of the field, with
b < −2 for continuous fields and b = −2 for data with a finite
number of step‐like discontinuities. An extreme case is that

of white noise which yields b = 0. All power spectra dis-
cussed here are averaged over a month and displayed for
wave numbers k = 1, 2,…N/2.
[16] Figure 4b shows the monthly ozone power spectra for

the ozone fields whose histograms are shown in Figure 4a.
The slopes (b) of the modeled and assimilated ozone data are
nearly identical, with the spectra differing by a factor that is
independent of wave number. The smaller separation of
modes in the histogram of the assimilated ozone (Figures 4a
and 2) leads to the lower power in that spectrum.
[17] In order to understand contributions of transport and

assimilation to different spectral scales, the power spectra of
the analysis and transport increments in the assimilation
system are discussed. The analysis increments (A(t) − B(t))
are defined as the difference between the 3 h forecasts
(backgrounds, B(t)) and the resultant analyses (A(t)) for each
analysis time t (every 3 h). Power spectra of (A(t) − B(t))
reveal a steady decrease at the smallest wave numbers
(longest zonal waves) and then a relatively rapid spectral
decay for wave numbers larger than six (Figure 5). The
power spectra of (A(t) − B(t)) in Figure 5 are computed from
eight daily sets of A − B on each day in January 2005. The
spectral structure of the power in analysis increments can be
contrasted with that of the model‐evolved fields, computed
from the temporal change in ozone (B(t + 3 h) − A(t)) in
each 3 h forecast window. Because chemistry is approxi-
mated by slow production rates and loss frequencies in this
region, these increments are predominantly caused by
transport and are referred to as “transport increments.”
Figure 5 shows that, at the lowest wave numbers, the
transport increments are about an order of magnitude larger
than the analysis increments, and that P(k) decreases much
more slowly for the transport: the spectrum is almost flat up
to wave number 10. By wave number 10, the power of the

Figure 3. Ozone mixing ratio as a function of longitude at
118.25 hPa at 40°N on 16 March 2005, 6 UTC from assim-
ilation (solid) and simulation (dashed).

Figure 4. (a) Histograms of the ozone mixing ratio at 55°N
on the 325 K isentrope from the model (dashed line) and
assimilation (solid line) in February 2005. (b) The spatial
power spectrum of the ozone distribution in Figure 4a; wave
number 1 corresponds to the longest planetary wave in this
plot.
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transport increments is about 2 orders of magnitude larger
than the analysis increments. These results show that the
spatial structure in the assimilated ozone fields is dominated
by transport and not by the analysis. Despite the smaller
scale of the observations and the small length scales (L =
250 km: Stajner et al. [2001]) in the analysis, the spectral
power of the increments is concentrated at the largest
spectral scales, with only very small corrections to the
spatial structure of the ozone field at higher wave numbers.
This result is quite insensitive to the length scale assumed:
this is discussed further in section 3 in the context of
comparison with in situ data.

3. Evaluation With MOZAIC Data

3.1. Data Description

[18] The evaluation in this part of the study includes
comparisons with the in situ ozone observations from the

Measurement of Ozone and Water Vapor by Airbus
In‐service Aircraft (MOZAIC) program [Marenco et al.,
1998; Thouret et al., 1998] (see also http://mozaic.aero.
obs‐mip.fr/web/ for more recent information). The MOZAIC
sensors, mounted on five commercial aircraft, measure
ozone every 4 s, which corresponds to a spatial resolution of
about 1 km. Most MOZAIC flights are in the Northern
Hemisphere between Europe and North America, but some
are between Europe and Asia or Southern Africa. The typical
pressure at cruising altitude is in the range of 263–215 hPa,
which provides observations in both the upper troposphere
and the lower stratosphere as the planes repeatedly cross the
tropopause. MOZAIC observations have been used to
document UTLS ozone structure [e.g., Thouret et al., 2006;
Bortz et al., 2006], to demonstrate their relationship with
meteorological features [e.g., Cooper et al., 2006] as well as
to study long‐term trends in the UTLS ozone concentrations
[Schnadt Poberaj et al., 2009].
[19] Expanding on the work of Stajner et al. [2008],

MOZAIC data are used as an estimate of the true state of the
ozone distribution against which the modeled and assimi-
lated ozone are validated. The analysis uses data from alti-
tudes higher than 8 km, omitting the information obtained
during take‐off and landing, and the remaining data are
averaged over flight segments within each 1° × 1.25° grid
box of the GCM. To enable direct comparisons with the
observations, the modeled and assimilated fields are inter-
polated to the locations of the appropriate flight segment
centers. The interpolation is bilinear in the horizontal, linear
in log‐pressure and linear in time.
[20] Figure 6a shows time series of the monthly root mean

square (RMS) differences between the interpolated assimi-
lated and modeled ozone and all available MOZAIC data in
2005. The closer agreement of the assimilated ozone with
MOZAIC data, especially in January–June 2005, shows
that the impacts of assimilation (Figures 1–4) represent
improvements compared to the model. Through 2005, there
is a pronounced change in the agreement between the GEOS
assimilation and the observations: RMS differences are near
0.05–0.06 ppmv in the first half of the year and decrease to

Figure 5. The spatial power spectra of the gridded ozone
tendencies in the assimilation computed from transport
(dashed line) and analysis increments (solid line), accumu-
lated for January 2005. Data are from 55°N on the 225 hPa
model level.

Figure 6. (a) Time series of monthly RMS difference between all available MOZAIC ozone data (inter-
polated to the 1° × 1.25° model grid) and the simulated (dashed) and assimilated (solid) ozone fields.
(b) Percentage of measured MOZAIC ozone in excess of 0.1 ppmv for each month: such concentrations
represent stratospheric air.
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values as low as 0.03 ppmv near the end of the year. The
RMS difference for the model run relative to the measured
ozone (not shown) changes from ∼34% in January 2005 to
26% in December 2005. Those month‐to‐month differences
can likely be attributed to a sampling pattern in which most
observations were made in the stratosphere in January–June
and in the troposphere in July–December. Figure 6b shows
the percentage of MOZAIC ozone observations in each
month that exceed 0.1 ppmv, which is an approximate
threshold. For the first 6 months of 2005 over 60% of
sampled air was ozone‐rich, indicative of stratospheric air.
The fraction decreases to 40%–46% in October–December.
The largest improvement exhibited by assimilation over
model (over 0.01 ppmv) is seen in March and April and
coincides with the maximum percentage of stratospheric
ozone sampled by the aircraft in that period (over 68%).
Spatial distributions of MOZAIC ozone concentrations at
238 hPa for January and December 2005 (Figure 7) high-
light several aspects of the observations. First, in the later
month more of the MOZAIC flights crossed the Tropics,
where flight altitudes are usually in the troposphere: none of
the aircraft carrying MOZAIC instruments flew to South
America or South Africa in January. Second, flights into
Japan encountered generally lower ozone concentrations at
238 hPa in December 2005 than in January 2005. Third,
even though the majority of flight tracks in both months
covered the North Atlantic and North America, the obser-
vations in December sampled lower ozone concentrations
than those in January. Fourth, the only flight paths with
substantially low ozone concentrations in January were on
routes between Europe and Florida. The following discus-
sion concentrates on January and February when the
majority of the flight tracks were in the 40°–80°N latitude
range.

3.2. Comparisons of Spatial Scales

[21] The main objective here is to statistically evaluate
spatial scales in the assimilated data using the aircraft
observations. Monthly averaged ozone power spectra from
the MOZAIC data and from the corresponding interpolated
model and assimilation are compared. They were computed
as follows. Grid‐averaged data from each flight were trun-
cated to a segment covering the first 50 model grid cells
(approximately 5000 km on the 1.25° grid in middle lati-
tudes), after which the power spectra for wave numbers k = 1
to 25 were computed; the average power spectrum for the
entire month was derived from these individual records.
(Note that these wave numbers are different from those
computed on the regular longitudinal grid in section 2.)
Figure 8a shows the power spectra from the MOZAIC data
(Pob(k)) and from the modeled (Pm(k)) and assimilated
ozone (Pa(k)) data after interpolation to the MOZAIC flight
tracks. As for the ozone data on the model grid (Figure 4),
the ratio Pa(k)/Pm(k) varies only weakly with wave number,
ranging from 0.6 to 0.7 (Figure 8b), indicating only very
small changes in spatial structure between these two data
sets. There is a distinct change in the relationship between
the MOZAIC observations and the other data sets, with
Pob(k)/Pm(k) changing from about 0.7 to values in excess of
1.5 near k = 8. (This roughly corresponds to a wavelength of
about 600 km.)

[22] Two broad aspects of these results remain true in all
months of 2005: the ratio Pa(k)/Pm(k) is almost independent
of k and Pob(k)) is flatter than other spectra, with more
power at larger k. This shows that both the simulation and
the assimilation are representing spatial scales with k < 8, or
about six model grid boxes, more realistically than shorter
scales.

3.3. Sensitivity to Details of the Assimilation

[23] Small‐scale variability in assimilated fields is poten-
tially influenced by the choice of background error covari-
ance structure as it controls the spatial distribution of analysis
increments. In this ozone assimilation [Stajner et al., 2001],
the background error variance for ozone is proportional to the
forecasted mixing ratio, with a proportionality coefficient, a,
and the background error correlation is controlled by the
characteristic length scale, L. The sensitivity of the spectral
slope to the choice of the tunable parameters, L and a has
been examined.
[24] In order to quantify the impact of correlation length

scale, two additional experiments inwhichLwas set to 150 and
400 km, bracketing the main experiment’s 250 km length,
were performed. As expected the power spectra flatten
slightly at large wave numbers for the L = 150 km run, but
the overall difference between the spatial power spectra in
the two perturbation experiments is within 2% of the con-
trol. This impact is small compared to the differences shown
in Figure 8.
[25] The sensitivity of the spectral slope to the choice of

the parameter a is shown in Figure 9. In addition to the main
assimilation experiment with a = 0.3E − 4, we performed
another experiment increasing the parameter by a factor of
5 and hence indirectly increasing the magnitude of analysis
increments. The plot shows the ratio of the power spectra of
the MOZAIC data and the two assimilation experiments to
that in the simulation, for January 2005. It is clear that
increasing forecast error variances and consequently the
magnitude of analysis increments, which could feasibly
increase the local impact of the assimilation and hence
generate more localized features, has almost no impact on
the wave number dependence of power, even though
stronger reliance on observations increases the power across
all wave numbers.

3.4. Power Spectra of Smoothed MOZAIC Data

[26] In order to investigate how strongly the aircraft data
need to be smoothed in order to reduce their small‐scale
variability to that of the model/assimilation, the following
binomial smoothing scheme was applied to the MOZAIC
data:

� kð Þ ¼ 1

2n
Xn

s¼0

Cn
s � k � n=2þ sð Þ;

where m(1), m(2),…, m(k),… represent the (averaged) air-
craft data, n is a parameter, and Cs

n is a binomial coefficient
[Marchand and Marmet, 1983]. This smoothing procedure
is roughly equivalent to integrating the data with a Gaussian
kernel. It introduces autocorrelation into the data with a
length scale controlled by the parameter n, here assumed to
be an even positive integer. The smoothing was applied for
n = 2, 4, 6, and 8, where n = 2 corresponds to a 1‐2‐1
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smoother over three grid boxes. The MOZAIC power
spectra were recalculated for each of these smoothing
values. Figure 10 shows Pob(k)/Pm(k) for different levels of
smoothing (n = 0 means no smoothing at all). As expected,
the spatial smoothing has the largest impact on higher wave

numbers, with stronger reduction in MOZAIC power as the
order of smoothing is increased. Smoothing over 5 (n = 4) or
7 (n = 6) grid boxes brings the aircraft to model power ratio
the closest to a constant in this case. This shows that the
spatial power spectra of the modeled and assimilated ozone

Figure 7. Ozone concentrations (ppbv) composited fromMOZAIC observations at 238 hPa in (a) January
2005 and (b) December 2005. Low concentrations, denoted by blue shades, represent tropospheric air.
The geographical distribution of data reflects the flight paths of the aircraft carrying the MOZAIC
instrumentation.
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fields are similar to the gridded MOZAIC data when these
are spatially smoothed to resolve features with scales of
4–6 grid boxes. Additionally, this supports the notion that
the assimilation (like the model) does not resolve features
with spatial scales of less than about six grid boxes.

4. Summary and Discussion

[27] Assimilation studies, including Jackson [2007] and
Stajner et al. [2008], have demonstrated benefits of assimi-
lation of MLS data for representation of ozone in the UTLS.
The successive increases in realism of lower‐stratospheric
ozone when assimilating space‐based observations is high-
lighted using Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) [Wargan et al., 2005] and the
MLS ozone [Stajner et al., 2008]. The good general agree-
ment between assimilated MLS ozone and MOZAIC data
indicate the strong potential of such observations for helping
constrain radiative forcing of climate by UTLS ozone and for
providing important knowledge of UTLS ozone distributions
for the context of stratosphere‐troposphere exchange, long‐
range pollution transport and air‐quality forecasting. This
indicates the need for long‐term observations of UTLS ozone
from space using observing techniques that provide adequate
spatial coverage to constrain UTLS ozone.
[28] This study has presented a detailed evaluation of

hitherto unexplored aspects of assimilated UTLS ozone,
focusing on similarities and differences in spatial power

spectra in simulated and assimilated ozone and additional
comparison with observations.
[29] The ability of large‐scale flows to deform and pro-

duce much smaller structures in tracers is well known [e.g.,
Shepherd et al., 2000]. The importance of the numerical
transport code, including advection and diffusion, in deter-
mining the horizontal scales that are represented is also well
known [e.g., Koshyk et al., 1999]. Lin and Rood [1996] used
their advection scheme to transport a step function in a
50 cell one‐dimensional domain. In their example, the initial
discontinuity becomes spread over six grid cell lengths,
describing an effective limit to the finest scales represented
in a model of finite resolution. Our finding that the MOZAIC
data must be smoothed over four to six model grid‐boxes to
yield power spectra that are similar to those in the modeled
and assimilated ozone fields are consistent with the Lin‐
Rood experiments. This means that the effective resolution
of these “1° × 1.25°” ozone simulations and analyses is about
6° × 7.5°, due to suppression of variability at the finest
scales. This paper has shown that this fundamental property
of the transport is unaffected by assimilation: that is,
assimilation did not add fine‐scale structure to the ozone
fields.
[30] Because analysis increments are applied on spatial

scales of several hundred kilometers, we may anticipate that
the power spectra of the assimilated ozone will differ from
that of the modeled ozone at those wavelengths. This is not
the case. Instead, the results show that spectral power of
analysis increments is concentrated at long spatial scales.
The assimilation thus constrains ozone concentrations in the
largest pools, most notably decreasing the high bias often
seen in ozone simulations in the extratropical lower strato-
sphere that is predominantly due to overstrong Brewer‐
Dobson circulation when using assimilated winds [e.g.,
Douglass et al., 1996]. The spectral cascade of power from
longer to shorter wavelengths controls the ozone power

Figure 8. (a) Ozone power spectra in February 2005 calcu-
lated on MOZAIC flight tracks from MOZAIC data (black),
the model (blue), and assimilation (red). (b) The ratio of the
power from assimilation to model (solid) and MOZAIC to
model (dashed). Note that the wave number in Figures 8–
10 refers to a 50 box segment of the MOZAIC flight track
interpolated to the model grid and not to the complete lati-
tude circles used in Figures 4b and 5.

Figure 9. Ratios of ozone power spectra to those in the
model simulation for MOZAIC observations (solid) and
two assimilation experiments, with a = 0.3E − 4 (dashed)
and a = 1.5E − 4 (dot‐dashed). The parameter a is the con-
stant of proportionality between the background error and
the forecasted ozone concentration [Stajner et al., 2001].
Results are for January 2005.
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spectrum in the assimilation, just as it does in the model.
Evaluation of increments showed this cascade in transport
tendencies, in contrast with the sharp reduction in power of
analysis increments after the longest spatial scales. This
implies that even though the individual analysis increments
are applied at shorter scales, the spatial organization of these
increments results in a cumulative impact at larger spatial
scales.
[31] To our knowledge, this is the first time such behavior

has been examined in a trace‐gas assimilation scheme.
Tanguay et al. [1995] investigated the ability of an assimi-
lation system to transfer information from larger to smaller
scales in the context of the evolution by the adjoint of a
nonlinear model in four‐dimensional variational assimila-
tion. They also found that model fidelity is the key for small
scales: the transfer of information to small scales was lim-
ited when linearization of the model was no longer appro-
priate and that relative errors were largest at small scales.
[32] In summary, we have demonstrated that the assimi-

lation of UTLS ozone acts primarily on the largest scales to
constrain “pools” of ozone, tending to correct the systematic
errors in the transport circulation discussed by Tan et al.
[2004]. The downscaling cascading supported by the Lin
and Rood [1996] transport scheme serves to maintain res-
olution of structures down to about the four‐to‐six model
grid box scale: about six degrees in this one‐degree system.
Spectral power of the analysis increments does not add
substantial structure at the scales of the correlation lengths
used in the assimilation, implying that the increments are
spatially organized in the assimilation system presented
here.
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