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This study compares CO in the Arctic stratosphere and mesosphere measured
by ground-based microwave radiometry with simulations made with the Whole Atmosphere Community Climate Model driven with specified dynamical fields (SDWACCM4) for the Arctic winters 2008/2009 and 2009/2010. CO is a tracer for polar
winter middle atmosphere dynamics, hence the representation of polar dynamics in the
model is examined indirectly. Measurements were taken with the Kiruna Microwave
Radiometer (KIMRA). The instrument, which is located in Kiruna, Northern Sweden
(67.8◦ N, 20.4◦ E), provides CO profiles between 40 and 80 km altitude.
The present comparison, which is one of the first between SD-WACCM4 and measurements, is performed on the smallest space and time scales currently simulated
by the model; the global model is evaluated daily at the particular model grid-point
closest to Kiruna. As a guide to what can generally be expected from such a comparison, the same analysis is repeated for observations of CO from the Microwave
Limb Sounder (MLS), a microwave radiometer onboard NASA’s Aura satellite, which
has global coverage. First, time-mean profiles of CO are compared, revealing that the
profile shape of KIMRA deviates from SD-WACCM4 and MLS, especially in the upper
mesosphere. SD-WACCM4 and MLS are mostly consistent throughout the range of altitude considered; however, SD-WACCM4 shows slightly lower values above 60 km and
this discrepancy increases with altitude. Second, the time evolution is compared for the
complete time series, as well as for the slowly and rapidly evolving parts alone. Overall,
the agreement among the datasets is very good and the model is almost as consistent
with the measurements as the measurements are with each other. Mutual correlation
coefficients of the slowly varying part of the CO time series are ≥0.9 over a wide altitude range. This demonstrates that the polar winter middle atmosphere dynamics is
very well represented in SD-WACCM4 and that the relaxation to analyzed meteorological fields below 50 km constrains the behavior of the simulation sufficiently, even at
higher altitudes, such that the simulation above 50 km is close to the measurements.
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The dynamics of the polar middle atmosphere exhibits strong variability on different
time scales, which is of importance for other atmospheric features, particularly for the
ozone layer (e.g., Shepherd, 2007). Seasonal changes are dominated by the reversal
of the mean circulation from the winter regime – with a strong westerly zonal wind and
a mean meridional circulation toward the winter pole, with descent in high latitudes –
to the summer regime with roughly opposite wind directions. The strongest feature
of intra-seasonal variability in winter are major sudden stratospheric warmings (SSW),
during which the polar vortex may vanish completely and the circulation may switch
to summer-like conditions for a limited time period before the vortex is reestablished.
Generally, variability on small temporal and spatial scales is introduced by the variable
wave activity in the middle atmosphere (e.g., Fritts et al., 2006). This is particularly true
for the Northern Hemisphere, where wave activity is stronger. Furthermore, the overall evolution of the polar winter exhibits a strong interannual variability. In the Arctic,
two unusual events occurred is the past few years: in spring 2009 the strongest SSW
on record developed (Manney et al., 2009), although a comparatively undisturbed winter might have been expected considering statistical relationships related to, e.g., the
Quasi-Biennial Oscillation and the sunspot cycle (Labitzke and Kunze, 2009). In contrast, the polar vortex in the winter 2010/2011 was exceptionally strong and persistent,
and led to the strongest Arctic spring ozone depletion on record, with ozone loss approaching that observed in Antarctic spring (Manney et al., 2011). This shows that the
understanding of the Arctic middle atmosphere dynamics is still incomplete and has to
be improved by further observations and their simulation by models.
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However, above 50 km, the model-measurement correlation for the rapidly varying part
of the CO time series is lower (0.3) than the measurement-measurement correlation
(0.6). This is attributed to the fact that the gravity wave parametrization in WACCM
is based on a generic gravity wave spectrum and cannot be expected to capture the
instantaneous behavior of the actual gravity wave field present in the atmosphere.
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A good tracer for dynamics in the polar winter is CO, since its photochemical lifetime in these conditions is comparable to transport timescales (Solomon et al., 1985;
Minschwaner et al., 2010). Furthermore, the CO vmr profile shows a steep increase
from the stratosphere to the lower thermosphere, which makes the tracer CO sensitive
to vertical motions. Additionally, CO also exhibits during winter strong horizontal gradients at the polar vortex boundary, such that it is also sensitive to horizontal transport.
The quantitative interpretation of CO data is therefore complex. However, modeled CO
can be compared directly with observations, which strictly examines the overall representation of all processes influencing CO in the model, not just the model dynamics.
The time evolution of CO simulated with the Whole Atmosphere Community Climate
Model (WACCM), the basis of the model which is examined in this work, has already
been compared to ground-based microwave measurements by Forkman et al. (2003)
for a mid-latitude location. They find a generally good agreement of model and observations in the seasonal behavior, as well as a similar strength of the intra-seasonal
variations. Their measurements show a higher interannual variability than WACCM,
but unfortunately, the database is too small to be conclusive in this respect. Borsdorff
and Sussmann (2009) generally support the findings of Forkman et al. (2003) using
ground-based Fourier transform infrared spectroscopy (FTIR) measurements from different stations. However, these comparisons are limited by the fact that WACCM is
a free-running model, so that model results and observations can only be compared in
a statistical sense.
Recently, a new version of WACCM, SD-WACCM4 (or “specified dynamics” WACCM,
version 4), has been developed. SD-WACCM4 is relaxed to analyzed meteorological
data below a specified altitude, typically no greater than 50 km. The modeled time evolution is therefore constrained by the real world evolution, as represented in the meteorological analysis, and hence is directly comparable to measurements. The benefit of
a comparison of SD-WACCM4 output against measurements is therefore twofold: First,
the performance of SD-WACCM4 itself is examined, which is important for future studies, which are directly build upon this SD version. Second, a successful comparison
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based on SD-WACCM4 also helps validate the overall quality of WACCM, since the
free-running and SD versions of the model use essentially the same numerics.
In this work, we perform one of the first comparisons of SD-WACCM4 to measured
data (Funke et al., 2011, as well as Marsh, 2011, have also carried out SD-WACCM4
comparisons). In particular, daily middle atmospheric CO vmr profiles for Arctic winter
are compared against CO measured with the ground-based Kiruna Microwave Radiometer (KIMRA) in Kiruna, Northern Sweden (Hoffmann et al., 2011). We benefit
thereby from the particular advantage of ground-based measurements, which provide
a consistent time series for one particular location with a high temporal resolution.
Thus, the representation of CO in SD-WACCM4 and, consequently, the representation
of the dynamical variability described above, is examined on the smallest space and
time scales currently simulated by the model; model output is taken from a single grid
point, which is closest to Kiruna (instead of, e.g., in a zonal mean sense) and on each
model day of the period analyzed. As a guide to what can be expected generally from
a comparison of a single-point measurement to a spatially distributed dataset, we have
also included in the analysis global CO measurements made by the Microwave Limb
Sounder (MLS), onboard NASA’s Aura satellite. The datasets used in our study are described in Sect. 2. In Sect. 3 mean CO profiles are compared, while the time evolution
of CO is compared in Sect. 4. Our conclusions are presented in Sect. 5.
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The KIMRA dataset used in this work, KIMRA CO version 1.1, has been described and
characterized in detail by Hoffmann et al. (2011). The KIMRA instrument is operated
in Kiruna, Northern Sweden (67.8◦ N, 20.4◦ E, 425 m elevation) at the Swedish Institute
of Space Physics (Institutet för Rymdfysik, IRF). At this location, the state of the middle
atmosphere during winter is mainly influenced by conditions within the polar vortex.
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However, mid-latitude air may be observed during several occasions in winter, since
Kiruna is close to the Arctic circle and the vortex boundary occasionally passes over
this location. The dataset of CO vmr profiles covers the winters 2008/2009 (December
2008 to April 2009) and 2009/2010 (September 2009 to April 2010). It contains 1500
profiles measured with 1 h integration time on average distributed over 300 days during
the whole period.
b was performed using the optimal estimation techThe retrieval of each vmr profile, x,
nique (Rodgers, 2000), which requires as input an a priori profile of CO, xa , together
with adjacent temperature and pressure profiles. The retrieval is performed on a pressure grid that corresponds to fixed altitudes with a spacing of 1 km between 0.5 and
130.5 km. This grid was selected to enhance the numerical stability of the retrieval
calculations but represents neither the vertical resolution nor the reliable vertical range
(“range of sensitivity”) of the retrieved profiles. These characteristics are derived from
the “averaging kernel” (AVK) functions that are also a part of the retrieval output and
may vary slightly among the profiles. One AVK function measures the sensitivity of
the retrieved value, x̂ i , at altitude z i to perturbations of the true state in any single altitude considered in the retrieval. For the numerical processing, all the AVK functions
are stored in a matrix, A, with each row representing the AVK of the respective target
b with the real state of the ataltitude. The connection between the retrieved profile, x,
mosphere, xI , is given by the following equation (Rodgers, 2000), demonstrating that
the retrieval result is generally influenced by both the atmospheric state, as well as the
retrieval and instrument characteristics.
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(1)

For a perfect measurement, A would be the unity matrix I (i.e., the a priori and the instrument characteristics would have no influence), but in reality A contains Gaussianlike peaked functions. A measure for the sensitivity at a certain altitude is the area
under the respective AVK function, which should be close to one. The vertical resolution is indicated by the full width at half mean (FWHM) of the AVK function.
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Hoffmann et al. (2011) carried out an analysis of the KIMRA CO AVKs; in this work
we use their representation, Avmr , as the AVK matrix A. Under the assumption that
altitudes with an AVK area greater than 0.8 have sufficient sensitivity, the KIMRA CO
profiles are generally reliable between 40 and 80 km; however, the retrieval quality decreases already between 70 and 80 km. Figure 1 (left) shows the area of the AVKs
in this region, demonstrating that the sensitivity usually deviates from one in the region that is considered to be reliable, which is a common behavior for these retrievals.
The deviation of the sensitivity from one (Fig. 1, right) exhibits a shape with two minima (at about 52 and 72 km altitude) and three maxima (at approximately 40, 60, and
80 km altitude). These characteristics are of interest for interpreting the KIMRA data,
as discussed in Sect. 4.
The KIMRA CO profiles provide vertical resolution of only 16 to 22 km, and the resolution becomes coarser with altitude (Hoffmann et al., 2011). This has to be considered
in comparisons with datasets that have better vertical resolution. For this purpose,
Eq. (1) is applied with xI set equal to the profile of the better-resolved dataset. This
convolution with the KIMRA AVK matrix, A, transforms the original profile xI according
to the KIMRA instrument and retrieval characteristics. The result x̂I is therefore the
profile that would have been retrieved from a KIMRA measurement if xI had been the
true state of the atmosphere at the time of the measurement. These convolved profiles
x̂I are therefore a representation of the independent CO datasets that are directly comparable to the KIMRA retrieval results. This means, in turn, that differences between
different datasets can only be analyzed within the limits of the KIMRA sensitivity.
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The Microwave Limb Sounder (MLS) is an instrument flying on the Aura satellite in
a sun-synchronous polar orbit. It measures microwave emission of different species,
including CO, in limb viewing geometry (Waters et al., 2006). The dataset provides by
far the largest number of possible coincidences with KIMRA among the recent satellite
datasets of CO in the middle atmosphere, so that comparatively tight collocation criteria
565
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The Whole Atmosphere Community Climate Model, version 4 (WACCM4) is a comprehensive chemistry-climate model, which is fully interactive, such that the radiatively
active gases affect heating and cooling rates and therefore dynamics. The model is
based upon an earlier version, documented by Garcia et al. (2007), and updated with
revisions to the gravity wave parameterization and the addition of a “turbulent mountain
stress” parameterization to simulate the effect of unresolved topography (Richter et al.,
2010). The model domain extends from the surface to the lower thermosphere (about
140 km geometric altitude). There are 66 levels in the vertical, with resolution of a little
over 1 km in the troposphere and lower stratosphere, increasing to about 3.5 km in the
◦
◦
lower thermosphere. The horizontal resolution is 1.9 × 2.5 in latitude and longitude.
The chemical module of WACCM4 is based upon the 3-D chemical transport Model
for Ozone and Related Chemical Tracers (MOZART), Version 3 (Kinnison et al., 2007).
WACCM4 includes a detailed representation of the chemical and physical processes
in the troposphere through the lower thermosphere. The species included within
this mechanism are contained within the Ox , NOx , HOx , ClOx , and BrOx chemical families, along with CH4 and its degradation products. In addition, fourteen primary non-methane hydrocarbons and related oxygenated organic compounds are included (Emmons et al., 2010). This mechanism contains 122 species, more than
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can be applied. Furthermore, the complete analyzed period of KIMRA measurements
and the complete vertical range of sensitivity of KIMRA are covered, making the MLS
dataset the ideal reference dataset for the present study.
For the comparison, the recent version 3.3 of the MLS CO product was used. The
previous version 2.2 was validated by Pumphrey et al. (2007). The changes from
version 2.2 to 3.3 are described in the version 3.3 quality document (Livesey et al.,
2011). The KIMRA profiles were previously compared to the MLS profiles (version 3.3)
and to two other recent satellite datasets of CO in Hoffmann et al. (2011).
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Given the model time step of 0.5 h, this corresponds to a relaxation of the model fields
to the analysis with a time constant of approximately 2 days. As noted above, this
relaxation scheme is used below 50 km. Above 60 km the model is free-running, as
in WACCM4, with a linear transition region in between. With the effective relaxation
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220 gas-phase reactions, 71 photolytic processes, and 18 heterogeneous reactions
on multiple aerosol types.
WACCM4 is typically used as a free-running climate model, coupled to an ocean
model. Recently, a new version of the WACCM4 model has been developed that allows the model to be run with relaxation to externally specified meteorological fields
(Lamarque et al., 2011). For the present study, the meteorological fields are taken
from the Goddard Earth Observing System Model, Version 5 (GEOS-5) of NASA’s
Global Modeling and Assimilation Office (GMAO). The meteorological variables (i.e.,
temperature, zonal and meridional winds, and surface pressure) are used to constrain
the model dynamics and to drive the physical parameterizations that control boundary
layer exchanges, convective transport, and the hydrological cycle. The relaxation to
GEOS-5 data is applied from the surface to 50 km altitude. This approach essentially
turns WACCM4 into a chemical transport model and will be referred to as “specifieddynamics WACCM4” (SD-WACCM4). SD-WACCM4 output may be compared meaningfully to a specific set of observations even above the range of altitude where the
model is constrained to GEOS-5 data because the constrained domain, below 50 km,
has a strong influence on the behavior in the unconstrained domain, in the mesosphere and lower thermosphere. As shown by, e.g., Liu et al. (2010) and supported
by the present study, the upper atmosphere is to a very great extent “driven” by the
behavior of the lower atmosphere, such that, if the latter is constrained, the behavior of
the former is also strongly conditioned by the constraint.
The SD-WACCM4 simulation used here constrains the model by replacing, at each
time step, the model-predicted fields, y, with a combination of these fields and the
0
GEOS-5 data, y , according to:
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constant of 2 days, SD-WACCM4 simulates meteorological conditions very close to
the original meteorological values. The SD-WACCM4 simulation employed here covers
the period from 1 December 2004 through 1 January 2011. For these simulations the
model was “spun up” from 1980 to the end of 2003 in fully interactive mode, i.e., without
specified dynamics. On 1 January 2004 the model was switched to the SD-WACCM4
configuration with relaxation to GEOS-5 data according to Eq. (2).
A few words of explanation regarding the gravity wave parameterization used in
WACCM are in order, as the characteristics of this parameterization are expected to
affect the degree of agreement between the model and observations. Comprehensive
models of the atmosphere that extend to very high altitude must take into account the
effects of dissipating mesoscale gravity waves, since these play a major role in the momentum and constituent budgets of the atmosphere above about 50 km (e.g., Garcia
and Solomon, 1985). Mesoscale gravity waves have typical horizontal wavelength of
about 100 km, such that they cannot be resolved in global models such as WACCM.
Instead, their effects are parameterized following the work of, e.g., Lindzen (1981). In
practice, at model grid points in the troposphere, a “source” spectrum of gravity waves
is launched and its propagation and dissipation are calculated as functions of altitude.
The results of this calculation are then used to estimate the acceleration of the resolved
winds, as well as mixing due to induced vertical diffusion (for details, see Garcia et al.,
2007).
The source spectrum used in the gravity wave parameterization is based on observational estimates of the momentum flux due to vertically-propagating, mesoscale gravity
waves. This spectrum is modified as it propagates through the stratosphere according
to the winds in that region, which are relaxed to the GEOS-5 dataset as noted above.
The modification of the upward-propagating gravity wave spectrum conditions the timing and intensity of wave breaking at higher altitudes, which drives the circulation in
the mesosphere and lower thermosphere. In this sense, the large-scale circulation resolved by the model may be expected to correspond to the large-scale circulation of
the upper atmosphere. However, the details of the actual gravity wave spectrum that
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During preprocessing, subsets of the spatially distributed datasets are generated first.
For SD-WACCM4, two different subsets are created. The first one, referred to as
“SDWACCM”, simply considers the closest grid-box (67.3◦ N, 20.0◦ E) to the measurement location and refers therefore mostly to the ground-based measurement approach.
The second SD-WACCM4 subset, called “SDWACCM AREA”, represents the satellite
measurement approach; thus, the same collocation criteria as for MLS are applied:
first, profiles have to be measured in a circle around Kiruna that has the radius R
(R = 200 km) and second, they have to be measured on the same day.
These subsets of SD-WACCM4 and MLS are then interpolated vertically on the
KIMRA retrieval grid and convolved with the KIMRA AVK using Eq. (1), so that the
better-resolved profiles of SD-WACCM4 and MLS are smoothed and are directly comparable to the KIMRA measurements.
The temporal grid is unified by averaging the coincident profiles daily, so that the
resulting time series contains one profile per day and dataset. However, the measured
datasets may still have gaps due to missing measurements or the application of the
collocation criteria.
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might be present in the atmosphere at any given time are not captured by the source
spectrum specified in the parameterization, which is realistic only in a statistical, or
climatological, sense. Therefore, the effects of the gravity wave parameterization on
the model-resolved fields, are not expected to correspond to the detailed (small-scale,
high-frequency) state of the real atmosphere at any given time. We discuss in Sect. 4.3
the role that parameterized gravity waves might play in the correlation between model
results and observations.
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The comparison (Fig. 2) reveals that the profile shape of KIMRA deviates from the
other datasets. Whereas the SD-WACCM4 and the MLS profiles are consistently more
curved, the KIMRA profile shows less CO increase with altitude below 60 km and
a stronger increase with altitude above 60 km. This leads to an oscillatory shape of
the deviation between KIMRA and the other datasets. Furthermore, KIMRA shows
a high bias above approximately 70 km that increases with altitude. The same systematic deviation was identified by Hoffmann et al. (2011) in a comparison of the KIMRA
dataset to CO profiles measured by three satellite instruments including MLS. Although
the reason for the deviation was not identified, it has likely to be attributed to the KIMRA
measurements, since all other datasets show a consistent profile shape.
Comparing MLS and SDWACCM, the profile shapes are consistent, but SDWACCM
shows slightly lower CO vmr values starting at approximtely 60 km and increasing with
altitude to approximately 1 ppm at 80 km altitude. This deviation cannot be attributed to
a location mismatch, since the SDWACCM AREA profile, for which the same collocation criteria as for MLS are applied, shows a similar deviation. However, the reader is
reminded that, in this comparison based on KIMRA, all profiles are smoothed with the
KIMRA AVK (Sect. 2.4), so that the altitude resolution at 80 km is approximately 20 km
and the origin of the discrepancy is also smoothed.
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Mean profiles for all datasets, averaged over the complete analyzed period, were calculated to find possible systematic deviations. To do this, periods with data gaps in any
of the preprocessed datasets (Sect 2.4) were eliminated in all other datasets to avoid
biases due to the averaging of different periods. The resulting mean profiles (Fig. 2,
left) are therefore based on an average over the 214 remaining days with at least one
profile in each dataset. In addition, the absolute deviation ∆x of the individual mean
profiles from the KIMRA mean profile (Fig. 2, right) was computed using
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Figure 3 shows the complete vmr time series, as well as the LF component, at 60 km.
Overall, the agreement of the two measurements and the model is very good; in particular, the LF part of the time series is generally consistent during the whole period.
In addition, many features of the HF behavior are similar in all datasets, e.g., the rapid
drop of CO vmr at the end of January in both winters, which is caused by a SSW. During
the period of strong CO variation in December 2009, KIMRA was not operational, but
this variation is consistent for MLS and SDWACCM. Not all of the smaller variations are
well matched among the different datasets, which is expected because of the mismatch
in location and time of the individual data and the high spatial and temporal variability,
which is introduced by wave activity in this atmospheric region (see also Sect. 4.4).

|

20

4.2 Visual inspection

Discussion Paper

15

|

10

The CO vmr time series of the preprocessed datasets (Sect. 2.4) have been investigated altitude-wise. To do this, the complete time series, as well as the long- and
short term variation alone have been considered for each altitude in the KIMRA range
of sensitivity. To extract the slowly-evolving behavior of CO (here referred to as “lowfrequency” variability, LF), the complete time series was Fourier transformed and the
higher frequency contributions were removed by eliminating all Fourier components of
periods less than 20 days. The LF part of the time series was then obtained via a reverse Fourier transformation of the modified spectrum. The short-term changes in CO
(here referred to as “high-frequency” variability, HF) are calculated as the difference
between the complete time series and the LF part. Note that gaps in the individual datasets were linearly interpolated before the separation to achieve an equidistant
spacing of the time grid.
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Correlation coefficients have been calculated at all relevant altitudes for the following
pairs of time series: KIMRA-MLS, KIMRA-SDWACCM, and KIMRA-SDWACCM AREA.
Again, the complete time series as well as the LF and HF parts alone have been considered. Periods in which at least one dataset of the respective pair was interpolated
(Sect. 4.1) have been excluded from the computation. The resulting correlation coefficient profiles (Fig. 4) are based on approximately 270 data points (days); the respective
95 % confidence intervals are also included in Fig. 4.
The correlation KIMRA-MLS has been calculated as a guide to what can be expected
from a comparison of a single-point measurement with collocated data from a spatially
572
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Not only are the variations in CO consistent among the dataset but so are the
absolute CO vmr values, except for certain periods. For example, KIMRA shows three
distinct periods with values lower than the other datasets, namely towards the end of
2008, during February 2010, and during April 2010. These deviations can be attributed
to the KIMRA measurements, since the comparison of the mean profiles (Sect. 3), as
well as Hoffmann et al. (2011), have already revealed that the KIMRA profile shape
deviates systematically from other CO datasets. This leads, in particular at the 60 km
level, to a negative bias for KIMRA (Fig. 2). Furthermore, it has been shown with the
comparison of KIMRA and MLS profiles by Hoffmann et al. (2011) that the altitude of
this maximum deviation is not constant in time. This has also been confirmed in the
context of this work for the KIMRA-SDWACCM comparison (not shown). Thus, it is expected that the absolute level of the KIMRA CO vmr considered at a particular altitude
level will show a time-dependent offset. It was additionally confirmed that these offsets
are not obvious in the time series at altitudes where the mean profile shape deviation
is small (e.g., 50 and 67 km, not shown). In February 2009 MLS shows higher values,
whereas KIMRA and SDWACCM seem to be consistent. The reason for this deviation
remains unclear; however, it can be stated conclusively that the simulated CO of SDWACCM4 during the complete period is as consistent with the measurements as the
measurements are with each other.
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distributed dataset. The LF correlation is largest, with values higher than 0.95 above
50 km. Since the complete time series is dominated by the LF variability, the correlation coefficients for the complete time series and the LF part are of similar size. Below
50 km, the correlation drops to values of about 0.7 at 40 km. Also, in the range above
50 km, the correlation coefficients vary slightly with altitude, showing maxima at approximately 53 and 73 km and a minimum at approximately 60 km. This pattern has
already been seen in the deviation of the sensitivity of KIMRA from the optimal value
(Sect. 2.1, Fig. 1, right). The altitudes of maximum correlation correspond to the altitudes where the sensitivity of KIMRA is closest to 1 and vice-versa, suggesting that
the overall shape of the correlation profiles is governed by the KIMRA sensitivity. This
causes, in particular, the relatively low values of the correlation coefficient below 50 km.
The correlation of the HF part exhibits the same structure but, as expected, displays
lower values of about 0.6.
The correlations of the pairs KIMRA-SDWACCM and KIMRA-SDWACCM AREA are
almost identical. This suggests that the correlation analysis is not affected by sampling
errors within the limits of the collocation distance and only the KIMRA-SDWACCM
correlation is discussed here in detail. Although slightly lower than the KIMRA-MLS
correlation coefficient, the KIMRA-SDWACCM correlation is still high, with values close
to 0.9 for the complete time series, meaning that the measurement-model correlation
is comparable to the measurement-measurement correlation. This is remarkable, considering that the global model is evaluated only at one grid point to be compared to the
single point measurement. Furthermore, the overall shape of the KIMRA-SDWACCM
correlation is also similar to that of KIMRA-MLS and thus can also be attributed to the
KIMRA sensitivity characteristic and not to model behavior. However, the HF part of
the KIMRA-SDWACCM correlation shows an additional feature: whereas this correlation profile is still similar to KIMRA-MLS below approximately 53 km, it decreases more
rapidly with altitude to values of about 0.3 at 80 km, which is much smaller than the
roughly constant value of 0.6 found for KIMRA-MLS.
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The fact that the KIMRA-SDWACCM comparison for the complete time series and the
LF part is almost as good as the KIMRA-MLS comparison demonstrates that the polar
winter middle atmosphere dynamics is very well represented in SD-WACCM4. Evidently, the relaxation to analyzed meteorological fields below 50 km constrains sufficiently the behavior of the simulated atmosphere, including the effect of the stratospheric winds on the parameterized gravity wave spectrum, such that the free-running
part of the simulation is also close to the measurements. This, in turn, suggests that the
middle atmosphere above 50 km can be regarded as a driven system, which responds
to the state of the atmosphere below (cf. Liu et al., 2010).
The fact that there is still a difference in the correlation coefficients between KIMRASDWACCM and KIMRA-MLS, which increases with altitude, and the fact that this difference is most pronounced for the HF part, is likely due to the gravity wave parametrization in SD-WACCM4. Although SD-WACCM4 is relaxed to meteorological data, the
gravity wave parameterization uses a source spectrum in the troposphere that is
574
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The differences in the correlation coefficients for LF and HF are contrasted further in
Fig. 5, which shows the profiles for CorrKIMRA−MLS − CorrKIMRA−SDWACCM for the LF and
HF cases, as well as for the complete time series. On the one hand, the difference
increases with altitude above 50 km in all cases, meaning that the KIMRA-SDWACCM
correlation decreases with altitude compared to the KIMRA-MLS correlation. On the
other hand, this effect is much more pronounced for the HF part alone.
Note that the correlation profiles presented are generally restricted to the coarse
vertical resolution of the KIMRA instrument (Sect. 2.1). To show that the main findings
of this work are also valid when SD-WACCM4 is examined at higher vertical resolution,
we have verified that the MLS-SDWACCM correlation exhibits a similar behavior (see
supplementary material). Note, however, that the most precise direct comparison with
MLS requires convolving the SD-WACCM4 dataset with the MLS averaging kernels,
which was not done in the calculations presented in the supplementary material.
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realistic only in a statistical sense (Sect. 2.3). The propagation of this spectrum to
the mesosphere and lower thermosphere is modulated by seasonal and intra-seasonal
changes in stratospheric winds and, insofar as these winds are relaxed to observations in SD-WACCM4, the LF variability induced by gravity wave dissipation should
be modeled realistically. Indeed, Fig. 4 shows that the LF correlations for KIMRASDWACCM are comparable to those for KIMRA-MLS. However, the detailed HF behavior of the actual spectrum of gravity waves that might be present in the atmosphere
at any given time cannot be represented by the generic gravity wave spectrum included
in the model. Therefore, HF variability associated with gravity waves is not captured by
SD-WACCM4, even though the model is driven by observed winds, and it is expected
that HF correlations with observations would be degraded accordingly. This, too, is
consistent with the results shown in Fig. 4.
One might wonder whether the crossover point for relaxation to GOES-5 data
provides an alternative explanation for the decreasing HF correlations between SDWACCM4 and observations above 50 km, since the crossover occurs between 50 and
60 km. Any degradation of the wind fields in the free-running domain of the model,
above the cross over point, should also impact the HF correlations. To investigate
this point further, an additional model run with the same setup but with a transition to
free-running between 40 and 50 km was performed and analyzed in the same way to
assess the influence of the crossover point (Fig. 6). Note that the alternative crossover
point was still chosen to be within the KIMRA range of sensitivity. In the new run the
correlations are slightly different but the differences are insignificant with respect to the
95 % confidence interval, such that no significant impact of the cross over point on the
HF correlations can be established. We conclude, therefore, that the degradation of
HF correlations above 50 km is due to the fact that the gravity wave parameterization
cannot represent the detailed behavior of the actual spectrum of gravity waves present
in the real atmosphere, as explained above.
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CO is a tracer for polar middle atmosphere dynamics; hence, a comparison of the modeled CO evolution with measurements is an indirect test of model dynamics and transport. Such a comparison is presented in this work for the Arctic winters 2008/2009 and
2009/2010 using CO measurements made with the ground-based Kiruna Microwave
Radiometer (KIMRA). The instrument is located in Kiruna, Northern Sweden, and provides CO profiles between 40 and 80 km altitude. These measurements are used for
a comparison to CO simulated with a recently developed version (SD-WACCM4) of
the standard Whole Atmosphere Community Climate Model (WACCM). Thereby we
take advantage of the ability of ground-based remote sensing to provide a consistent
time series with a high temporal resolution for a particular measurement location. The
comparison has therefore been performed on the smallest scales in time and space
currently simulated by the model; the global model has been evaluated daily at the
particular grid-point closest to Kiruna. Furthermore, this location is expected to exhibit
particularly strong CO variability, since the polar vortex boundary passes occasionally
over this region. The advantage of using SD-WACCM4 over free-running WACCM for
this evaluation is that SD-WACCM4 is directly comparable to the measurements, since
it is relaxed to analyzed meteorological data below 50 km, which also constrains the
behavior at higher altitudes (Sect. 2.3). As a guide to what can generally be expected
from a comparison of a single-point measurement to a spatially distributed dataset,
CO measurements from the satellite instrument MLS have also been included in the
analysis.
A comparison of the mean profiles, averaged over the complete period of KIMRA
observations, reveals that the profile shape of KIMRA deviates similarly from both SDWACCM4 and MLS profiles. This is consistent with a previous study, showing a similar
deviation of KIMRA in comparison to data from three satellite instruments, so that this
is likely a particular property of this ground-based measurement. The profile shapes of
MLS and SD-WACCM4 are consistent, but SD-WACCM4 shows slightly lower values
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above 60 km increasing with altitude to 1 ppm at 80 km. We have excluded the possibility that this might be caused by a mismatch in the location of the evaluated data by
applying the same collocation criteria as for MLS to SD-WACCM4.
The comparison of the time evolution has been performed as a function of altitude. In addition to the evaluation of the complete time series, the low-frequency (LF)
part has been separated from the rapidly varying part (HF) and both have been analyzed in the same way as the complete time series. Overall, the agreement of both
measurements and the model is very good. In particular, the LF part is generally
consistent during the whole period and even the HF parts shows many similarities
between model and measurements. Accordingly, the measurement-model correlation coefficients of the KIMRA-SDWACCM LF time series are almost as high as the
measurement-measurement (KIMRA-MLS) correlation coefficients (0.95 above 50 km).
The LF correlation coefficients have only a slight altitude dependence above 50 km; below this altitude, there is a sharper decrease of the correlation (which, nonetheless, still
remains as high as 0.7). This altitude dependence of the LF correlations may be attributed to the altitude dependence of the KIMRA sensitivity. The HF correlations are
much smaller overall, both for KIMRA-SDWACCM and KIMRA-MLS, with a value of
0.6 around 50 km. Furthermore, above 50 km, the KIMRA-SDWACCM HF correlation
decreases with increasing altitude to 0.3, whereas the KIMRA-MLS HF correlation remains approximately constant. This behavior of the measurement-model correlation
has been attributed to the gravity wave parametrization in WACCM, which is based on
a generic gravity wave spectrum and cannot reproduce the detailed HF behavior of
the actual gravity wave spectrum that might be present at any given time in the real
atmosphere.
Overall, the model is almost as consistent with the measurements as the measurements are with each other, except for the HF behavior at higher altitudes noted above.
This demonstrates, that the polar winter middle atmosphere dynamics is very well represented in SD-WACCM4. This is even more remarkable considering the fact, that
the global model has only been evaluated at one grid point. This shows, first, that
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the relaxation to analyzed meteorological fields below 50 km constrains the behavior
of the simulation sufficiently, such that the free-running part above is also close to the
measurements. Second, this suggests that the upper atmosphere can be regarded as
a driven system, which responds to the state at lower altitudes.
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Fig. 1. Left: Sensitivity of the KIMRA measurements as given by the sum of the AVK functions.
Right: Absolute deviation of the sensitivity from unity. See text for details.
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Fig. 2. Comparison of mean profiles for the different datasets. Left: Mean profiles. Right:
Deviation between the KIMRA and the SDWACCM profiles calculated with Eq. (3).
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Fig. 3. Evolution of the CO vmr at 60 km, as measured by KIMRA and MLS and as simulated by
SD-WACCM during the full KIMRA period. The smooth curves are the LF variations, obtained
by eliminating all Fourier components with periods less than 20 days from the spectrum of the
time series. See text for details.
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Fig. 4. Altitude profiles of the correlation coefficients of the KIMRA-SDWACCM, KIMRASDWACCM AREA, and KIMRA-MLS data for the complete time series (left panel), for the
high frequency part alone (middle panel), and for the low frequency part alone (right panel).
The dashed lines indicate the 95 % confidence interval of the correlation coefficients. The
KIMRA-SDWACCM AREA correlations can hardly be seen, as they are almost identical with
the KIMRA-SDWACCM correlations.
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Fig. 5. Differences between the correlation coefficients of KIMRA-MLS and KIMRA-SDWACCM
for the complete time series as well as for the high frequency and low frequency parts. The
correlation coefficients alone are shown in Fig. 4.
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Fig. 6. Altitude profiles of the correlation coefficients as in Fig. 4, but for the alternative KIMRASDWACCM comparison, which is based on a crossover point that is lower (between 40 and
50 km) than for all other SD-WACCM data shown in this paper. The original correlations for
KIMRA-SDWACCM (as well as KIMRA-MLS for the high frequency part) are shown here only
for comparison and are the same as in Fig. 4. The dashed lines indicate the 95 % confidence
interval of the correlation coefficients.
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