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Motivation: Even in perfect model experiments, nudging dynamical fields leads to!
                    error growth in the MLT, and does not capture wave dynamics  !
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Motivation: Large differences occur in the MLT despite constraint at lower altitudes!
Journal of Geophysical Research: Space Physics 10.1002/2013JA019421

Figure 1. Zonal mean temperature averaged between 70◦ and 80◦N for (a) GAIA, (b) HAMMONIA, (c) WAM, (d) WACCM-X, and (e)
Aura MLS.

reveal a reversal of the zonal mean zonal winds near 1 hPa on 20 January and a subsequent descent of the
westward winds over the next 5–10 days. The timing of the reversal back to the climatological eastward
zonal mean zonal winds near 1–0.1 hPa is also similar among the models. Despite the similarities, notable
differences are also evident in Figure 2. Differences among the models are most apparent at higher altitudes
where, with the exception of WACCM-X which is constrained up to 0.002 hPa, the models are no longer
directly constrained by either data assimilation or reanalysis. When considering the differences in the upper
stratosphere and mesosphere, it is important to note that the WACCM-X results are reflective of the merged
NOGAPS-ALPHA/MERRA reanalysis, while GAIA, HAMMONIA, and WAM simulations reflect variability that
represents a combination of model climatology, internal dynamics, and coupling to the lower atmosphere.

Table 1. The Method Used for Constraining the Lower Model Levels, Along With the
Altitude Range of the Constraint

Model Method of Constraint Range

GAIA Nudge to JRA-25 Reanalysis Surface to 12 hPa
HAMMONIA Nudge to ECMWF Reanalysis 850 to 1 hPa
WACCM-X Nudge to NOGAPS-ALPHA/MERRA Reanalysis Surface to 0.002 hPa
WAM NOAA Grid point Statistical Interpolation 3D-Var Surface to 0.1 hPaa

aWAM only assimilates standard lower atmosphere observations, and the data assimi-
lation thus only directly influences the model up to ∼0.1 hPa.
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Motivation: Differences in modeled MLT dynamics influence nitric oxide descent !

(Siskind et al., 2015)!

system which extends up to 92 km [Eckermann et al., 2009]. We document this improvement by comparison
with data taken from the Solar Occultation for Ice Experiment (SOFIE) on the NASA/Aeronomy of Ice in the
Mesosphere (AIM) satellite.

2. Modeling Approach

WACCM is a build option of the National Center for Atmospheric Research Community Earth System Model
version 1 and can be used in place of the standard atmospheric model. In its standard configuration,
WACCM has 66 vertical levels from the ground to about 5.9× 10!6 hPa (~140 km geometric height) and a hor-
izontal resolution of 1.9° latitude× 2.5° longitude. See Garcia et al. [2007] for a detailed discussion of the
model climate and parameterizations. WACCM can be used either as a free-running climate model or, as is
done here, with specified dynamics (SD) to simulate specific events [Marsh, 2011; Sassi et al., 2013].

We have configured SD-WACCM in two ways for this study: in one configuration the WACCM meteorology is
relaxed (i.e., “nudged”) toward a hybrid data set including both NASA/MERRA and Navy/NOGAPS-ALPHA
atmospheric specifications (hereinafter WACCM/NOGAPS); a second simulation uses only NASA/MERRA
(hereinafter WACCM/MERRA). The relaxation procedure is carried out by applying a tendency to the zonal
wind, the meridional wind, and the temperature that is proportional to the difference between the modeled
and the specified fields. The relaxation time scale is 10 model time steps, which was chosen because it yields
model dynamical fields that match very closely the specified fields. For WACCM/NOGAPS, this time scale is
applied between the ground and 80 km; between 80 and 90 km the relaxation becomes progressively weaker
until, above 90 km, the model is unconstrained. For WACCM/MERRA, the relaxation time scale is applied
between the ground and 40 km; between 40 and 50 km the relaxation becomes progressively weaker until,
above 50 km, the model is unconstrained.

3. Results

Figure 1 shows the simulated zonal mean NO and temperature fields at 80°N for the period frommid-January
to mid-April for the two nudging approaches. The model output is sampled every 5 days. The most dramatic
difference is that for the WACCM/NOGAPS case, a tongue of NO with mixing ratios between 10 and 100 ppbv

Figure 1. (a and c) Calculated nitric oxide given in log mixing ratio units (parts per volume; the 30 ppbv contour referred to
in the text is !7.5 in the figure) at 80°N from two versions of the SD-WACCM model, nudged by MERRA (Figure 1a) and
nudged by NOGAPS-ALPHA (Figure 1c). (b and d) Corresponding calculated temperatures.

Geophysical Research Letters 10.1002/2015GL065838

SISKIND ET AL. THERMOSPHERE-STRATOSPHERE COUPLING 8226

system which extends up to 92 km [Eckermann et al., 2009]. We document this improvement by comparison
with data taken from the Solar Occultation for Ice Experiment (SOFIE) on the NASA/Aeronomy of Ice in the
Mesosphere (AIM) satellite.

2. Modeling Approach

WACCM is a build option of the National Center for Atmospheric Research Community Earth System Model
version 1 and can be used in place of the standard atmospheric model. In its standard configuration,
WACCM has 66 vertical levels from the ground to about 5.9× 10!6 hPa (~140 km geometric height) and a hor-
izontal resolution of 1.9° latitude× 2.5° longitude. See Garcia et al. [2007] for a detailed discussion of the
model climate and parameterizations. WACCM can be used either as a free-running climate model or, as is
done here, with specified dynamics (SD) to simulate specific events [Marsh, 2011; Sassi et al., 2013].

We have configured SD-WACCM in two ways for this study: in one configuration the WACCM meteorology is
relaxed (i.e., “nudged”) toward a hybrid data set including both NASA/MERRA and Navy/NOGAPS-ALPHA
atmospheric specifications (hereinafter WACCM/NOGAPS); a second simulation uses only NASA/MERRA
(hereinafter WACCM/MERRA). The relaxation procedure is carried out by applying a tendency to the zonal
wind, the meridional wind, and the temperature that is proportional to the difference between the modeled
and the specified fields. The relaxation time scale is 10 model time steps, which was chosen because it yields
model dynamical fields that match very closely the specified fields. For WACCM/NOGAPS, this time scale is
applied between the ground and 80 km; between 80 and 90 km the relaxation becomes progressively weaker
until, above 90 km, the model is unconstrained. For WACCM/MERRA, the relaxation time scale is applied
between the ground and 40 km; between 40 and 50 km the relaxation becomes progressively weaker until,
above 50 km, the model is unconstrained.

3. Results

Figure 1 shows the simulated zonal mean NO and temperature fields at 80°N for the period frommid-January
to mid-April for the two nudging approaches. The model output is sampled every 5 days. The most dramatic
difference is that for the WACCM/NOGAPS case, a tongue of NO with mixing ratios between 10 and 100 ppbv

Figure 1. (a and c) Calculated nitric oxide given in log mixing ratio units (parts per volume; the 30 ppbv contour referred to
in the text is !7.5 in the figure) at 80°N from two versions of the SD-WACCM model, nudged by MERRA (Figure 1a) and
nudged by NOGAPS-ALPHA (Figure 1c). (b and d) Corresponding calculated temperatures.

Geophysical Research Letters 10.1002/2015GL065838

SISKIND ET AL. THERMOSPHERE-STRATOSPHERE COUPLING 8226

NO at 80 N, SD-WACCM!

NO at 80 N, NOGAPS-WACCM!

Direct assimilation of lower, middle, and upper atmosphere observations !
in WACCM is one approach to improving simulations of MLT dynamics!

Nudged Region!

Nudged Region!



Data assimilation constrains the model directly based on observations providing a !
more realistic representation of the true state of the atmosphere at a specific time !

The ensemble approach eliminates the need to specify background covariance,!
since it is obtained directly from the ensemble of model simulations !
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We use the DART ensemble Kalman filter to implement data assimilation in WACCM!

Data assimilation using DART ensemble Kalman filter!
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WACCM+DART provides an atmospheric reanalysis from the !
surface to the lower thermosphere (~145 km).!

Typically use a 40-member ensemble, which is a tradeoff 
between computational expense and having a sufficiently large 
ensemble to capture a variety of atmospheric states.!

NCEP Reanalysis!

WACCM+DART!

Pedatella, N. M., K. Raeder, J. L. Anderson, and H.-L. Liu (2014), Ensemble data assimilation in the !
Whole Atmosphere Community Climate Model, J. Geophys. Res., 119, doi: 10.1002/2014JD021776.!

WACCM+DART!

Lower Atmosphere Observations:!
!Aircraft temperature and wind!
!Radiosonde temperature and wind!
!Satellite drift winds!
!COSMIC GPS refractivity!

Middle/Upper Atmosphere Observations:!
!TIMED/SABER Temperature!
!Aura MLS Temperature!

WACCM+DART is useful for correcting model biases, studying 
dynamical variability due to sudden stratosphere warmings, and 
short-term tidal variability  !
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Bias Removal in the MLT!
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Bias Removal in the MLT!

WACCM Climatology! WACCM+DART!
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MLT dynamics during sudden stratosphere warmings!

Implementation of data assimilation in the Whole Atmosphere !
Community Climate Model better captures the dynamic variability!
in the high latitude wintertime stratosphere and mesosphere.!
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Figure 7. Zonal mean temperature averaged between 70 and 90◦N for
(a) WACCM+DART LA, (b) LA+S+A, (c) SD-WACCM, (d) SABER, and (e) Aura
MLS. Note that the Aura MLS observations are averaged between 70 and
80◦N. SABER did not sample high latitudes in the Northern Hemisphere
prior to day 11.

compared to only assimilating lower
atmosphere observations. The impor-
tance of middle/upper atmosphere
observations on accurately modeling
MLT altitudes is thus not unique to
WACCM+DART.

5. The 2009 Sudden
Stratosphere Warming

WACCM+DART experiments for
January and February 2009 were
performed in order to demonstrate
that WACCM+DART can create a
high-quality reanalysis from the sur-
face to the lower thermosphere. Such
reanalyses are extremely useful for
studying the chemical and dynami-
cal processes during events such as
SSWs. We focus on the 2009 SSW since
it is well documented observation-
ally [Funke et al., 2010; Manney et al.,
2009]. Furthermore, several high top,
and whole atmosphere models, have
simulated this event [McLandress et al.,
2013; Pedatella et al., 2014], permitting
a comparison of WACCM+DART to both
observations and other model simula-
tions. Figure 7 shows the zonal mean
temperature averaged from 70 to 90◦N
for January and February 2009 from the
WACCM+DART LA and LA+S+A exper-
iments, specified dynamics WACCM
(SD-WACCM), SABER, and Aura MLS
observations. Note that Aura MLS does
not observe poleward of 80◦N, and
the Aura MLS results are thus averaged
between 70 and 80◦N. The SD-WACCM
results are from simulations performed
by Marsh et al. [2013b], and in these
simulations, WACCM is constrained
through nudging the model dynamical
fields toward reanalysis from the NASA
Modern-Era Retrospective Analysis for
Research and Applications (MERRA) up
to 50 km. Nudging toward reanalysis,
as done in SD-WACCM, is the method
typically employed to reproduce the

atmospheric state in WACCM during specific time intervals. The present comparison thus provides a sense
of the performance of WACCM+DART relative to the method that is currently used in WACCM. It can be
seen in Figure 7 that the salient features of the SSW are reproduced in the WACCM+DART (Figures 7a and
7b) and SD-WACCM (Figure 7c) simulations. For example, all of the simulations reproduce the stratopause
descent and subsequent warming of the stratosphere, beginning around days 18–20. A strong meso-
spheric cooling is also present between roughly days 15–30. Beginning around day 30, elevated stratopause
forms near ∼0.005 hPa in the simulations. The stratopause descent, mesospheric cooling, an elevated
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forms near ∼0.005 hPa in the simulations. The stratopause descent, mesospheric cooling, an elevated
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Figure 7. Zonal mean temperature averaged between 70 and 90◦N for
(a) WACCM+DART LA, (b) LA+S+A, (c) SD-WACCM, (d) SABER, and (e) Aura
MLS. Note that the Aura MLS observations are averaged between 70 and
80◦N. SABER did not sample high latitudes in the Northern Hemisphere
prior to day 11.
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WACCM+DART captures the variability in chemical species during SSWs!
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Figure 11. Zonal mean ozone at 2 hPa for the WACCM+DART (a) LA, (b) LA+S experiments, and (c) SABER observations.
(d) Difference between SABER observations and WACCM+DART LA experiment. (e) Same as Figure 11d except for the
LA+S experiment. Note that SABER did not observe high latitudes in the Northern Hemisphere prior to day 11 and did
not observe high latitudes in the Southern Hemisphere after day 11.

limited local time sampling of the SABER observations from influencing the comparison, the WACCM+DART
ozone was sampled based on the locations of the SABER observations. Ozone variability may contribute
to the SW2 variability during the SSW, and it is considered to be potentially important for coupling strato-
spheric and ionospheric variability [e.g., Goncharenko et al., 2012]. It is therefore important to accurately
simulate the ozone variability during the SSW. The results in Figure 11 show an overall agreement between
both WACCM+DART experiments and the SABER observations in terms of the ozone temporal variability.
We attribute the similarity of the two WACCM+DART experiments to the fact that 2 hPa is not significantly
above the maximum altitude of the lower atmosphere observations (∼1 hPa). Around the time of the SSW,
an equatorial ozone enhancement of ∼1 ppm and a significant ozone depletion at high latitudes in the
Northern Hemisphere can be seen in both the SABER observations and WACCM+DART. Both also show a
narrow region of enhanced ozone near 60◦N beginning on day 30. Since we do not directly assimilate ozone
in WACCM+DART, the agreement between the WACCM+DART and SABER ozone provides an indirect val-
idation of the WACCM+DART data assimilation system during the 2009 SSW. Though the WACCM+DART
ozone agrees with the SABER observations in terms of the temporal and latitudinal variability, the SABER
observations are consistently larger than the WACCM+DART values (Figures 11d and 11e). At low and mid-
dle latitudes, the WACCM+DART ozone bias is roughly 0.8–1.0 ppm for the LA experiment and 0.5–0.75 ppm
for the LA+S+A experiment. Ozone variability in the upper stratosphere during SSWs is dominated by
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Short-term tidal variability is captured by WACCM+DART!

Results based on 10-day average!
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Short-term tidal variability is captured by WACCM+DART!
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Summary!
The capability to perform data assimilation in WACCM has been implemented using !
the DART ensemble Kalman filter  !

By assimilating lower, middle, and upper atmosphere observations WACCM+DART reduces!
the model bias in the MLT, and can be used to study chemical and dynamical variability !
associated with sudden stratosphere warmings as well as short-term tidal variability.!

A draft document is in preparation that will guide any interested!
users through setting up and running WACCM+DART!

Potential future directions:!

Scientific investigations using WACCM+DART reanalysis!

SD-WACCMX using WACCM+DART to constrain WACCMX!
up to the lower thermosphere!

Whole atmosphere data assimilation with WACCMX+DART!



Data assimilation using DART ensemble Kalman filter!

Analysis!
Forecast!


