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[1] The Data Assimilation Research Testbed (DART)
ensemble adjustment Kalman filter (EAKF) is employed
to perform data assimilation in the Whole Atmosphere
Community Climate Model (WACCM). To demonstrate
the potential of the WACCM+DART for studying short-
term variability in the mesosphere and lower thermosphere
(MLT), results are presented based on the assimilation of
synthetic observations that are sampled from a known model
truth. We assimilate temperature and wind from radioson-
des and aircraft, satellite drift winds, and COSMIC refrac-
tivity in the lower atmosphere, and SABER temperature
observations in the middle/upper atmosphere. Relative to
an unconstrained WACCM simulation, the assimilation of
only lower atmosphere observations reduces the global root
mean square error (RMSE) in zonal wind by up to 40%
at MLT altitudes. Using data assimilation to constrain the
lower atmosphere can therefore provide significant insight
into MLT variability. The RMSE in the MLT is reduced by
an additional 10–15% when SABER observations are also
assimilated. The WACCM+DART is shown to be able to
reproduce the large-scale features of the day-to-day variabil-
ity in the zonal mean, migrating, and nonmigrating tides in
the MLT. Though our simulation results are based on ideal-
ized conditions, they demonstrate that the WACCM+DART
can reproduce the day-to-day variability in the MLT. Assim-
ilation of real observations in the WACCM+DART will
therefore enable significant insight into the real day-to-
day dynamical variability from the surface to the lower
thermosphere. Citation: Pedatella, N. M., K. Raeder, J. L.
Anderson, and H.-L. Liu (2013), Application of data assimila-
tion in the Whole Atmosphere Community Climate Model to the
study of day-to-day variability in the middle and upper atmosphere,
Geophys. Res. Lett., 40, 4469–4474, doi:10.1002/grl.50884.

1. Introduction
[2] A prominent feature of the mesosphere and lower ther-

mosphere (MLT) is the presence of large amplitude diurnal
and semidiurnal atmospheric tidal oscillations. The tides in
the MLT are comprised of both migrating and nonmigrating
tides. Migrating tides propagate westward with a zonal phase
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speed equal to the apparent motion of the Sun, while non-
migrating tides may propagate either eastward or westward
and have a zonal phase speed that is either faster or slower
than the apparent solar motion. Though they originate in the
troposphere and stratosphere, the tidal amplitude increases
exponentially with height, resulting in the largest amplitudes
occurring in the MLT where tidal growth is halted due to
dissipative processes. Given their large amplitudes, MLT
tidal variability is of utmost importance for understanding
the global-scale dynamics in the MLT. The study of tidal
variability on daily, seasonal, and interannual timescales has
therefore attracted significant attention [e.g., Vincent et al.,
1999; She et al., 2004; Oberheide et al., 2009]. Recent
satellite observations have significantly improved the under-
standing of tidal variability on seasonal and interannual
timescales [Forbes et al., 2008; Oberheide et al., 2009];
however, thorough knowledge of the short-term, day-to-day,
tidal variability remains deficient due to insufficient tempo-
ral resolution of current global satellite observations. The
study of day-to-day tidal variability in the MLT is there-
fore largely confined to ground-based observations, which
do not provide information regarding the global structure of
the tidal oscillation [Harris and Vincent, 1993; She et al.,
2004]. The lack of global information prevents determin-
ing if the source of observed tidal variability is primarily
due to changes in the migrating or nonmigrating solar tides,
and ground-based observations thus only provide limited
information on the tidal variability.

[3] Under the correct constraints, global numerical
models can provide significant insight into the observed
day-to-day dynamical variability in the MLT. The primary
advantage of using global models in the study of day-to-
day variability is that they can be used to place sparse
ground-based observations within a global context, allowing
for a determination of how variability in different migrat-
ing and nonmigrating tides combine to produce the observed
variability at a single location [Liu et al., 2007]. Though
free-running (i.e., unconstrained) simulations reveal signif-
icant day-to-day tidal variability [Liu, 2013], the utility of
global models for studying the real dynamical variability
in the MLT is dependent upon adequately constraining the
model, especially in the lower atmosphere [Liu et al., 2009].
This can be done through application of the appropriate
boundary conditions [Liu et al., 2007], nudging the model
toward reanalysis fields [Jin et al., 2012], or through data
assimilation [Wang et al., 2011].

[4] Motivated by the need for adequate representation of
the day-to-day dynamical variability of the MLT on global
scales, the data assimilation capability has recently been
added to the Whole Atmosphere Community Climate Model
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(WACCM). The data assimilation is implemented using
the ensemble adjustment Kalman filter (EAKF) [Anderson,
2001] provided by the Data Assimilation and Research
Testbed (DART). Data assimilation in whole atmosphere
models has previously been performed using the three-
dimensional variational (3D-Var) technique [Hoppel et al.,
2008; Polavarapu et al., 2005; Wang et al., 2011], and
the present work adopts the EAKF approach, which offers
potentially significant advantages for performing data assim-
ilation in a whole atmosphere model. In particular, the use
of the EAKF eliminates the need to specify the background
error covariances that are required in the 3D-Var technique.
Determining the covariances in whole atmosphere models is
dependent upon the method used, and may introduce spuri-
ous correlations [e.g., Polavarapu et al., 2005]. In contrast,
the EAKF relies on the ensemble of model simulations to
determine the covariances. This should result in an improved
representation of the covariance, leading to improvements
in the data assimilation. In the present study, we detail
the implementation of the DART EAKF in WACCM, and
present initial results to demonstrate the capability of the
WACCM+DART assimilation system for studying day-to-
day variability in the MLT. We additionally discuss the
importance of the lower atmosphere for generating vari-
ability in the MLT, as well as the impact of middle/upper
atmosphere observations on the assimilation results.

2. WACCM+DART
[5] WACCM is the vertical extension of the National

Center for Atmospheric Research (NCAR) Community
Atmosphere Model (CAM) from 2 hPa (�45 km) up to
5 � 10–6 hPa (�145 km). In addition to the lower atmo-
sphere chemical, dynamical, and physical processes in
CAM, WACCM includes the necessary additional processes
that are required to model the upper stratosphere, meso-
sphere, and lower thermosphere. In the present study, we use
WACCM4, which is part of the Community Earth System
Model (CESM) version 1.1.1 (http://www.cesm.ucar.edu/).
The model is run at a horizontal resolution of 1.9ı � 2.5ı
in latitude and longitude, and includes 66 vertical levels.
We refer the reader to Garcia et al. [2007], Marsh et al.
[2007], and Richter et al. [2010] for a thorough discussion
of WACCM.

[6] The data assimilation is incorporated into WACCM
using the DART EAKF. DART is an open-source, commu-
nity, software package that provides a framework, which
is independent of the model, for performing ensemble data
assimilation. DART can therefore be applied to models
with a wide range of complexity [Anderson et al., 2009]
(http://www.image.ucar.edu/DAReS/DART/). Raeder et al.
[2012] have previously used DART to perform data assim-
ilation in CAM. Since CAM and WACCM are both part of
the CESM framework, the WACCM+DART data assimila-
tion system generally follows the methodology of Raeder
et al. [2012]. However, some changes were required due
to the increased vertical domain of WACCM compared to
CAM. The most notable change is that we specify the ver-
tical localization using a Gaspari-Cohn function [Gaspari
and Cohn, 1999] with a half width of 0.5 in ln(p/p0) coor-
dinates, where p is pressure and p0 is the surface pressure.
This differs from the vertical localization of 1000 hPa in
p used by Raeder et al. [2012]. Our vertical localization

corresponds to a half width of �0.5 scale height, and this
value was selected due to its performance relative to other
vertical localizations that were tested. A Gaspari-Cohn func-
tion with a half width of 0.2 radians is used for the horizontal
localization. An additional change was necessary to prevent
the occurrence of instabilities due to large amplitude pertur-
bations near the model upper boundary. Large adjustments
introduced by the data assimilation at lower model levels
were found to introduce spurious waves that grew to unre-
alistically large amplitudes at the model upper boundary.
To prevent model instabilities at the model upper bound-
ary, we have doubled the second-order divergence damping
coefficient in WACCM. This change does not significantly
influence WACCM results in the MLT.

[7] To illustrate the capabilities of WACCM+DART for
studying the day-to-day variability in the middle and upper
atmosphere, we have performed an Observation Simula-
tion System Experiment (OSSE). The OSSE uses synthetic
observations that are generated by sampling a WACCM
simulation at the location of real observations from 5–25
November 2008. Realistic observational errors are speci-
fied for the synthetic observations. Similar to Raeder et al.
[2012], the lower atmosphere observations include all
observations used in the NCEP-NCAR reanalysis (tem-
perature and wind from radiosondes, aircraft, and satellite
drift winds) and COSMIC radio occultation observations.
Note that satellite radiances are not assimilated in the
present study. We additionally assimilate SABER temper-
ature observations between 20 and 100 km to provide an
observational constraint for altitudes that are above the
conventional lower atmosphere observations. Although the
lower atmosphere is densely sampled, it should be noted
that SABER only provides relatively sparse observations of
the middle/upper atmosphere. The SABER observations are
quasi sun synchronous, and this results in only having obser-
vations at a few (typically four) longitude sectors at each
assimilation time. For the time period considered, SABER
observed near 1300 and 2200 local time, and between 50ıS
and 80ıN. It is important to consider the performance of
WACCM+DART in the MLT in the context of the relatively
sparse middle/upper atmosphere observations that are assim-
ilated. The assimilation is performed every 6 h; however, to
prevent damping of the tides, we only assimilate SABER
observations that are within˙1.5 h of the assimilation time.
The quality of the assimilation is expected to improve by
using forward operators that use multiple forecast model
times to accurately interpolate prior estimates of observa-
tions to the exact time of the observations. In particular, this
may improve results in the MLT by permitting the use of
additional observations without the possibility of damping
tidal oscillations. This could also be accomplished by per-
forming the assimilation at a higher frequency. To prevent
collapse of the model spread, prior to the assimilation, the
ensemble is inflated using the spatially and temporally vary-
ing inflation approach of Anderson [2009]. In the following,
we present results from three different 40 member ensemble
simulations. Each simulation was initialized with the same
ensemble, and the simulations differ only in the data used
in the assimilation. The initial conditions for each ensem-
ble member were obtained from the model state at 0UT on
1–10 November from four different free running WACCM
simulations. The simulations either assimilated no obser-
vations (control), assimilated only lower atmosphere (LA)
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Figure 1. Zonal mean zonal wind at 1�10–4 hPa for the (a) simulation truth, (b) LA, and (c) LA+S simulations. (d) Global
RMSE for the control (black), LA (blue), and LA+S (red) simulations at 516 hPa (dashed) and 1 � 10–4 hPa (solid).

observations, or assimilated lower atmosphere and SABER
(LA+S) observations. The control simulation reflects the cli-
matological variability of WACCM. When assimilating only
lower atmosphere observations, the observations only influ-
ence the model state up to �2 hPa, and the model is not
directly constrained at higher altitudes.

3. Results
[8] The zonal mean zonal wind results at 1 � 10–4 hPa

(�110 km) for the simulation truth, LA, and LA+S simu-
lations are shown in Figures 1a–1c. The results shown are
the ensemble mean of the 6 h forecast state (i.e., the state
prior to performing the assimilation at a given time). Note
that we limit our attention to 15–25 November. This is after
any initial adjustment period, and the results presented are
thus representative of the assimilation performance under
quasi-steady state conditions. In general, the large-scale lat-
itude and day-to-day variability present in the simulation
truth is captured by both the LA and LA+S simulations. This
is evident in the ability of the assimilation to capture the

enhanced eastward winds in the Southern Hemisphere and
greater westward winds near 20ıN that occur between 17
and 20 November. There are, however, several aspects of
the simulation truth that are not reproduced in the LA and
LA+S simulations. In particular, much of the smaller scale
variability in the truth simulation is absent in the LA and
LA+S simulations. As an example, the short-lived enhance-
ments that occur near 30ıS on 19 and 24 November in
the simulation truth are significantly weaker in the LA and
LA+S simulations. This suggests that, although the SABER
observations improve the assimilation results, the SABER
observations alone are unable to fully constrain the model
state in the MLT.

[9] The global average root mean square error (RMSE)
for the zonal mean zonal wind at 516 hPa and 1 �
10–4 hPa are shown in Figure 1d. The RMSE at 516 hPa
is shown in Figure 1d to briefly illustrate the performance
of WACCM+DART in the troposphere. In the absence of
any observational constraint, the global average RMSE at
516 hPa is 8–10 m s–1. The data assimilation reduces the
global average RMSE by �70% to roughly 2.5 m s–1 for
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Figure 2. The DE3 in temperature at 115 km for the (a) simulation truth, (b) LA, and (c) LA+S simulations. (e–g) Same
as in Figures 2a–2c except for the SW2.

both the LA and LA+S simulations. The significant reduc-
tion of the RMSE at 516 hPa illustrates the effectiveness of
WACCM+DART at tropospheric altitudes. As the present
study is focused on the MLT, we do not present extensive
validation of the tropospheric results; however, we have
verified that the performance of WACCM+DART is com-
parable to the Raeder et al. [2012] CAM+DART results
in the troposphere. The WACCM+DART data assimilation
is also able to significantly reduce the RMSE in the MLT.
The RMSE for the control simulation is 40–45 m s–1, and
this is reduced to around 30 m s–1 and 25 m s–1 for the
LA and LA+S simulations, respectively. Data assimilation
in the lower atmosphere is therefore able to reduce the error
in the MLT by �30%, and this illustrates the correlation
between variability in the lower atmosphere and the MLT.
Assimilation of the SABER observations can further reduce
the RMSE by an additional 15–20%. Therefore, in addi-
tion to lower atmosphere observations, observations in the
middle/upper atmosphere are also important to include in
the assimilation in order to accurately specify the dynam-
ics of the MLT. Compared to the troposphere, the RMSE is
significantly larger in the MLT. However, the greater error
in the MLT needs to be considered in the context of the
relatively sparse SABER observations that are assimilated,
and we believe that the RMSE at MLT altitudes would
improve significantly with comprehensive observations of
the middle/upper atmosphere. The larger RMSE at MLT

altitudes may also be related to the greater dynamical vari-
ability at these altitudes which is illustrated by the larger
RMSE in the control simulation. The combination of greater
dynamical variability and sparse observations may limit the
current capability of the data assimilation at MLT altitudes.
The results in Figure 1 do, however, demonstrate that the
WACCM+DART is able to reproduce the larger scale day-
to-day variability in the zonal mean zonal wind from the
surface to the lower thermosphere.

[10] The ensemble average of the nonmigrating eastward
propagating diurnal tide with zonal wave number 3 (DE3)
and the semidiurnal migrating tide (SW2) in temperature
at 115 km are presented in Figure 2. Understanding the
variability in the DE3 and SW2 is important due to their
influence on the MLT dynamics as well as their influence
on day-to-day ionosphere variability [England, 2012; Liu
and Richmond, 2013]. We have thus chosen to focus on
these tides for the purpose of demonstrating the ability of
the WACCM+DART to reproduce the day-to-day tidal vari-
ability. Figures 2a and 2d reveal that significant day-to-day
amplitude variability occurs in the simulated truth for the
DE3 and SW2. The ability of the LA and LA+S simula-
tions to capture the DE3 and SW2 variability is similar to
the previously discussed assimilation results for the zonal
mean zonal wind in the MLT. The WACCM+DART assim-
ilation is again able to reproduce the large scale day-to-day
tidal variability, but is not able to reproduce the smaller scale
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Figure 3. The zonal wind at 31ıN, 255ıE for the (a) sim-
ulation truth, (b) LA, and (c) LA+S simulations.(d) The
RMSE between 60 and 120 km for the control (black), LA
(blue), and LA+S (red) simulations.

variability. The LA simulation again reproduces much of
the day-to-day tidal variability, and this provides additional
evidence for the correlation between lower atmosphere vari-
ability and variability in the middle/upper atmosphere. The
LA simulation reduces the latitude average RMSE at 115 km
by �15% and �20% compared to the control simulation
for the DE3 and SW2, respectively. Assimilating SABER
observations reduces the RMSE by an additional 15% for
the DE3 and 10% for the SW2. This provides additional evi-
dence that including middle/upper atmosphere observations
in WACCM+DART is important for accurate modeling of
MLT altitudes.

[11] The previous results have focused on global-scale
dynamical features of the MLT, and we now briefly dis-
cuss the performance of WACCM+DART at a single loca-
tion. Results for the zonal wind at 31ıN and 255ıE and
between 60 and 125 km are shown in Figure 3. The results
in Figure 3 can be thought of as representative of what
may be seen from a single ground-based observation. The
simulation truth (Figure 3a) contains rich spectra of spa-
tial and temporal variability. Considering the scales of the
variability, the LA and LA+S simulations perform remark-
ably well in terms of reproducing the true variability. In
particular, the strong tidal oscillations that occur around

100–120 km are well reproduced in both the LA and LA+S
simulations. Similar to the previous results, the primary defi-
ciency is the ability of the assimilation to capture all of
the smaller scale variability. The RMSE averaged between
60 and 120 km for the control, LA, and LA+S simula-
tions is shown in Figure 3d. The results in Figure 3d again
illustrate that the assimilation of only lower atmosphere
observations can significantly reduce the RMSE at MLT alti-
tudes, and that inclusion of the SABER observations further
improves the assimilation results. The results in Figure 3
demonstrate that WACCM+DART can adequately repro-
duce the dynamical variability that would be observed from
a single ground-based observatory. WACCM+DART can
thus provide a useful tool for placing observed variability
at a single location within the context of the global-scale
dynamical variability.

4. Conclusions
[12] In the present study we have presented results illus-

trating the use of the DART EAKF to perform ensemble
data assimilation in WACCM. The results demonstrate that
WACCM+DART is capable of reproducing the large-scale
features of the day-to-day variability in the zonal mean,
migrating, and nonmigrating tides in the MLT. In addi-
tion to the global-scale dynamics, WACCM+DART cap-
tures the dynamical variability at a single location, such as
would be observed from an individual ground-based obser-
vation. Compared to unconstrained WACCM simulations,
the assimilation of lower atmosphere observations alone can
reduce the zonal wind RMSE in the MLT by 30–40%, and
inclusion of middle/upper atmosphere temperature observa-
tions from SABER reduces the zonal wind error by an addi-
tional 10–15%. Sufficient constraint of the lower atmosphere
through data assimilation can therefore provide considerable
insight into the variability at MLT altitudes. Nonetheless,
even relatively sparse middle/upper atmosphere observa-
tions have a significant impact, and assimilating the limited
available middle/upper atmosphere observations is therefore
of immense value for determining the day-to-day dynamical
variability in the MLT.

[13] As demonstrated by the results, WACCM+DART can
be used to improve understanding of the short-term variabil-
ity throughout the middle and upper atmosphere. Though the
present study has focused on synthetic observations obtained
from a known model truth, we have also assimilated real
observations, and results pertaining to the assimilation of
real observations will be presented in a forthcoming paper.
By assimilating real observations, WACCM+DART can be
used to understand, and potentially predict, the global-scale
day-to-day variability from the surface to the lower ther-
mosphere. Dynamical variability at these altitudes is an
important source of day-to-day variability in the ionosphere
and thermosphere, and WACCM+DART can thus lead to
improved understanding of the ionosphere-thermosphere
variability that is driven by the lower atmosphere.
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