
Whole Atmosphere Data Assimilation  
in WACCMX+DART

Nick Pedatella1,2, Hanli Liu1, Daniel Marsh1,3, 
J. Liu1, Jeffrey Anderson4, and Kevin Raeder4

1High Altitude Observatory, NCAR
2COSMIC Program Office, UCAR
3Atmosphere Chemistry Observations and Modeling, NCAR
4Computational Information Systems Laboratory, NCAR 



• WACCM+DART and WACCMX+DART

• 2009 SSW Analysis and Hindcasts

• Challenges in Whole Atmosphere DA 

• Summary

Outline



Data Assimilation Research Testbed

Anderson, J. L., T. Hoar, K Raeder, H. Liu, N. Collins, R. Torn, and  A. F. Arellano (2009), The 
Data Assimilation Research Testbed: A Community data assimilation facility, BAMS

DART is an open source, community, software package for performing 
ensemble data assimilation 

Data assimilation tools are independent of the model, and meant to be
easily adaptable to different types of numerical models 

Used in a wide number of different applications

Source code available at http://www.image.ucar.edu/DAReS/DART/

Adding new observations only requires writing a forward operator

Efficiently scales to thousands of processors for large geophysical systems

Adaptive spatially and temporally varying inflation to prevent ensemble collapse

- Ocean assimilation
- Mesoscale NWP (i.e., WRF)
- Global climate models
- Upper atmosphere GCMs

- Chemical assimilation
- Observing System Simulation Experiments
- Parameter estimation
- Quantifying impact of new observation types



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/WACCMX

Data assimilation using DART ensemble Kalman filter
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analysisanalysisanalysisanalysisanalysisu (λ, φ, ρ)



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

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

Sparse Middle/Upper Atmosphere Observations:
TIMED/SABER Temperature (100 - 5×10-4 hPa)
Aura MLS Temperature (260 - 1×10-3 hPa)

WACCM+DART is useful for correcting model biases, studying 
dynamical variability due to sudden stratosphere warmings, and 
short-term tidal variability  

500 hPa Geopotential Height
0000 UT 15 Nov., 2008



Framework for WACCMX+DART is identical to WACCM+DART

WACCMX+DART

Same observations are assimilated in the troposphere, stratosphere, and mesosphere.

Main change between WACCMX+DART and WACCM+DART is increased damping in 
WACCMX. This was necessary for model stability, and to ensure that mixing from small 
scale waves introduced by the data assimilation do not excessively reduce thermosphere 
O/N2 and electron density.

Changes made for model stability tend to damp tidal amplitudes, and have a slight 
negative impact on performance of the data assimilation in the troposphere-stratosphere.

We have performed initial WACCMX+DART analysis and hindcast simulations for the 
2009 SSW time period.

Troposphere humidity is biased by ~20-30% due to model physics issue when using
a 5 min time-step.
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Middle Atmosphere Variability in WACCMX+DART and SD-WACCMX

SD-WACCMX:	Specified	Dynamics	WACCMX
constrained	to	MERRA	meteorology	up	to	50km



NO descent following the SSW

3582 B. Funke et al.: HEPPA-II

Figure 1. Upper panel: daily averaged NO
x

mixing ratios from satellite observations (open squares) at 0.022 hPa within 60–90� N (black
is MIPAS-NOM, blue is MIPAS-UA, red is SMR/Odin, green is ACE-FTS) and those of the upper boundary condition (filled diamonds)
sampled at the respective observations’ time and location. Lower panel: mean latitude averaged over all observations of the individual
instruments within 60–90� N. All averages are area-weighted.

Figure 2. Observed and modelled NO
x

VMRs of MIPAS and ACE (upper two rows) and NO of SMR (lower row) in NH polar MLT region
during November 2008–March 2009. Model output of the “high-top” models 3dCTM, HAMMONIA, and WACCM has been sampled at the
locations and times of the observations (MPAS-UA, ACE-FTS, and SMR) for comparison. Pink lines indicate the observed VMR levels of
0.1, 1, and 10 ppmv. White regions reflect missing or not meaningful data.

Atmos. Chem. Phys., 17, 3573–3604, 2017 www.atmos-chem-phys.net/17/3573/2017/

(Funke et al., 2017)



Journal of Geophysical Research: Space Physics 10.1002/2013JA019421

Figure 10. SW2 amplitude of temperature at 1×10−4 hPa (∼110 km) for (a) GAIA, (b) HAMMONIA, (c) WAM, and (d) WACCM-X. (e–h)
Same as Figures 10a–10d except for the SW2 phase.

4. Summary and Conclusions

Recent developments in whole atmosphere modeling have enabled realistic simulations of the atmo-
spheric response to SSWs from the surface to the upper thermosphere. Model simulations of SSWs not
only are important for understanding the variability throughout the atmosphere during SSWs but also are
potentially useful for predicting upper atmosphere variability by running in a forecast mode. Verifying the
simulation results in the middle and upper atmosphere has, however, remained difficult owing to the lack
of global-scale observations with sufficient temporal resolution. The accuracy of the simulations in the mid-
dle and upper atmosphere is thus largely unknown, and this is especially true for the short-term variability.

PEDATELLA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1320

(Pedatella et al., 2014)

Temporal tidal variability is reproduced in WACCMX+DART, 
but tidal amplitudes are too weak.

Results for 10-4 hPa



Comparison with Juliusruh MF Radar

sources (e.g., surface reports, radiosondes, ship and aircraft data) and
satellite-based remote sensing data (e.g., radiance measurements from
infrared and microwave sensors, global positioning system radio
occultations, cloud track winds) that are available operationally. The
high-altitude version of the combined NAVGEM/NAVDAS-AR system
used in the present study (which we will refer to simply as high-altitude

NAVGEM) includes several additional features that are key to produ-
cing accurate meteorological analyses in the MLT region.

First, the vertical domain of the forecast model was extended from
its current operational 60-level (L60) configuration with a top pressure
of 0.04 hPa to a 74-level (L74) configuration with top pressure of
6×10−5 hPa (∼116 km altitude) and a vertical spacing of ∼2 km in the
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Fig. 2. An example of the geographic coverage of SABER (blue), MLS (red), and UAS (green) observations for a single 6-h NAVGEM analysis window centered on 12 UTC 30 January
2010. Black dots indicate locations of the nine meteor radar stations listed in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Time series of meridional wind from 3-hourly high-altitude NAVGEM analyses/forecasts (black) and from hourly meteor radar observations (red) for (a) 1–15 December 2012
over Trondheim at 87 km, (b) 1–15 December 2009 over Juliusruh at 88 km altitude, (c) 5–20 January 2010 over Ascension Island at 87 km; (d) 1–15 December 2012 over Tierra del
Fuego at 87 km. Each panel lists the Pearson's correlation coefficient r between the NAVGEM time series and corresponding subsampled 3-hourly meteor radar wind time series. (For
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WACCMX

Fuego from NAVGEM and meteor radar wind observations are in good
qualitative and quantitative agreement for these three months. In
particular, the NAVGEM zonal winds capture the sharp vertical
gradient in U observed between 82 and 95 km in December 2012
and February 2013.

Fig. 18 plots U and V over Rothera during the period from
December 2012 to February 2013. At this high southern latitude, the
wind variations consist mainly of a relatively weak (∼10 m s−1) diurnal
variation. Due to large data gaps in the meteor radar record at this
location during December 2012 and early January 2013, only mean
profiles of U and V from the meteor radar observations for 15–31
January and 1–28 February of 2013 are plotted in Fig. 18. Overall, the
NAVGEM mean U and V profiles for January and February 2013 are in
good agreement with the meteor radar observations between 85–
95 km.

In summary, these initial comparisons of the U and V profiles from
NAVGEM and meteor radar wind observations over the 2009–2010
and 2012–2013 NH winter periods demonstrate that the NAVGEM
analyses accurately capture the main characteristics in the MLT winds
at these nine locations, both in terms of the periodic variations and of

the time-averaged flow. The main deficiency in the NAVGEM winds
appears to be a westerly bias of approximately 10–20 m s−1 in mean
zonal wind profiles below ∼85 km at NH midlatitudes (e.g., Figs. 12–
14), and a stronger westerly bias of 20–40 m s−1 during February and
March of 2013 at the SH tropical station of Ascension Island (Fig. 16).
As discussed in Section 5, these types of biases in the NAVGEM zonal
wind analyses could arise from systematic errors in the physical
parameterizations used in the forecast model component of
NAVGEM (e.g., gravity wave drag). A more systematic validation of
global zonal wind fields from NAVGEM high-altitude analyses to
clearly identify possible sources of any systematic errors is currently
ongoing and will be the subject of a follow-on study.

4.2. Amplitude and phase of semi-diurnal, diurnal, and quasi-2 d
features

The results in Figs. 4–18 together show that the vertical profiles of
U and V between 75 and 95 km during the two NH winter periods
exhibit periodic variations mainly at semi-diurnal, diurnal, and ∼2-d
periods. In this section, we examine the vertical profiles of S-transform

Fig. 21. Time averaged vertical profiles of semi-diurnal amplitude and phase in meridional wind (top two rows) and zonal wind (bottom two rows) from NAVGEM (black stars) and
meteor radar winds (gray diamonds) at Juliusruh over the 2009–2010 (left 3 columns) and 2012–2013 (right 3 columns) NH winter periods listed in Table 1. Error bars represent the
standard deviation about the time mean.
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Tides are too weak
in WACCMX+DART
due to damping

(McCormack et al., 2017)

Juliusruh Radar V (88 km, 54N, 13E) 



GPS TEC Variability in WACCMX+DART and SD-WACCMX



Equatorial Vertical Drift Variability in WACCMX+DART and SD-WACCMX



2009 SSW Hindcast Experiments

- Initialize 40-member ensemble forecasts (hindcasts) of the 2009 SSW
on January 5, 10, 15, 20, and 25.

- Ocean SSTs are specified as the true values (i.e., not forecasted)

- Solar activity is specified by using 27-days prior solar activity



2009 SSW Hindcasts: 70-90º N Temperature



2009 SSW Forecasts: TEC at 75W
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Challenges in Whole Atmosphere Data Assimilation

Filtering can be applied, but this can unintentionally remove real waves
as well as potentially damp larger scale waves (i.e., tides) 

The data assimilation increments can lead to unbalanced flows, resulting in spurious
waves which pose additional challenges for whole atmosphere DA:

There are additional challenges specific to ionosphere-thermosphere DA:

1) The large wave growth with altitude can lead to model instabilities

2) Wave dissipation in the MLT has consequences for IT composition 

1) Time scales tend to be shorter compared to lower atmosphere

2) The IT is strongly driven by external forcing, making it more difficult to overcome 
model biases 

3) Data are sparser, though this may be less of a challenge in the near future.



Wave variability in the mesosphere is larger when assimilating 
lower atmosphere observations, increasing the mixing in the MLT.

Global U, 0.0001 hPa

LA
TRUTH



Impact of enhanced wave variability is a decrease in
atomic oxygen, in-turn decreasing the electron density.

LA
TRUTH



Impact on ionosphere electron density
COSMIC NmF2 Oct. 2008, 0000UT WACCMX No DA NmF2 Oct. 2008, 0000UT

WACCMX+DART NmF2 Oct. 2008, 0000UT WACCMX+DART NmF2 Oct. 2008, 0000UT

Default WACCMX Damping Additional 2nd Order Div. Damping



Influence of filtering on tidal amplitudes

WACCMX+DART DW1 
additional 2nd order div. damping 

WACCMX+DART DW1 
no additional damping 



Influence of filtering on tidal amplitudes

WACCMX+DART SW2
additional 2nd order div. damping 

WACCMX+DART SW2 
no additional damping 



Summary

Tidal amplitudes are generally too weak in WACCMX+DART, indicating the need to
determine a better method for filtering small-scale waves introduced by DA.

Recent developments in WACCMX support whole atmosphere data assimilation,
providing a global view of the troposphere, stratosphere, mesosphere, thermosphere,
and ionosphere state

Forecast experiments for 2009 SSW show that middle-upper atmosphere variability
can be qualitatively predicted ~5-10 days in advance of the SSW. 

Middle atmosphere chemical and dynamical variability are generally well reproduced in
WACCMX+DART.

Ionosphere variability during the 2009 SSW is reproduced in WACCMX+DART.

Work is ongoing to improve ionosphere-thermosphere analysis fields through 
assimilation of ionospheric observations



GPS TEC Obs. March 20, 2010, 0200 UT WACCMX+DART Forecast

WACCMX+DART ∆TEC (Analysis-Forecast)WACCMX+DART Analysis

TEC Assimilation in WACCMX+DART

(Results courtesy of Koichi Chen, NCKU)
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sources (e.g., surface reports, radiosondes, ship and aircraft data) and
satellite-based remote sensing data (e.g., radiance measurements from
infrared and microwave sensors, global positioning system radio
occultations, cloud track winds) that are available operationally. The
high-altitude version of the combined NAVGEM/NAVDAS-AR system
used in the present study (which we will refer to simply as high-altitude

NAVGEM) includes several additional features that are key to produ-
cing accurate meteorological analyses in the MLT region.

First, the vertical domain of the forecast model was extended from
its current operational 60-level (L60) configuration with a top pressure
of 0.04 hPa to a 74-level (L74) configuration with top pressure of
6×10−5 hPa (∼116 km altitude) and a vertical spacing of ∼2 km in the
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Fig. 2. An example of the geographic coverage of SABER (blue), MLS (red), and UAS (green) observations for a single 6-h NAVGEM analysis window centered on 12 UTC 30 January
2010. Black dots indicate locations of the nine meteor radar stations listed in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Time series of meridional wind from 3-hourly high-altitude NAVGEM analyses/forecasts (black) and from hourly meteor radar observations (red) for (a) 1–15 December 2012
over Trondheim at 87 km, (b) 1–15 December 2009 over Juliusruh at 88 km altitude, (c) 5–20 January 2010 over Ascension Island at 87 km; (d) 1–15 December 2012 over Tierra del
Fuego at 87 km. Each panel lists the Pearson's correlation coefficient r between the NAVGEM time series and corresponding subsampled 3-hourly meteor radar wind time series. (For
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Fuego from NAVGEM and meteor radar wind observations are in good
qualitative and quantitative agreement for these three months. In
particular, the NAVGEM zonal winds capture the sharp vertical
gradient in U observed between 82 and 95 km in December 2012
and February 2013.

Fig. 18 plots U and V over Rothera during the period from
December 2012 to February 2013. At this high southern latitude, the
wind variations consist mainly of a relatively weak (∼10 m s−1) diurnal
variation. Due to large data gaps in the meteor radar record at this
location during December 2012 and early January 2013, only mean
profiles of U and V from the meteor radar observations for 15–31
January and 1–28 February of 2013 are plotted in Fig. 18. Overall, the
NAVGEM mean U and V profiles for January and February 2013 are in
good agreement with the meteor radar observations between 85–
95 km.

In summary, these initial comparisons of the U and V profiles from
NAVGEM and meteor radar wind observations over the 2009–2010
and 2012–2013 NH winter periods demonstrate that the NAVGEM
analyses accurately capture the main characteristics in the MLT winds
at these nine locations, both in terms of the periodic variations and of

the time-averaged flow. The main deficiency in the NAVGEM winds
appears to be a westerly bias of approximately 10–20 m s−1 in mean
zonal wind profiles below ∼85 km at NH midlatitudes (e.g., Figs. 12–
14), and a stronger westerly bias of 20–40 m s−1 during February and
March of 2013 at the SH tropical station of Ascension Island (Fig. 16).
As discussed in Section 5, these types of biases in the NAVGEM zonal
wind analyses could arise from systematic errors in the physical
parameterizations used in the forecast model component of
NAVGEM (e.g., gravity wave drag). A more systematic validation of
global zonal wind fields from NAVGEM high-altitude analyses to
clearly identify possible sources of any systematic errors is currently
ongoing and will be the subject of a follow-on study.

4.2. Amplitude and phase of semi-diurnal, diurnal, and quasi-2 d
features

The results in Figs. 4–18 together show that the vertical profiles of
U and V between 75 and 95 km during the two NH winter periods
exhibit periodic variations mainly at semi-diurnal, diurnal, and ∼2-d
periods. In this section, we examine the vertical profiles of S-transform

Fig. 21. Time averaged vertical profiles of semi-diurnal amplitude and phase in meridional wind (top two rows) and zonal wind (bottom two rows) from NAVGEM (black stars) and
meteor radar winds (gray diamonds) at Juliusruh over the 2009–2010 (left 3 columns) and 2012–2013 (right 3 columns) NH winter periods listed in Table 1. Error bars represent the
standard deviation about the time mean.
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WACCM

Agreement with radar observations is better in WACCM+DART

Juliusruh Radar V (88 km, 54N, 13E) 


