
Data Assimilation in the Whole Atmosphere 
Community Climate Model

Nick Pedatella
High Altitude Observatory

National Center for Atmospheric Research

 Collaborators: Hanli Liu1, Kevin Raeder,2 and Jeffrey Anderson2

1High Altitude Observatory, National Center for Atmospheric Research
2Institute for Mathematics Applied to Geosciences, National Center for Atmospheric Research



Outline

• Background and motivation

• WACCM+DART Data Assimilation System

• Results:

-Synthetic observations

-Real observations

• Summary and Conclusions



Radar observations reveal large day-to-day tidal variability 
in the mesosphere and lower thermosphere

and Roble, 2001]. Similarly, MILs could form on both
mesoscales and planetary scales [e.g., Liu and Hagan,
1998; Liu et al., 2000; Salby et al., 2002; Sassi et al., 2002;
Oberheide et al., 2006a]. From a ground-based perspective at
a single site, however, it is difficult to distinguish between the
two possibilities [Liu and Meriwether, 2004]. This uncer-
tainty prompts us to examine the global observations from the
SABER and TIDI instruments during the same time period.
[14] Figure 2 shows the temperature measured by SABER

at 40!N on days 266, 267 and 268. Note that the data from
the ascending orbit node corresponds to 11 hours local time
(LT) and the descending orbit node to LT23 hour. As
demonstrated in previous study by Xu et al. [2006], the
SABER temperature at 105!W is statistically in agreement
with the lidar measurements. On day 267 and at LT23, a
MIL can be seen above the lidar site in SABER temperature
with the maximum temperature of !205 K at 88 km and
minimum temperature of !160 K at 100 km. This is similar
to the temperature profiles obtained from the CSU lidar
measurements [She et al., 2004, Figure 5]. It is evident from
Figure 2 that the MIL has a large-scale structure in the
longitudinal direction, and it varies quite rapidly with day as
well as local time. The strongest warm anomaly of 225 K is

observed at 90!E and 86 km in the descending node on day
267. A weaker warm anomaly occurs between 100!W to
150!W at similar altitudes, which is seen in the lidar
measurement. The lapse rates above the two warm anoma-
lies, however, are similar, because the atmosphere is gen-
erally colder in the western hemisphere at higher altitudes.
On the following day, the warm anomaly and the MIL are
not as strong but still stronger than those on day 266. For all
three days, the peak temperatures of the MIL are located
between 80–90 km.
[15] The longitudinal phases of the temperature perturba-

tions at the ascending and descending orbit nodes are
similar, but the magnitudes are different. This local time
dependence suggests the tidal modulation of temperature
structures. Further, the longitudinal variations of the tem-
perature and MIL in both ascending and descending orbit
nodes imply the presence of planetary wave(s) and/or non-
migrating tidal components, because TIMED satellite is
almost Sun-synchronous. Longitudinal variations are also
clearly seen in the meridional and zonal winds from TIDI
observations (Figure 3) on days 264, 267 and 268 (data gaps
are large on days 265 and 266). The meridional wind
between 100 and 120 km in the western hemisphere from

Figure 1. (a and b) Diurnal tidal temperature and (c and d) zonal wind amplitudes (Figures 1a and 1c)
and phases (Figures 1b and 1d) at 90 km derived from the CSU lidar measurements between days 264–
273 (universal time) of 2003. The diamonds are data points and vertical lines are error bars.
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our aim is to concentrate on repeatable pattern of wave activity,
we will now consider these two waves in more detail.

To estimate the wavenumbers of these two waves we use the
global temperature data from MLS and apply the method of
Wu et al. (1995) at ! 691N. As an example, Fig. 5 shows the period/
wavenumber spectra of temperature data of winter 2009. For both
the 10-day and the 16-day wave we identified a wavenumber "1/2
which we tentatively interpret as evidence for the superposition of
an oscillation with a westward propagating wave 1 both with the
same period which is also motivated by Pancheva et al. (2009) and
Figs. 2 and 4. Note that we tested this hypothesis with synthetic
data with a realistic sampling which indeed allowed us to reproduce
a wavenumber " 1

2. This result is also typical for other years.
A special PW, which we are also interested in, is the semidiurnal

tide which has a strong activity during winter as mentioned before
(see Fig. 4). Fig. 6a shows, as an example for 2010, the amplitude of
the semidiurnal tide as a function of height and time, clearly
indicating a strong activity of tidal activity before and during the
SSW followed by a period with reduced tidal amplitudes 20 days
after the relatively long lasting SSW in 2010. This amplitude
variation coincides with long period oscillations indicating a
modulation by PWs. This is shown in Fig. 6b where the amplitude
of the modulation is shown as a function of time and period. We
find a strong 10-day oscillation before and after the warming. Note,
however, that other years (not shown) reveal other long period
oscillations which maximize at different times of the SSW. Hence,
no clear relation between the modulation of tides by long period
oscillations and the onset of the SSW can be found.

Next, we want to estimate the average behavior of the wind and
waves for the selected SSW events. Fig. 7 shows the composite of

the zonal wind variation centered on the central day at Andenes
based on 5 years of data from ECMWF and MF-radar data over an
extended altitude range. There is an abrupt wind reversal from
winter to summer conditions in the stratosphere and mesosphere
up to 90 km with an earlier onset in the mesosphere of about
4 days, also confirmed by a cross-correlation between the mean
winds at 84 and 32 km (not shown here). Furthermore, a longer
lasting reversal to westward directed winds occurs in the strato-
sphere, in contrast to the faster reversal back to the dominating
winterly eastward directed winds in the mesosphere.

The composite of planetary wave activity derived from mer-
idional meteor radar winds for 2004, 2006, 2009 and 2010 (Fig. 8)
also displays a 10-day wave at the time of the SSW and a much
weaker 16-day wave before the central day similar to the results
shown in Fig. 4. In Fig. 5 we showed, as an example for 2009, that

Fig. 4. Activity of PW’s of meridional wind at Andenes at 85 km height centered
on central day dc (d¼0, dashed line) for 2009 (top) and 2010 (bottom). Data are
provided by meteor radar.

Fig. 5. Period/wavenumber spectra from MLS temperature data at 691N 751at
81 km for a 10-day wave (top) and a 16-day wave (bottom). Analysis were made
between January 10 and February 19, 2009 for the 10-day wave and between
December 21, 2008 and March 1, 2009 for the 16-day wave. For the study of the
10-day an interval of 40 days and for the 16-day wave an interval of 70 days is
used, both centered at the time with the maximum amplitude of the PW detected
from meteor radar wind observations.

a

b

Fig. 6. Amplitude and modulation (by planetary waves) of semidiurnal tides of
meridional wind at Andenes 2010. (a) Amplitude of the 12 h tide and (b) wavelet
spectra of amplitude of semidiurnal tide at 88 km centered on central day dc (d¼0,
dashed line). Data are derived from meteor radar.
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our aim is to concentrate on repeatable pattern of wave activity,
we will now consider these two waves in more detail.

To estimate the wavenumbers of these two waves we use the
global temperature data from MLS and apply the method of
Wu et al. (1995) at ! 691N. As an example, Fig. 5 shows the period/
wavenumber spectra of temperature data of winter 2009. For both
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which we tentatively interpret as evidence for the superposition of
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the semidiurnal tide as a function of height and time, clearly
indicating a strong activity of tidal activity before and during the
SSW followed by a period with reduced tidal amplitudes 20 days
after the relatively long lasting SSW in 2010. This amplitude
variation coincides with long period oscillations indicating a
modulation by PWs. This is shown in Fig. 6b where the amplitude
of the modulation is shown as a function of time and period. We
find a strong 10-day oscillation before and after the warming. Note,
however, that other years (not shown) reveal other long period
oscillations which maximize at different times of the SSW. Hence,
no clear relation between the modulation of tides by long period
oscillations and the onset of the SSW can be found.

Next, we want to estimate the average behavior of the wind and
waves for the selected SSW events. Fig. 7 shows the composite of

the zonal wind variation centered on the central day at Andenes
based on 5 years of data from ECMWF and MF-radar data over an
extended altitude range. There is an abrupt wind reversal from
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up to 90 km with an earlier onset in the mesosphere of about
4 days, also confirmed by a cross-correlation between the mean
winds at 84 and 32 km (not shown here). Furthermore, a longer
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Fig. 4. Activity of PW’s of meridional wind at Andenes at 85 km height centered
on central day dc (d¼0, dashed line) for 2009 (top) and 2010 (bottom). Data are
provided by meteor radar.

Fig. 5. Period/wavenumber spectra from MLS temperature data at 691N 751at
81 km for a 10-day wave (top) and a 16-day wave (bottom). Analysis were made
between January 10 and February 19, 2009 for the 10-day wave and between
December 21, 2008 and March 1, 2009 for the 16-day wave. For the study of the
10-day an interval of 40 days and for the 16-day wave an interval of 70 days is
used, both centered at the time with the maximum amplitude of the PW detected
from meteor radar wind observations.
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Fig. 6. Amplitude and modulation (by planetary waves) of semidiurnal tides of
meridional wind at Andenes 2010. (a) Amplitude of the 12 h tide and (b) wavelet
spectra of amplitude of semidiurnal tide at 88 km centered on central day dc (d¼0,
dashed line). Data are derived from meteor radar.
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and Roble, 2001]. Similarly, MILs could form on both
mesoscales and planetary scales [e.g., Liu and Hagan,
1998; Liu et al., 2000; Salby et al., 2002; Sassi et al., 2002;
Oberheide et al., 2006a]. From a ground-based perspective at
a single site, however, it is difficult to distinguish between the
two possibilities [Liu and Meriwether, 2004]. This uncer-
tainty prompts us to examine the global observations from the
SABER and TIDI instruments during the same time period.
[14] Figure 2 shows the temperature measured by SABER

at 40!N on days 266, 267 and 268. Note that the data from
the ascending orbit node corresponds to 11 hours local time
(LT) and the descending orbit node to LT23 hour. As
demonstrated in previous study by Xu et al. [2006], the
SABER temperature at 105!W is statistically in agreement
with the lidar measurements. On day 267 and at LT23, a
MIL can be seen above the lidar site in SABER temperature
with the maximum temperature of !205 K at 88 km and
minimum temperature of !160 K at 100 km. This is similar
to the temperature profiles obtained from the CSU lidar
measurements [She et al., 2004, Figure 5]. It is evident from
Figure 2 that the MIL has a large-scale structure in the
longitudinal direction, and it varies quite rapidly with day as
well as local time. The strongest warm anomaly of 225 K is

observed at 90!E and 86 km in the descending node on day
267. A weaker warm anomaly occurs between 100!W to
150!W at similar altitudes, which is seen in the lidar
measurement. The lapse rates above the two warm anoma-
lies, however, are similar, because the atmosphere is gen-
erally colder in the western hemisphere at higher altitudes.
On the following day, the warm anomaly and the MIL are
not as strong but still stronger than those on day 266. For all
three days, the peak temperatures of the MIL are located
between 80–90 km.
[15] The longitudinal phases of the temperature perturba-

tions at the ascending and descending orbit nodes are
similar, but the magnitudes are different. This local time
dependence suggests the tidal modulation of temperature
structures. Further, the longitudinal variations of the tem-
perature and MIL in both ascending and descending orbit
nodes imply the presence of planetary wave(s) and/or non-
migrating tidal components, because TIMED satellite is
almost Sun-synchronous. Longitudinal variations are also
clearly seen in the meridional and zonal winds from TIDI
observations (Figure 3) on days 264, 267 and 268 (data gaps
are large on days 265 and 266). The meridional wind
between 100 and 120 km in the western hemisphere from

Figure 1. (a and b) Diurnal tidal temperature and (c and d) zonal wind amplitudes (Figures 1a and 1c)
and phases (Figures 1b and 1d) at 90 km derived from the CSU lidar measurements between days 264–
273 (universal time) of 2003. The diamonds are data points and vertical lines are error bars.
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our aim is to concentrate on repeatable pattern of wave activity,
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global temperature data from MLS and apply the method of
Wu et al. (1995) at ! 691N. As an example, Fig. 5 shows the period/
wavenumber spectra of temperature data of winter 2009. For both
the 10-day and the 16-day wave we identified a wavenumber "1/2
which we tentatively interpret as evidence for the superposition of
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(see Fig. 4). Fig. 6a shows, as an example for 2010, the amplitude of
the semidiurnal tide as a function of height and time, clearly
indicating a strong activity of tidal activity before and during the
SSW followed by a period with reduced tidal amplitudes 20 days
after the relatively long lasting SSW in 2010. This amplitude
variation coincides with long period oscillations indicating a
modulation by PWs. This is shown in Fig. 6b where the amplitude
of the modulation is shown as a function of time and period. We
find a strong 10-day oscillation before and after the warming. Note,
however, that other years (not shown) reveal other long period
oscillations which maximize at different times of the SSW. Hence,
no clear relation between the modulation of tides by long period
oscillations and the onset of the SSW can be found.

Next, we want to estimate the average behavior of the wind and
waves for the selected SSW events. Fig. 7 shows the composite of

the zonal wind variation centered on the central day at Andenes
based on 5 years of data from ECMWF and MF-radar data over an
extended altitude range. There is an abrupt wind reversal from
winter to summer conditions in the stratosphere and mesosphere
up to 90 km with an earlier onset in the mesosphere of about
4 days, also confirmed by a cross-correlation between the mean
winds at 84 and 32 km (not shown here). Furthermore, a longer
lasting reversal to westward directed winds occurs in the strato-
sphere, in contrast to the faster reversal back to the dominating
winterly eastward directed winds in the mesosphere.

The composite of planetary wave activity derived from mer-
idional meteor radar winds for 2004, 2006, 2009 and 2010 (Fig. 8)
also displays a 10-day wave at the time of the SSW and a much
weaker 16-day wave before the central day similar to the results
shown in Fig. 4. In Fig. 5 we showed, as an example for 2009, that

Fig. 4. Activity of PW’s of meridional wind at Andenes at 85 km height centered
on central day dc (d¼0, dashed line) for 2009 (top) and 2010 (bottom). Data are
provided by meteor radar.

Fig. 5. Period/wavenumber spectra from MLS temperature data at 691N 751at
81 km for a 10-day wave (top) and a 16-day wave (bottom). Analysis were made
between January 10 and February 19, 2009 for the 10-day wave and between
December 21, 2008 and March 1, 2009 for the 16-day wave. For the study of the
10-day an interval of 40 days and for the 16-day wave an interval of 70 days is
used, both centered at the time with the maximum amplitude of the PW detected
from meteor radar wind observations.
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Fig. 6. Amplitude and modulation (by planetary waves) of semidiurnal tides of
meridional wind at Andenes 2010. (a) Amplitude of the 12 h tide and (b) wavelet
spectra of amplitude of semidiurnal tide at 88 km centered on central day dc (d¼0,
dashed line). Data are derived from meteor radar.
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the semidiurnal tide as a function of height and time, clearly
indicating a strong activity of tidal activity before and during the
SSW followed by a period with reduced tidal amplitudes 20 days
after the relatively long lasting SSW in 2010. This amplitude
variation coincides with long period oscillations indicating a
modulation by PWs. This is shown in Fig. 6b where the amplitude
of the modulation is shown as a function of time and period. We
find a strong 10-day oscillation before and after the warming. Note,
however, that other years (not shown) reveal other long period
oscillations which maximize at different times of the SSW. Hence,
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oscillations and the onset of the SSW can be found.
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waves for the selected SSW events. Fig. 7 shows the composite of

the zonal wind variation centered on the central day at Andenes
based on 5 years of data from ECMWF and MF-radar data over an
extended altitude range. There is an abrupt wind reversal from
winter to summer conditions in the stratosphere and mesosphere
up to 90 km with an earlier onset in the mesosphere of about
4 days, also confirmed by a cross-correlation between the mean
winds at 84 and 32 km (not shown here). Furthermore, a longer
lasting reversal to westward directed winds occurs in the strato-
sphere, in contrast to the faster reversal back to the dominating
winterly eastward directed winds in the mesosphere.

The composite of planetary wave activity derived from mer-
idional meteor radar winds for 2004, 2006, 2009 and 2010 (Fig. 8)
also displays a 10-day wave at the time of the SSW and a much
weaker 16-day wave before the central day similar to the results
shown in Fig. 4. In Fig. 5 we showed, as an example for 2009, that

Fig. 4. Activity of PW’s of meridional wind at Andenes at 85 km height centered
on central day dc (d¼0, dashed line) for 2009 (top) and 2010 (bottom). Data are
provided by meteor radar.

Fig. 5. Period/wavenumber spectra from MLS temperature data at 691N 751at
81 km for a 10-day wave (top) and a 16-day wave (bottom). Analysis were made
between January 10 and February 19, 2009 for the 10-day wave and between
December 21, 2008 and March 1, 2009 for the 16-day wave. For the study of the
10-day an interval of 40 days and for the 16-day wave an interval of 70 days is
used, both centered at the time with the maximum amplitude of the PW detected
from meteor radar wind observations.
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Fig. 6. Amplitude and modulation (by planetary waves) of semidiurnal tides of
meridional wind at Andenes 2010. (a) Amplitude of the 12 h tide and (b) wavelet
spectra of amplitude of semidiurnal tide at 88 km centered on central day dc (d¼0,
dashed line). Data are derived from meteor radar.
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Can WACCM reproduce the observed short-term tidal variability?



Motivation: Why Data Assimilation?

• Current approach to simulate real events in WACCM is by nudging 
WACCM to external reanalysis (MERRA, NOGAPS-ALPHA, etc.)
- Some control is lost due to using an external model as the ʻtruthʼ
- Typically nudge only up to ~60-70 km, potentially resulting in missing 

information above this altitude
- Not entirely clear how well tides are reproduced given the potentially coarse 

temporal resolution of the analysis
• Including a data assimilation scheme directly in WACCM should 

provide a better representation of the real atmospheric state
• In addition to dynamics, many other potential uses of data 

assimilation in WACCM:
- Assimilation of chemical species (e.g., ozone)
- Parameter estimation
- Ionosphere and upper atmosphere applications 
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Data Assimilation capability added to WACCM using
Data Assimilation and Research Testbed (DART)

Data Assimilation with Multi-Instance CESM Components
and DART

K. Raeder, J. Anderson, T. Hoar,
N. Collins, A. Karspeck, A. Fox

National Center for Atmospheric Research
Boulder, Colorado, USA

dart@ucar.edu

1. DART and Multi-Instance CESM

*
*
*
*

1) posterior

2) Model Integrations

3) prior

4) A forward operator
maps each model state to
an expected observation

observation DA

5) observation increments
and regression create
new model states: posterior

Model Integrations

Figure 1: Illustration for a toy ensemble size of 3.

CESM can advance multiple instances of one or more model com-
ponents simultaneously, which enables it to use DART to assimi-
late observations and bring the model state(s) closer to the truth.
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Figure 2: In the new paradigm, the coupler runs the experiment,
advancing CAM when necessary, while DART runs when there are
observations to assimilate.

2. CLM Single Column Preliminaries

The interface between CLM and DART has enabled assimilation
of MODIS snow cover observations into CLM, and investigations
are underway to assimilate flux tower data into CLM run in single-
column mode. A tower provides only 1 representation of atmo-
spheric forcing, but ensemble data assimilation needs an ensem-
ble of forcings. A natural source of this is an ensemble of CAMs,
but the following question must be answered. Can CAM provide
meteorology which is close enough to the tower meteorology?
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Figure 3: Comparison of free-running CLMs forced by meteorol-
ogy from the Niwot Ridge flux tower (blue circles) and by an en-
semble of 64 CAM columns at a nearby model gridpoint (colored
lines). No observations were assimilated.

3. Global Atmosphere Assimilation

DART assimilated all the observations that were used in the
NCEP/NCAR Reanalysis into CAM4 to produce a global, 6-hourly,
80-member ensemble reanalysis for 1998 through 2010 — with
plans to continue. The dataset is ideal for research that would
benefit from an ensemble of equally-likely atmospheric states that
are consistent with observations.

Figure 4: Contours of the 500hPa geopotential height in 40 of the
80 CAM members for 6 hour forecasts valid 12:00 UTC 17 Febru-
ary 2003 (left) and 06:00 UTC 1 July 2001 (right). All of the model
states are consistent with the observations, the ensemble captures
the uncertainty.
Assimilation Details
• 80 ensemble members of CAM Version 4
• “2-degree” (1.9◦ x 2.5◦), 26 levels
• variables influenced by the assimilation: surface pressure, tem-

perature, horizontal winds, specific humidity, cloud liquid, and
cloud ice

• assimilation performed every 6 hours starting 1 Dec 1997
• globally, about 100,000 observations every 6 hours
• all members are forced by the same ocean analyses
• adaptive inflation used to maintain ensemble spread

CAM5 (“1-degree”, 30 levels) has also been used in assimilations
with DART, using the same setup as for CAM4. The results of both
can be compared directly against the same observations.
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Figure 5: The bias (bottom axis) of the default CAM4 (red) and
CAM5 (black) models compared to Global Positioning System re-
fractivity (left) and AIRCRAFT temperatures (right). The squares
and ’plusses’ show how many observations of that type were avail-
able and used, respectively (top axis). The domain covers longi-
tudes 200-240 (160-120W) and latitudes 20N-60N: the North East
Pacific.

The time span of this comparison is only Nov. 7-30, 2008. Other
seasons and years may have different bias characteristics. CAM5
compares favorably against CAM4 at most levels for the GPS ob-
servations. The large, apparent degradation at the lowest levels is
puzzling, since CAM5 uses an improved boundary layer scheme.
This layer may be too thick to represent the boundary layer exclu-
sively. CAM5 has essentially the same bias as CAM4, relative to
the AIRCRAFT observations. Most levels in that plot have a small
number of observations against which to compare, which makes
comparison of the curves less certain. More focused analyses of
the 2 models can be conducted by using other observational data
sets and refining the examined regions.

More details about CAM+DART can be found in Raeder, K., J.
L. Anderson, N. Collins, T. J. Hoar, J. E. Kay, P. H. Lauritzen,
and R. Pincus, DART/CAM: An Ensemble Data Assimilation for
CESM Atmospheric Models J. Climate, 2012, DOI:10.1175/JCLI-
D-11-00395.1 (in press).

4. Global Ocean Assimilation

The CESM interfaces for the Parallel Ocean Program (POP) and
the Community Land Model (CLM) support multiple instances, al-
lowing data assimilation experiments to exploit unique atmospheric
forcing for each POP or CLM model instance. This variety of atmo-
spheric forcing is crucial for maintaining the ensemble spread of
the ocean and land states, which improves the quality of the assim-
ilations. To understand the role that data can play in constraining
the ocean model, we compare the ensemble mean ocean analyses
which include assimilation of WOD09 data (“Assim”), against the
ensemble mean of ocean simulations without assimilation (“NoAs-
sim”).

POP Details
• 1-degree grid with displaced pole, 60 levels (POP gx1v6)
• 48 members initially drawn from a model climatology
• Atmospheric forcing for each POP member comes from a unique

CAM ensemble member analysis (e.g. from Section 3)
• Prescribed sea ice concentration

Assimilation Details
• Use all temperature and salinity observations in the World

Ocean Database 2009.
• Assimilate the observations in a +/- 12 hour window every mid-

night.
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Assimilating sub-
surface tempera-
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reduces the er-
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of temperature
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WOD09 data set.

Figure 6: Average absolute error (misfit) between the daily obser-
vations of temperature (left) and salinity (right) from WOD09, and
the model monthly average interpolated to the geographic location
of the observations. Averages are taken over all observations at
each depth level from 2000-2006. Solid line denotes the Assim
model simulation and the dashed line is the the NoAssim simula-
tion.

The time-mean SST from 2000-2005 has more realistic western
boundary currents in both basins, as shown by the similarity of
the fields in Figure 7. The assimilation of data moves the SST
field in a direction that reduces the mismatch between the wind-
forced ocean SST (“NoAssim”) and the observed satellite/in situ
SST (“Hurrell”).
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Figure 7: Difference between the Hurrell SST (time average from
2000-2005) and the NoAssim SST (top) and difference between
the Assim SST and the NoAssim SST (bottom) for the North At-
lantic (left) and North Pacific (right). Contour intervals are 0.5◦C,
with the zero contour indicated in bold.

5. Observation-Space Diagnostics

The performance of the assimilation is assessed by comparing the
short-term forecast state to the observations about to be assim-
ilated; a metric that is not dependent on a third party analysis.
DART has a wide range of observation-space diagnostic tools to
evaluate the performance of the assimilation.
DART has many more diagnostics than those shown here
(Figures 5, 6 and 8); rank histograms, 3D plots of the ob-
servation locations color-coded to the observation value/QC
value/rmse/bias/spread/rejected observations, mapping tools, . . .

Figure 8: DART’s diagnostic tools make it easy to explore what
observations are being rejected . . . and why. This is an example of
some XBT observations in the North Atlantic. The information in
the plots is linked — selecting observations in one view highlights
them in all the views.

6. Future CESM+DART Development

The DART interfaces will keep pace with developments in CESM,
such as the adoption of the HOMME, cubed-sphere grid, and pos-
sibly the MPAS grid.

Figure 9: Sup-
port for arbitrary
grids is being
extended. This
is an MPAS tem-
perature field
from a DART
diagnostic file.

DART will also enable “cross-component” assimilation in CESM, in
which an observation of the earth system can be assimilated into
any component of CESM. For example, a sea-surface temperature
observation might affect CAMs low level clouds.

7. Further Information

http://www.image.ucar.edu/DAReS/DART has
information about downloading DART from our
subversion server, a full DART tutorial (included
with the distribution), and contacting us.
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Data Assimilation Research Testbed Highlights - CESM Workshop 2012

• Ensemble Kalman filter freely distributed through NCAR/IMAGe
• Provides framework for data assimilation, and is used with several 

atmosphere models (CAM, WRF, TIE-GCM)
• ʻEasilyʼ adapted to different models



WACCM+DART Data Assimilation System

• Observations assimilated:
-Radiosonde temperature and winds
-Aircraft temperature and winds
-Satellite drift winds
-COSMIC Refractivity
-TIMED/SABER Temperature (100 - 5x10-4 hPa)
-Aura MLS Temperature (260 - 1x10-3 hPa)

• State variables: cloud ice/water content, humidity, surface pressure, 
temperature, and horizontal wind

• Use standard NWP six-hourly data assimilation
• All results are based on an ensemble size of 40 members
• Two experiments performed:

1. Synthetic observations sampled from a known model truth for 5-25 November 2008
2. Real observations for 9-24 September 2011
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Structure and variability of the zonal mean zonal 
wind is captured by WACCM+DART

500 hPa 1x10-4 hPa
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Large-scale day-to-day tidal variability is 
reproduced by WACCM+DART

Model Truth

WACCM+DART
lower atm. obs. only

WACCM+DART
lower atm. & 
SABER obs.

Migrating Semidiurnal Tide, 115 km



Large-scale day-to-day tidal variability is 
reproduced by WACCM+DART

Model Truth

WACCM+DART
lower atm. obs. only

WACCM+DART
lower atm. & 
SABER obs.

Nonmigrating eastward propagating diurnal 
tide with zonal wavenumber 3 (DE3), 115 km



WACCM+DART captures the variability 
that would be observed at a single location

Model Truth

WACCM+DART
lower atm. obs. only

WACCM+DART
lower atm. & 
SABER obs.

Zonal Wind (31˚N, 255˚E)

Unconstrained
LA obs.
LA+SABER obs.
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WACCM+DART results in the troposphere reproduce 
large-scale features of NCEP reanalysis and CAM+DART

500 hPa Geopotential Height
0 UT 15 Nov., 2008 0 UT 19 Nov., 2008

NCEP

WACCM+DART

CAM+DART



Assimilation of SABER temperatures reduces the 
RMSE and bias relative to Aura MLS observations

Assimilate LA Obs
Assimilate LA & SABER Obs
Assimilate LA, SABER & Aura Obs

Solid: six-hour forecast
Dashed: analysis

Root Mean Square Error, 5x10-3 hPa

Bias, 5x10-3 hPa



Similar variability is present in observations and 
WACCM+DART for large scale waves

WACCM+DART, LA+S Obs. WACCM+DART, LA+S+A Obs.

WACCM+DART, LA Obs.Aura MLS Obs., 14 LT
Zonal Wavenumber 1, 0.1 hPa
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Similar variability is present in observations and 
WACCM+DART for large scale waves

WACCM+DART, LA+S Obs. WACCM+DART, LA+S+A Obs.

WACCM+DART, LA Obs.Aura MLS Obs., 14 LT
Zonal Wavenumber 2, 0.1 hPa
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WACCM+DART reveals significant day-to-day 
variability in migrating and nonmigrating tides

DW1, 0.01 hPa

DE3, 1x10-4 hPa

SW2, 1x10-4 hPa



Summary and Conclusions

• The data assimilation capability has been added to WACCM using an 
ensemble Kalman filter.

• The WACCM+DART data assimilation system can reproduce the large-scale 
dynamical variability in the mesosphere and lower thermosphere that is 
present in independent observations.

• Although the assimilation of lower atmosphere observations can constrain the 
MLT, observations in the middle/upper atmosphere significantly improve the 
data assimilation result.

• WACCM+DART can be used in the future for specific case studies, such as 
studies of tidal variability during SSWs.

• WACCM will soon be included as a supported model in the DART release.



Assimilation of SABER temperatures reduces the 
temperature bias in the MLT

Note that SABER and Aura MLS temperature 
observations are known to be biased by 3-4K

Aura MLS Obs., 14LT WACCM+DART, LA Obs.

WACCM+DART, LA+S Obs. WACCM+DART, LA+S+A Obs.
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