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1. Multi-Instance CESM and DART

Data assimilation is used to combine a forecast of a physical sys-
tem with observations of that system, yielding an improved descrip-
tion of the system. Ideally it extracts all of the information available
from each source, and discards errors and biases inherent in each
source. DART uses an ensemble Kalman filter to perform data
assimilation, so it requires an ensemble of model states. CESM
can simultaneously advance multiple instances of one or more
model components, so its output can be used as the ensemble
in DART. Currently, observations of each earth system component
(atmosphere, ocean,...) are assimilated only into the correspond-
ing CESM component (WACCM, POP,...). Work is underway to
enable ”cross-component” assimilation, where observations of, for
example, cloud cover (in the atmosphere) could directly modify the
surface temperature in CLM and upper layer temperatures in POP.
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Figure 1: The CESM coupler runs a multi-instance forecast, af-
ter which DART is called by each active (prognostic) component to
assimilate observations into its ensemble of model states. In this
figure CLM, WACCM, and POP are active, while ROF and CICE
are data models. The new model states are used as initial condi-
tions for the next CESM forecast.

The assimilation algorithm takes an ensemble of model states from
the CESM forecast and uses the statistics of the ensemble and the
error characteristics of the observations to push the ensemble to-
wards the observations (See Fig. 2). DART has several algorithms
to make this process effective and robust, including localization
of the influence of observations and adaptive ensemble inflation
to automatically maintain sufficient spread. The result is a model
state which is better than both the forecast and the observations.
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Figure 2: Illustration for a toy ensemble size of 3.
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2. CAM-SE versus CAM-FV Assimilations

2.1 Assimilation and Models Set-up Highlights
DART’s modular structure accelerates model comparison. Assimi-
lations were performed using the same assimilation algorithm, ob-
servations, and CESM code, but with differing dynamical cores in
CAM: the new SE core (spectral element on an ”irregular” cubed
sphere grid) versus the finite volume core. Both have a nominal
resolution of 1◦ and use CAM5 physics configurations. Each as-
similation started from an 80-member ensemble which has tiny
spread around a model state taken from an appropriate date of
a long model run. The observations are the set used in the NCAR-
NCEP global reanalysis.

2.2 Example of Results
The quality of an assimilation is best determined by looking at the
results in ”observation space”, where the model forecast and as-
similation results are interpolated to the location of each obser-
vation and compared against it. The ensemble spread represents
the uncertainty, and the ensemble root-mean-square-error (RMSE)
represents the fit to the observation.
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Figure 3: The ensemble spread (small circles and squares) of
model temperature at the locations of the assimilated radiosonde
temperature observations (stars) at each time. The spread after
the 6 hour forecasts and before the assimilation (prior) is shown
by the solid lines. The spread after the assimilation (posterior) is
shown by the dashed lines. The large, overlapping squares and
circles show the number of observations available in the tropics
(20S to 20N) near 700 hPa at each time, according to the right
axis scale.
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Figure 4: Similar to Figure 3, but for the RMSE of the ensembles
relative to the assimilated radiosonde temperature observations.
The prior RMSE (solid lines) is a better measure of performance
than the posterior RMSE (dashed lines), which may be overfitted
to the observations, yielding an artificially small RMSE.

At the start the spread (Fig. 3) is extremely small, so many ob-
servations are rejected as impossible outliers. DART’s adaptive
inflation algorithm causes spread to increase through day 5, so
that more observations are used. This causes the prior RMSE to
increase after day 5 because the additional observations are far-
ther from the ensemble mean than the previously acceptable ob-
servations, but the ensemble has not yet been pulled closer to the
observations. Finally the assimilation pulls the ensemble towards
the observations during days 6-8, and the RMSE falls to the stable
range seen in the rest of the month. The assimilation uses almost
all of the observations after day 8, implying that the model state
ensemble is as close to the observations as it can get, and that its
spread is sufficient to allow use of almost all of the observations
and to represent the model error. After settling down, the poste-
rior RMSE is almost always smaller than the prior RMSE, showing
that the assimilation pulls the ensemble towards the observations
at each time. The large spikes (positive and negative) in RMSE
and spread occur at times having few observations, so that each
observation has a large impact.

2.3 Conclusions
• The prior RMSE for the FV and SE are indistinguishable in this

picture, implying that either can be used in assimilation exper-
iments with no relative penalty. Other regions and levels show
FV or SE being slightly superior, but overall they are very similar.

• The interface between DART and CAM-SE passes the test of
assimilating real observations as well as the interface to CAM-
FV.

• DART can start with high confidence in the wrong model state
but will eventually push the model state to the truth, as repre-
sented by a sufficient set of observations.

3. WACCM and Sudden Stratospheric Warmings

WACCM (Whole Atmosphere Community Climate Model) is iden-
tical to CAM, but with the model top extended to 5 × 10−6 hPa (≈
145 km) and with additional chemical, dynamical, and physical pro-
cesses to model the upper stratosphere, mesosphere, and lower
thermosphere. A new DART/WACCM interface facilitates the study
of dynamical and chemical processes of specific events above the
top of conventional atmospheric models and reanalysis products.
To illustrate the capabilities of WACCM+DART, a 40 member en-
semble reanalysis was performed for January and February 2009
when a strong sudden stratosphere warming (SSW) occurred. Ra-
diosonde and aircraft temperatures and winds, satellite drift winds,
and COSMIC radio occultation observations are assimilated in the
lower atmosphere. Middle and upper atmosphere temperature re-
trievals from TIMED/SABER and Aura MLS are also assimilated
[Pedatella et al. 2013].
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Figure 5: WACCM+DART analyzed ensemble mean tempera-
ture during the 2009 SSW, averaged over longitude and from 70-
80N. Around day 15 the stratopause (near 0.1 hPa) begins to de-
scend, followed by a significant increase in stratospheric tempera-
tures. This is accompanied by an approximately 40-50 K cooling
of the mesosphere near 10−3 hPa (≈ 95 km). Around day 35 the
stratopause reforms at high altitudes.
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Figure 6: WACCM+DART ensemble mean zonal mean ozone at
2 hPa during the 2009 SSW. A large increase in equatorial ozone
occurs in late January and early February due to the SSW, accom-
panied by a decrease in ozone at mid-high latitudes in the Northern
Hemisphere.

Figure 7: WACCM+DART (a) migrating diurnal tide (DW1) ampli-
tude at 0.01 hPa ( 80 km) and (b) migrating semidiurnal tide (SW2)
amplitude at 10−4 hPa ( 110 km).

The results in Figures 5 - 7 demonstrate the ability of WACCM+
DART to analyze chemical and dynamical variability from the sur-
face to the lower thermosphere during specific time intervals that
are of scientific interest.

N. Pedatella et al., 2013: Application of data
assimilation in the Whole Atmosphere Commu-
nity Climate Model to the study of day-to-day
variability in the middle and upper atmosphere.
GRL 40 pp. 4469–4474

4. CAM and Earth Rotation Parameter Observations

Unconventional observations of the earth system can be used in
data assimilation research. Changes in atmospheric angular mo-
mentum are reflected in observations of earth rotation parameters
(ERP), which are highly accurate, but are an integration over the
whole earth system. The vector components of angular momen-
tum of the CAM atmosphere can be compared against observa-
tions of angular momentum.
The first test is a series of ”perfect model” assimilations, in which
observations are taken from a free CAM run, rather than from na-
ture. These assimilations use combinations of (synthetic) observa-
tions of ERPs and radiosonde temperature and winds at the loca-
tions of actual radiosondes from Jan 1-16, 2009.

01-Jan 08-Jan 15-Jan
150

200

250

300

350

400

r 2 (m
as

)

No DA

01-Jan 08-Jan 15-Jan
200

220

240

260

280

300

320

r 2 (m
as

)

Radiosondes

01-Jan 08-Jan 15-Jan
200

220

240

260

280

300

320

r 2 (m
as

)

Radiosondes Temp Only

01-Jan 08-Jan 15-Jan
200

220

240

260

280

300

320

r 2 (m
as

)

Radiosonde Temp + ERPs

a 

d c 

b 

Figure 8: Equatorial angular momentum component along the
vector from the center of the earth to (0◦N,0◦E) as a function of
time for an ensemble of 80 CAM model states (light gray curves).
The units are given in terms of equivalent polar motion angle in
milliseconds of arc (”mas”). The observational error on the ERP
observations (red circles) is 0 mas, so they lie on the true state
(blue line). The ensemble mean is shown by the dark gray line
These are ”prior” values, which are derived from the model states
at the end of each 24 hour forecast, before the assimilation. a)
Ensemble is not constrained by observations. b) Assimilation of all
temperature and wind observations, but no ERP. c) Assimilation of
only T d) Assimilation of T and ERP, but no winds.

The initial ensemble starts with climatological spread (in X2) and in
Fig. 8a it grows steadily because no observations are assimilated.
The ensemble mean happens to stay close to the truth, but the
confidence in this mean is low. In Fig. 8b thousands of radiosonde
observations constrain the ensemble to lie much closer to the truth,
even for this quantity which is not assimilated. Fig. 8c shows that
removing the wind observations from the assimilation degrades the
ensemble representation of the state. Fig. 8d shows that introduc-
ing ERP observations to Fig. 8c restores some of the accuracy
(shown by the mean) and confidence (shown by the spread) of the
ensemble.
We can conclude that in the perfect model context several ERP
observations can improve the ensemble angular momentum by a
significant fraction of the improvement available from thousands of
wind observations. We don’t expect improvements to the ensemble
wind fields to be as large, when just ERP observations are added
to temperature observations.
Further development of this work is in preparation for publication.
Contact Lisa Neef: lneef@geomar.de.

5. Further Information

http://www.image.ucar.edu/DAReS/DART has
information about how to download DART from
our subversion server, a full DART tutorial (in-
cluded with the distribution), and how to contact
us.
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