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Scientific Motivation: Understand how forcing from the lower atmosphere via tidal, planetary, 
                                      and gravity waves influences the ionosphere and thermosphere 

RECOMMENDATIONS 101

FIGURE 4.8 DYNAMIC targets the effects of lower atmospheric processes on conditions in space, characterizing how the 
energy and momentum carried into this region by atmospheric waves and tides interact and compete with solar and 
magnetospheric drivers. Full spatial and temporal resolution of the wave inputs is accomplished by using two identical, 
high-inclination, space-based platforms in similar orbits, offset by 6 hours of local time. SOURCE: Composite courtesy of 
Thomas Immel, Space Sciences Laboratory, University of California, Berkeley.Figure 4-8
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Events in the high latitude stratosphere are connected to 
variability in the equatorial ionosphere (~300 km)

150‐km echoes which are only obtained during the daytime
[e.g., Chau and Woodman, 2004].
[30] The salient features observed in Figure 7 are:
[31] 1. The DTEC is much larger 4–5 days after the peak

SSW temperature, particularly during the daytime. This time
we can observe that such large differences extend 1–2 hours
after local sunset hours (Figure 7a).
[32] 2. The equatorial drift differences exhibit an

enhanced semidiurnal pattern that appear to start few days
before the stratospheric warming. This time, however, the
large amplitude is observed 3–4 days after the peak SSW
temperature (Figure 7b).
[33] 3. Although there are many time gaps in the drift

data, we can see that the drifts after the SSW present more
variability than prior to the warming. Such variability is
accompanied by the large DTEC values observed over
Arecibo.
[34] In the case of 2009, we have also analyzed the foF2

(i.e., F region peak densities) values obtained with the io-
nosonde on site (results not shown here). Doing a similar
analysis to the GPS TEC data, we have also observed similar
perturbations in foF2 values, i.e., the daytime values after
the SSW peak are larger than the values before the SSW
peak. However, these perturbations (percentage wise) are
lower than the TEC perturbations. Such differences indicate
that besides the peak electron density changes, the shape of
F region also changes.

4. Discussion

[35] In this section we first discuss the ISR electron
density and temperature observations and then we proceed
with the TEC observations over Arecibo. The he observa-
tions from Figure 2 reveal a number of striking differences
as compared to the expected behavior for the winter and

solar minimum conditions. According to Arecibo data
obtained during the period of 1996–2002, the electron
density is expected to vary only slightly throughout the day,
with minor peaks in the morning hours and afternoon hours
[Lei et al., 2007]. From the empirical model of Arecibo
ionospheric parameters, daytime peak electron density is
expected to be of the order of 5–7 × 105 e/cm3 [Zhang
et al., 2005]. This behavior is observed only before the start
of the January 2008 SSW event, on January 19, 2008. The
observed electron density enhancements and decreases with
multiple daytime peaks and valleys, after January 20–21, are
thus signs of unusual behavior.
[36] The electron temperature over Arecibo is expected to

have two daytime peaks, reaching 1500 K at the F‐region
peak altitudes around 07–08 LT and a stronger peak at
13–15 LT, reaching 1700–1800 K at the F‐region peak
altitudes. In contrast, observations in January 2008 clearly
demonstrate a hot, ∼2000–2500 K temperature bulge
between 200–300 km altitude, which is characteristic for
high solar flux conditions [Lei et al., 2007]. The temperature
enhancement is followed by a decrease in electron density.
This anticorrelation might be explained as follows. An
increase in electron density results in the enhancement of
electron cooling rate [Roble, 1975], leading to the observed
daytime decrease in the electron temperature at altitudes
around the F‐region maximum. Since the electron cooling
rate is proportional to he2 and the electron heating rate is
proportional to he, dependence of Te on he is a complex
function resulting from these competing processes. At the
Arecibo location and for low levels of electron density, an
increase in he leads to a decrease in Te, as was reported in
both observations and simulations [Goncharenko et al.,
2005; Lei et al., 2007], while for high levels of electron
density the correlation between he and Te becomes positive.

Figure 6. Similar to Figure 4 but for 2009.

Figure 7. Similar to Figure 5 but for 2009. Note that the
JRO drift enhancement is delayed 4–5 days with respect to
the SSW peak temperature.

CHAU ET AL.: LOW LATITUDE IONOSPHERE AND SSW A00G06A00G06

6 of 8

Change in F-region Vertical Plasma Drift Velocity
Jicamarca, Peru (75W, 12S)

(Chau et al., 2010)

Stratosphere Temp.

The changes in equatorial plasma drifts will 
impact low latitude ionosphere electron densities 

m/s



Consistent variability in equatorial vertical drifts and low-latitude electron densities 

to the magnetic equator (12°S) (as expected for a response to
the eastward electric field), the afternoon suppression in TEC
is more pronounced in the Southern Hemisphere.
[14] To examine average TEC behavior as function of

local time, we choose wide latitude bands computed within
±30° from 10°S. The average TEC in such a wide band is
9.7 TECu at 10 LT and 14.8 TECu at 15 LT, when the daytime
peak is reached. Figure 4 shows changes from this average
TEC during 20–30 January 2009. Prior to SSW, the largest
variations in average TEC are observed mostly at 18–19 LT,
likely driven by the daily variation in the strength of the pre‐
reversal enhancement. The discernable wavelike variation
appears in the daytime TEC on 22 January 2009. As strato-
spheric warming develops, the variation in the TEC increases
in magnitude, maximizing in the period between 25 January
and 30 January 2009, and progressively moves to later local
times. Maximum changes in average TEC reach 8 TECu and
are observed between 9 and 18 LT. Depending on the local

time of the peak change, the maximum relative variation in
average TEC compared to the 10 day mean varies between
38% and 83%.
[15] The daytime character of the observed variation

suggests that it is related to changes in the strength of the
E‐region dynamo, and the timing of the minima and maxima
suggests increased amplitude of the semidiurnal tide as a
major component modulating the E‐region dynamo. Though
the increase in the diurnal tide can also contribute to this
variation, the absence of nighttime change is thought to be
related primarily to the rapid decrease of E‐region electron
density after sunset (i.e., the E region gets disconnected from
the F region). To investigate this in more detail, we fit the
daytime (8–20 LT) TEC differences with a mean and a
semidiurnal component. Figure 5 shows the resulting ampli-
tude (top panel) and phase (middle panel), with filled circles

Figure 3. TEC variation at 75°W in local time and latitude
during the January 2009 SSW. (top) The 10 day mean TEC
prior to SSW. (lower) Differences in TEC from the mean
state during the SSW.

Figure 4. Local time variation of TEC change averaged
over wide latitude range for 11 consecutive days in January
2009. The SSW peaked on 23–24 January 2009. The TEC
data at 75°W averaged from 40°S to 20°N.
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150‐km echoes which are only obtained during the daytime
[e.g., Chau and Woodman, 2004].
[30] The salient features observed in Figure 7 are:
[31] 1. The DTEC is much larger 4–5 days after the peak

SSW temperature, particularly during the daytime. This time
we can observe that such large differences extend 1–2 hours
after local sunset hours (Figure 7a).
[32] 2. The equatorial drift differences exhibit an

enhanced semidiurnal pattern that appear to start few days
before the stratospheric warming. This time, however, the
large amplitude is observed 3–4 days after the peak SSW
temperature (Figure 7b).
[33] 3. Although there are many time gaps in the drift

data, we can see that the drifts after the SSW present more
variability than prior to the warming. Such variability is
accompanied by the large DTEC values observed over
Arecibo.
[34] In the case of 2009, we have also analyzed the foF2

(i.e., F region peak densities) values obtained with the io-
nosonde on site (results not shown here). Doing a similar
analysis to the GPS TEC data, we have also observed similar
perturbations in foF2 values, i.e., the daytime values after
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tions from Figure 2 reveal a number of striking differences
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[Lei et al., 2007]. From the empirical model of Arecibo
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expected to be of the order of 5–7 × 105 e/cm3 [Zhang
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between 200–300 km altitude, which is characteristic for
high solar flux conditions [Lei et al., 2007]. The temperature
enhancement is followed by a decrease in electron density.
This anticorrelation might be explained as follows. An
increase in electron density results in the enhancement of
electron cooling rate [Roble, 1975], leading to the observed
daytime decrease in the electron temperature at altitudes
around the F‐region maximum. Since the electron cooling
rate is proportional to he2 and the electron heating rate is
proportional to he, dependence of Te on he is a complex
function resulting from these competing processes. At the
Arecibo location and for low levels of electron density, an
increase in he leads to a decrease in Te, as was reported in
both observations and simulations [Goncharenko et al.,
2005; Lei et al., 2007], while for high levels of electron
density the correlation between he and Te becomes positive.
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SSW ΔTEC

Change in F-region Vertical Plasma Drift Velocity
Jicamarca, Peru (75W, 12S)

Modeling the ionosphere variability is difficult, and requires 
accurate representation of stratosphere and mesosphere dynamics



Even in perfect model experiments, nudging dynamical fields leads to
error growth in the MLT, and does not capture wave dynamics  

Global Temperature RMSE
Wavenumber 4, 46S, 0.02 hPa

Wavenumber 4, 46S, 0.02 hPa

Truth

Nudged to 15 km

Truth

Results courtesy of Anne Smith



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.

PEDATELLA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1310

Zonal Mean Temperature 70-80 N

Constrained Domain

(Pedatella et al., 2014)



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
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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

Auroral power was well below the average since 1978, the
geomagnetic Ap index was lower than it had been since
1988, and there was no evidence of enhanced fluxes of high
energy protons or relativistic electrons. Thus, unlike in
2004, the late winter/spring NOx enhancements of 2006
were more clearly attributed to the dynamical situation.
[6] Measurements of the 2008–2009 Arctic winter show

that for the third time in six years, polar winter meteorology
was remarkably different from the norm prior to 2004.
Manney et al. [2009] describe a major SSW in January
2009 that was the strongest and most prolonged on record;
upon recovery, the stratopause reformed in early February at
80!N at an altitude of 80 km, which is arguably more
typical of a mesopause altitude than a stratopause altitude.
The response of the MLT to such a remarkable warming
includes enhanced descent in the polar MLT, and thus
transport of EPP-NOx down toward the stratosphere. This
is obvious in Figure 1 (bottom), which shows the prominent
tongue of descending NOx, similar to the tongues in 2004
and 2006. Like in 2006, geomagnetic activity in late 2008
and early 2009 was very low: The average Ap index fromOct
2008 through Feb 2009 was just 4.8, and never exceeded
34 (ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/
INDICES/KP_AP/).
[7] Although not shown, plots of SH ACE-FTS NOx since

2003 are very similar to the Arctic plots for 2005, 2007, and
2008; further, the Arctic 2006 NOx mixing ratio enhance-
ments were substantially larger than ever observed in the
Antarctic back to 1992 [Randall et al., 2006]. This is of note

because the SH polar vortex is generally larger, more stable,
and stronger than the NH polar vortex; it is thus more likely
to confine EPP-NOx to the polar region and not dilute it by
mixing with mid-latitude air. We suggest, therefore, that for
2004, 2006, and 2009, the descent rates in the MLT are
more directly important for controlling the EPP IE than the
vortex structure itself. The white contours in Figure 1
indicate the 2.0 ppmv level of CO, a wintertime tracer of
atmospheric motion; that they follow the NOx ‘‘tongue’’
contours until early March confirms that NOx is indeed
descending. In early March photochemistry begins to per-
turb both CO and NOx, resulting, e.g., in the sharp decrease
in NOx near 70 km. In the Arctic in 2004, 2006, and 2009, the
2.0 ppmv CO contour reached altitudes as low as 45–50 km
in early Mar. In all other winters, in either hemisphere, it
never reached lower than !60 km, consistent with less
descent in these winters.
[8] Figure 2 quantifies the amount of EPP-NOx reaching

an altitude of 55 km in the Arctic winters of 2004–2009 by
correlating CH4 and NOx; an anti-correlation is indicative of
descending EPP-NOx [e.g., Randall et al., 2007; Siskind
and Russell, 1996]. Much more EPP-NOx reaches 55 km in
2004, 2006, and 2009 than in 2005, 2007, or 2008, with
highest NOx corresponding to lowest CH4, indicating that
it descended from higher altitudes. Although not shown,
NH EPP-NOx mixing ratios at 55 km range from 2 to
20 (10) times higher in 2004, 2006, and 2009 than the
highest NOx mixing ratios observed in other years in the
NH (SH) back to 1992. Figure 2 also shows the relationship
between CO and CH4 at 55 km. In the absence of mixing,
these tracers should show a tight correlation, with minimum
(maximum) values of CH4 (CO) indicating the highest
originating altitude. Maximum CO mixing ratios in 2004,
2006, and 2009 are nearly 3–6 times higher than maximum
CO mixing ratios in 2005, 2007, and 2008, indicating much
more descent in the mesosphere. This is consistent with the
conclusions of Winick et al. [2009], who inferred enhanced
descent in the mesosphere in 2004 and 2006 based on
analysis of mesospheric OH airglow observations. The
tighter correlation in 2004 indicates less mixing, which
might partially explain the higher 2004 NOx values in the
top panels.

Figure 1. Zonal average ACE-FTS NOx (color) in the
NH from 1 Jan through 31 Mar of 2004–2009. The white
contour denotes CO = 2.0 ppmv; CO increases with increas-
ing altitude. Measurement latitudes (black dots) are shown
in the top panel. White regions indicate missing data; vertical
black dotted lines denote 1 Feb and 1 Mar. ACE data are
unavailable prior to 21 Feb 2004.

Figure 2. (top) ACE-FTS CH4 vs. NOx in Jan–Mar of the
winters shown, at an altitude of 55 km and for latitudes
poleward of 50N. For clarity, only every third point is
plotted. (bottom) Same as Figure 2 (top), but for CO instead
of NOx.
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ACE-FTS NOx Observations

(Randall et al., 2009)
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Whole Atmosphere Community Climate Model

atmosphere
WACCM

WACCM is the high top version of the Community 
Atmosphere Model, with the upper boundary at 5 x 10-6 hPa 

Finite volume core with resolution of 1.9° x 2.5°

Part of the Community Earth System 
Model (CESM), and can be coupled to land,
ocean, and ice models.

Includes comprehensive interactive 
chemistry package (MOZART)

Lindzen gravity wave parameterization

Solar variability (long term & impulsive) 

66 vertical levels, resolution of ~0.5 scale 
height above stratosphere

Marsh, D., M. Mills, D. E. Kinnison, and J.-F. Lamarque (2013), Climate change
From 1850 to 2005 simulated in CESM1(WACCM), J. Climate



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 Research Testbed

Analysis
Forecast



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



Outline
•  Scientific Motivation

•  WACCM+DART

•  Results

•  Future Directions with WACCMX



Bias Removal in the MLT

−30

−20

−10

0

10

Bi
as

 (m
ea

n 
O
−F

) (
K)

20 22 24 26 28 30

Bias relative to SABER

−30

−20

−10

0

10

Bi
as

 (m
ea

n 
O
−F

) (
K)

20 22 24 26 28 30
Day of September, 2011

Bias relative to Aura MLS

LA+SABER
LA+SABER+MLS

LA Only
No Assimilation

Results for 5 x 10-3 hPa



Bias Removal in the MLT

WACCM Climatology WACCM+DART

Aura MLS Obs.TIMED/SABER Obs.

5 x 10-3 hPa, Sept. 29 2011, 0000 UT



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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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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New model developments in WACCMX enable data 
assimilation from the surface to the exobase.

The WACCM+DART data assimilation framework can be extended to the ionosphere
and thermosphere with the recent developments in WACCMX.

Recent WACCMX developments include:
- Self-consistent calculation of dynamo electric fields 
- F region O+ transport
- Time dependent Te/Ti solver, and thermal electron 
  heating of neutral atmosphere
- O+(2P) and O+(2D) included in ion chemistry
  and energetics.
- Ability to take flare time EUV input

- Model domain extended to 4 x 10-10 hPa, with 
  0.25 scale height resolution

WACCMX enables study of ionosphere-thermosphere variability due 
to both the lower atmosphere and solar/geomagnetic activity.

- Heelis convection pattern for high latitude 
  forcing (AMIE under development)
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Comparison of NmF2 with COSMIC observations for Jan-Feb solar minimum

Courtesy of Jing Liu



Comparison of solar minimum vertical E x B drifts with radar observations

(Scherliess and Fejer, 1999)



Incorporating realistic lower atmosphere ‘weather’ can impact how the 
ionosphere responds to solar-induced geomagnetic disturbances

(Pedatella, 2016)



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.

Recent developments in WACCMX present the opportunity to explore whole 
atmosphere-ionosphere data assimilation  

Variability evolves on different time scales in different regions of the 
atmosphere, presenting a challenge for whole atmosphere data assimilation. 

Similar to in the troposphere-stratosphere, whole atmosphere reanalysis
may prove to be highly useful for scientific investigations.

Incorporating lower atmosphere effects has the potential to enhance 
space weather forecasting capabilities.

WACCM (soon WACCMX) and DART are freely available and can be used by the community 

http://www.image.ucar.edu/DAReS/DART/

http://www.cesm.ucar.edu/



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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