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Abstract we present the first “weather forecast” with a coupled whole-atmosphere/ionosphere model
of Integrated Dynamics in Earth’s Atmosphere (IDEA) for the January 2009 Sudden Stratospheric Warming
(SSW). IDEA consists of the Whole Atmosphere Model and Global lonosphere-Plasmasphere model. A 30 day
forecast is performed using the IDEA model initialized at 0000 UT on 13 January 2009, 10 days prior to the
peak of the SSW. IDEA successfully predicts both the time and amplitude of the peak warming in the polar
cap. This is about 2 days earlier than the National Centers for Environmental Prediction operational Global
Forecast System terrestrial weather model forecast. The forecast of the semidiurnal, westward propagating,
zonal wave number 2 (SW2) tide in zonal wind also shows an increase in the amplitude and a phase shift
to earlier hours in the equatorial dynamo region during and after the peak warming, before recovering to
their prior values about 15 days later. The SW2 amplitude and phase changes are shown to be likely due

to the stratospheric ozone and/or circulation changes. The daytime upward plasma drift and total electron
content in the equatorial American sector show a clear shift to earlier hours and enhancement during and
after the peak warming, before returning to their prior conditions. These ionospheric responses compare
well with other observational studies. Therefore, the predicted ionospheric response to the January 2009
SSW can be largely explained in simple terms of the amplitude and phase changes of the SW2 zonal wind in
the equatorial E region.

1. Introduction

During the January 2009 sudden stratospheric warming (SSW), Chau et al. [2010] showed that the vertical
plasma drift at the magnetic equator over Jicamarca, Peru, changed dramatically, with stronger upward
drifts after dawn, reversing to downward drifts in the afternoon. The observations of total electron content
(TEC) from ground-based GPS receivers were also shown to change in response to the vertical plasma drift,
with a stronger equatorial ionospheric anomaly (EIA) in the morning when the drifts were stronger upward
and a decrease in TEC when the drifts turned downward [Goncharenko et al., 2010a]. It was suggested that
the change in dayside E region dynamo winds in response to the stratospheric warming was responsible
for the change in vertical plasma drift and TEC. More discussion of the effects of SSW on ionosphere can be
found in Chau et al. [2011].

Fuller-Rowell et al. [2011] presented results of ionospheric response to the January 2009 SSW with an iono-
spheric model, the CTIPe (Coupled Thermosphere-lonosphere-Plasmasphere electrodynamics) model
[e.g., Millward et al., 2001], driven offline by the hourly winds from analysis of the Whole atmosphere Data
Assimilation System (WDAS) [Wang et al., 2011]. Their simulation results showed good agreement with the
ionospheric observations. Jin et al. [2012] reported simulation results of the January 2009 SSW from the
Ground-to-topside model of Atmosphere and lonosphere for Aeronomy nudged by the atmospheric anal-
ysis data. In particular, Jin et al. [2012] discussed how the amplitude of the semidiurnal tide increases when
the north-south asymmetry of the zonal wind was reduced in the middle atmosphere during the SSW.

In this paper, we present a first forecast with an online-coupled whole-atmosphere/ionosphere model of
Integrated Dynamics in Earth’s Atmosphere (IDEA) to study the atmospheric tidal and ionospheric response
during the January 2009 SSW. In particular, we found that changes in both amplitude and phase of the
semidiurnal, westward propagating, zonal wave number 2 (SW2) tide in zonal wind in the forecast drive a
clear ionospheric response that corresponds well to the observed features.
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The IDEA model, including its components and coupling, is briefly described in section 2, followed by
section 3 on results and discussion of a forecast for the January 2009 SSW with the coupled IDEA model, and
ending with conclusions in section 4.

2. The IDEA Model

The Integrated Dynamics in Earth’s Atmosphere (IDEA) model consists of the online-coupled Whole
Atmosphere Model (WAM) and Global lonosphere-Plasmasphere (GIP) model.

WAM is an extension of the National Centers for Environmental Prediction’s (NCEP) Global Forecast System
(GFS), extended from 64 model levels (with model top at about 60 km) to 150 model levels (with model
top at about 600 km) [Akmaev et al., 2008; Akmaev, 2011]. It covers the regions of important ionospheric
processes and their variability. WAM includes basic ionospheric effects on the neutral atmosphere, i.e., ion
drag and Joule heating.

GIP is derived from the Coupled Thermosphere-lonosphere-Plasmasphere (CTIP) model [Millward et al.,
20011. Its geomagnetic field is defined in the modified apex coordinates using the International Geomag-
netic Reference Field. Its dynamo solver is adapted from the National Center for Atmospheric Research’s
Thermosphere-lonosphere-Electrodynamics General Circulation Model [Richmond et al., 1992]. The iono-
spheric dynamo equation in the apex coordinate was described in detail in Richmond [1995a]. The GIP
model has been used to study the ionospheric longitudinal variability [Fang et al., 2009, 2013; Pedatella et al.,
2011] and ionospheric responses to SSW [Pedatella et al., 2012].

WAM is a Message Passing Interface (MPI) code and GIP is a serial code. The coupling between WAM and GIP
involves data collection and redistribution from inside the MPI code of WAM. GIP is called inside WAM as a
subroutine, concurrently exchanging necessary fields (neutral winds, temperature and neutral composition
from WAM, and ion velocity, collisional frequency, and Joule heating from GIP) between WAM and GIP in the
overlapping layer (about 90-600 km) at each GIP time step. The time step for WAM is 3 min, and the time
step for GIP is 15 min.

To study the direct effects on ionospheric plasma drift and TEC of the predicted tidal wind changes during
the January 2009 SSW, in the following we present only forecast results from the one-way, online-coupled
IDEA model, in which WAM winds are feeding into GIP, but GIP fields are not feeding back to WAM.

3. The IDEA Model Forecast of the January 2009 SSW

The coupled whole-atmosphere/ionosphere IDEA model was used for a forecast during the January 2009
SSW. The IDEA model was initialized with the analysis from WDAS [Wang et al., 2011] at 0000 UT 13 January
2013, 10 days before the peak warming. By analysis here we mean the best estimate of the true state of a
physical system from available observations and a physically based numerical model. A 30 day forecast
was performed.

In the following, we analyze the results in terms of the stratospheric forecast, as represented by the polar
cap temperature changes, amplitude and phase changes of the SW2 tide, and predicted vertical plasma drift
and TEC changes in the equatorial American sector. We also present a simple physical explanation of how

a change in phase and amplitude of SW2 in zonal wind can drive a change in ionospheric plasma drift and
TEC in terms of conventional ionospheric electrodynamics.

3.1. Forecast of the Stratospheric Temperature Change

Figure 1 shows the time series of the stratospheric polar cap temperature at 10 hPa (~30 km), averaged
poleward of 60°N, from the 30 day IDEA model forecast, and compares it with the WDAS analysis. The IDEA
model predicts the time and amplitude of peak warming very well, with the polar cap temperature closely
following the WDAS analysis.

Shown in Figure 1 is also the average polar cap temperature at 10 hPa from the 16 day NCEP operational
GFS forecast, initialized at the same time from its Global Data Assimilation System. The overall temperature
change follows the analysis closely in the first 7 days. But it fails to predict a sharp peak warming occurred
on 23 January 20009. Initialized 2 days later, the operational GFS model was able to predict the time and
amplitude of the peak warming close to the analysis. Since there was no “tuning” for the purpose of the
prediction of this specific SSW case in either of the models, the fact that IDEA can provide a better forecast in
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Figure 1. Time series of the mean 60°N polar cap temperature
(K) at 10 hPa (~30 km): 30 day WAM forecast (long-dashed line),
WDAS analysis (solid line), and 16 day operational GFS forecast
(short-dashed line).

tidal wave analysis. One day data were used
for each spectral analysis period. We examine
the changes of both amplitude and phase of
the SW2 and terdiurnal, westward propagating,

zonal wave number 3 (TW3) tides. The numeri-
cal simulation study by Millward et al. [2001] showed that daytime vertical plasma drift is highly dependent
on the magnitude and phase of the semidiurnal tide. Large variations in SW2 and TW3 amplitudes during
the January 2009 SSW were found in previous studies [e.g., Fuller-Rowell et al., 2011; Wang et al., 2011].

Figure 2 shows the time evolution of both the amplitude and phase of the SW2 and TW3 tides in the zonal
wind at about 115 km, the key dynamo layer in the equatorial E region where the daytime conductivity has a
peak magnitude [e.g., Richmond, 1995b]. The amplitude of SW2 increased by about 20 to 40 m s~' between
23 January and 10 February (Figure 2a). The phase of SW2 shifted earlier by more than 2 h during the period,
before it recovered later again to the values prior to the warming (Figure 2b).

For the TW3 tide, its amplitude in the equatorial region did not increase until February; witha 10to 20 m s~
increase between 2 and 10 February, reaching about half of the SW2 amplitude around that time (Figure 2c).
The TW3 tide also had similar phase changes as the SW2 tide, but more pronounced south of the equator
(Figure 2d).
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Figure 2. Time evolution of SW2 and TWS3 tides in zonal wind at model level 112 (~115 km): (a) amplitude (m s~') and (b) phase (local time (LT) hour of the (first)
maximum) for SW2, (c) amplitude, and (d) phase for TW3.
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Figure 3. Time evolution of SW2 and TW3 tides in zonal wind between altitudes 10 and 160 km, averaged between latitudes 10°S and the equator: (a) amplitude
(m s~") and (b) phase (local time (LT) hour of the (first) maximum) for SW2, (c) amplitude and (d) phase for TW3.

To understand the amplitude and phase changes of the SW2 and TW3 tides during the SSW, we examine
their time evolution from the stratosphere to the lower thermosphere (altitudes 10 to 160 km). Figure 3
shows the time evolution of amplitude and phase, averaged between 10°S and the equator. In these low
latitudes, the E region SW2 amplitude increased by 20-40 m s™' between 23 January and 10 February, while
the TW3 amplitude increased about 10 days later by about half of the magnitude, as shown in Figure 2. The
phase changes for the SW2 tide started from the stratosphere (its source region).

Figure 4 is the same as Figure 3, except averaged over the middle latitudes from 40 to 50°N. In these middle
latitudes, the SW2 amplitude decreased between the 100 and 130 km altitudes during the SSW peak warm-
ing period, while the TW3 amplitude increased above 110 km altitudes with two large increases (>20m s™')
between 21 and 28 January and between 2 and 10 February. This is consistent with the analysis of Wang

et al. [2011]. The later large increase in the TW3 amplitudes also corresponds to a decrease in the SW2 tide
above 140 km altitudes. This indicates that nonlinear wave-wave interactions may occur when the tide
amplitudes become large, as discussed in Wang et al. [2011].

In the middle latitudes, the phase changes for both SW2 and TW3 started from the stratosphere, the main
source regions of these tides.

To understand why the predicted SW2 and TW3 tides have such amplitude and phase changes during the
January 2009 SSW, we examine the stratospheric ozone and related circulation changes during the period.
The potential role of stratospheric ozone during the January 2009 SSW was analyzed by Goncharenko et al.
[2012]. From our Figure 5, we can see that the mixing ratio of ozone in the tropics increased in the upper
stratosphere at 2 hPa (Figure 5a) and 3 hPa (Figure 5b), and decreased in the lower stratosphere at 30 hPa
(Figure 5¢) during the warming period. We also found upward vertical motion in the upper stratospheric
equatorial region, with an enhanced upward motion during the warming period (Figure 5d, showing w = %
with @ < 0 for upward motion). This upward motion not only transports ozone upward from the ozone-rich
lower stratosphere (Figures 5a-5c) but also induces the tropical cooling (Figure 5e), thus helps to increase
the ozone lifetime in the photochemically controlled upper stratosphere [e.g., Goncharenko et al., 2012].
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Figure 4. Same as Figure 3 except averaged between latitudes 40 and 50°N.

These changes in ozone may enhance the SW2 amplitude, according to Goncharenko et al. [2012]. A further
detailed study of this mechanism would be beneficial.

During the SSW the zonal mean zonal winds in the stratosphere also reversed from a prevailing westerly
(eastward) direction before SSW to an easterly (westward) direction (Figure 5f). This change in the wind
direction reduces the north-south asymmetry of the background zonal winds and also helps to increase the
SW2 amplitude, as analyzed in Jin et al. [2012].

This change of the wind direction is also expected to cause phase changes in the SW2 (and TW3) tides.
Figures 4b and 4d show that the phase changes in the middle latitudes started from below in the source
region (about 40 km). This can be understood as follows. When the prevailing winds in the stratosphere
undergo a sudden directional changes from eastward to westward, the waves launched in the source region
are “pushed” more in the direction of the new prevailing winds, i.e., westward. Thus, the phases of the SW2
(and TW3) tides were shifted westward or to earlier hours.

The time-dependent numerical simulation of the SW2 tide by Aso [1993] appears to support the idea that
the background zonal winds can cause transient phase changes in the SW2 tide. In the simulation by Aso
[1993], the equinoctial background conditions were used, with the zonal mean zonal wind having a westerly
(eastward) jet of about 53 m s~ at about 55 km altitude around 50°N latitude, as in Aso et al. [1987]. In

the first 5 days of model integration (after a 2 day onset), the SW2 phase shifted eastward or to later hours
for about 2 to 3 h [Aso, 1993, Figure 7 (top right panel)], before it reached a “steady” state. This numerical
simulation result indicates that the background eastward wind could have caused the eastward phase shift
in the first 5 days of the time-dependent model integration.

Therefore, the amplitude changes of the SW2 tide during the SSW can be due to the enhanced ozone in the
upper stratosphere and the reduced north-south asymmetry in the stratospheric zonal mean zonal winds;
the phase changes of the SW2 and TW3 tides can be mainly due to the changes (reversal) of the prevailing
stratospheric zonal mean zonal winds during the SSW.
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Figure 5. Time evolution of the zonally averaged fields in the stratosphere: (a) ozone mixing ratio (106 kg/kg) at 2 hPa (~43 km), (b) ozone mixing ratio
(107 kg/kg) at 3 hPa (~40 km), (c) ozone mixing ratio (106 kg/kg) at 30 hPa (~25 km), (d) ® = % (107> Pas™') at 2 hPa, with @ < O for the upward vertical
motion, (e) temperature (K) at 2 hPa, and (f) zonal wind [ms~'] at 2 hPa.

3.3. Forecast of the lonospheric Response to SSW
Plasma drift and TEC forecasts also show significant changes in response to SSW.

Figure 6 shows the predicted daytime vertical EXB drifts at 300 km altitude at Jicamarca (11.6°S, 76.5°W) on
15, 25, and 27 January (Figure 6a) and every third day from 30 January to 8 February (Figure 6b), together
with the climatological mean calculated from the empirical model of Scherliess and Fejer [1999]. On 15
January, before the peak warming, the daytime vertical drift closely followed the climatological mean, with
a maximum upward drift just after 1000 LT (local time). On 25 January, 2 days after the peak warming and
at maximum phase shift of SW2 (Figure 2b), the vertical plasma drift had a large increase to a maximum of
about 55 ms~!, and its phase also shifted at least 1 h earlier to just before 0900 LT. There was also a strong
downward drift in the afternoon around 1500 LT. On 27 January, the daytime vertical plasma drift exhib-
ited a similar semidiurnal signature with strong upward drift in the morning and large downward drift in the
afternoon, except that its phase shifted back closer to the climatological mean.

Strong semidiurnal upward and downward drifts are still seen on 30 January. A very strong upward drift
around 0900 LT on 2 February corresponds to the strongest SW2 amplitudes across the equatorial region
(Figure 2a). The downward drifts in the afternoon also became smaller after 2 February and disappeared
on 8 February. This may be due to the decrease of the SW2 amplitude and its phase recovery, as well as the
increase of the TW3 amplitude during this later period after the SSW.

Therefore, the vertical plasma drift predicted by IDEA showed a clear response to the phase and amplitude
change of the SW2 tide in the zonal wind.

Figure 7 shows the predicted TEC in the low-latitude American sector on 15 January, 8 days before the peak
warming, and on 27 January, 4 days after the peak warming as in Goncharenko et al. [2010a]. In response to
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Figure 6. The daytime vertical ExB plasma drift at Jicamarca, as computed from the IDEA model forecast: (a) on
15 January (long-short-dashed line), 25 January (short-dashed line), and 27 January (long-dashed line); climatological
mean is also shown (solid line); (b) every third day from 30 January to 8 February.

Figure 7. The TEC map in TECU (TEC unit, 106 electrons/m?) on the American sector from the IDEA model forecast: before the peak warming at (a) 1500 UT
and (b) 2100 UT on 15 January 2009; after the peak warming at (c) 1500 UT and (d) 2100 UT on 27 January 2009. 1500 UT is 1000 LT (local time) and 2100 UT is

1600 LT at Jicamarca.
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Figure 8. The local time variation of TEC in TECU, averaged from 40°S to 20°N and within +7.5° longitudes of 75°W,
every third day from 15 January to 8 February: (a) 15, 18, and 21 January; (b) 24, 27, and 30 January; and (c) 2, 5,
and 8 February.

the change in the vertical plasma drift shown in Figure 6a, the TEC in the morning at 1500 UT (1000 LT at
Jicamarca) exhibited a much stronger equatorial ionization anomaly (EIA), as well as a clear shift to earlier
hours, i.e., a westward shift of EIA from Figures 7a-7c. In the afternoon at 2100 UT (1600 LT at Jicamarca),
the EIA after the peak warming (Figure 7d) was strongly suppressed due to the strong downward drift. A
westward shift of EIA can also be seen from before the peak warming (Figure 7b) to (4 days) after the peak
warming (Figure 7d).

Figure 8 shows the local time variation of TEC, averaged from 40°S to 20°N and within +7.5° longitude of
75°W, every third day from 15 January to 8 February. The peak TEC averaged over this large area showed
significant local time variations: starting from its “normal” peak time at 1500 LT on 15 January (Figure 8a),
shifting westward to earlier hours, peaked around 1100 LT on 24 and 30 January (Figure 8b), then shifting
back eastward to later hours toward its “normal” peak time at 1500 LT on 5 February and even 1600 LT on 8
February. Similar TEC local time variations (“phase shift”) were reported in Goncharenko et al. [2010b] and Liu
etal . [2011].

These predicted ionospheric changes in the vertical plasma drift and TEC in response to SSW followed
closely the observations, such as shown in Goncharenko et al. [2010a, Figure 1], Chau et al. [2010],
Goncharenko et al. [2010b], and Liu et al. [2011].

3.4. How Can a Phase Shift in Tidal Wind Drive a Phase Shift in Plasma Drift?

The dynamo solver used to compute the (polarization) electric field follows the procedure described in
Richmond [1995a]. In the Appendix, we discuss briefly the conventional ionospheric dynamo theory in a
simplified configuration. It is shown that the westward zonal wind plays an important role in generating
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the eastward electric field, and hence the upward vertical plasma drift; the meridional wind plays only a
secondary role (equation (A4)).

As shown in Figure 2b, the maximum phase shift occurred on 25 January in the forecast, 2 days after the
peak warming. For migrating tides, the phase hour is also the local time hour of the first maximum ampli-
tude. The maximum eastward SW2 zonal wind occurred at 0100 LT on 25 January. Thus, the maximum
westward SW2 zonal wind occurred 6 h later at 0700 LT. This phase shift in the SW2 wind, in combination
with the diurnal variation of conductivity, drives a phase shift in the vertical plasma drift (Figure 6); the
amplitude increase in the vertical plasma drift is mainly due to the increase of SW2 wind amplitude in the
low latitudes. The effect of amplitude and phase of the semidiurnal tide on daytime plasma drift was also
investigated in other numerical simulation study [Millward et al., 2001, Figure 5].

Therefore, the predicted ionospheric response to the January 2009 SSW can be largely explained in simple
terms of the phase and amplitude changes of the E region SW2 tide in zonal wind.

4. Conclusions

In this study, we present the first “weather forecast” for the January 2009 SSW case with the online-coupled
whole-atmosphere/ionosphere model IDEA. The IDEA model produced a successful forecast of the time and
amplitude of the January 2009 stratospheric warming 10 days in advance. This is about 2 days earlier than
the operational GFS forecast. In addition, the coupled IDEA model also predicted an increase in amplitude
and phase shift to earlier hours of the SW2 zonal wind in the equatorial dynamo region during and after the
peak warming, before recovering to their prior values about 15 days later. The SW2 amplitude and phase
changes are shown to be likely due to the stratospheric ozone and/or circulation changes. Shown are also
the corresponding changes in the daytime plasma drift and TEC that compare well with observations. There-
fore, the predicted ionospheric response to the January 2009 SSW can be largely explained in simple terms
of the amplitude and phase changes of the E region SW2 tide in zonal wind.

Appendix: lonospheric Dynamo Theory in a Simplified Configuration

According to the conventional description of the ionospheric neutral-wind dynamo [e.g., Rishbeth and
Garriott, 1969, p. 234], the neutral winds in the dynamo region set ions, but not electrons, into motion
through collisions, creating an electric current. The current produced by the neutral wind alone needs not
be divergence free. At any point where this electric current is not divergence free, electric charge accumu-
lates so that an electrostatic polarization field E, = —V® is set up, where @ is electric potential. The electric
potential is assumed to be constant along the geomagnetic field line. This is a highly accurate approxima-
tion or a well-understood property of a quasi-steady configuration [Vasylidnas, 2012, p. 359]. Thus, through
the equal-potential mapping along geomagnetic field line, the electrostatic polarization field extends from
the E region to the F region of the ionosphere.

In order to see more clearly how a phase change in SW2 wind can drive a phase shift in plasma drift, we
describe the basic dynamo theory in a simplified configuration. Assuming a steady state, the momentum
equation describes a force balance between the Lorentz force and the collisional force [Rishbeth and Garriott,
1969, p. 234]

gvxX B =mv(v—u) (AT)

where v is the velocity of plasma (ions or electrons) and u is the velocity of neutral wind, B is the geomag-
netic field, m is the mass of plasma, v is the collision frequency, g is the particle charge (+e for ions and
—e for electrons). In horizontal components equation (A1) can be written in the following form

+qvyBcos Dsinl = mv(v, — u,) (A2)
—qvyBcosDsinl = mv(vy — u,) (A3)

where D is the magnetic declination angle, very small in the equatorial region such that cosD ~ 1;/is the
magnetic dip angle, defined to be positive in the (geomagnetic) Northern Hemisphere (to the north of the
magnetic equator) and negative in the (geomagnetic) Southern Hemisphere (to the south of the magnetic
equator); u, and v, is the meridional component velocity, uy and v, is the zonal component velocity, all
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in the geographic coordinates, positive in the directions from south to north and from west to east. From
equations (A2) and (A3), we have

w, N2 W, .
1 +<—cosD5|nl> v¢=u¢—(—costml> upy (A4)
12 1%

where w, = gB/m is the (ion) cyclotron frequency (or gyrofrequency). Thus, in the Northern Hemisphere, a
westward u,, < 0 and northward u, > 0 neutral wind drives a westward ion drift v, < 0. Since electrons
are much less affected by the neutral wind and affected in the opposite sense, an eastward electrostatic
polarization field E, is set up [Rishbeth and Garriott, 1969, p. 234]. This eastward electric field E, > 0in the
E region extends to the F region through equal-potential mapping, causing an upward/polarward plasma
driftaccordingto V4 = E, x B/B? [Rishbeth and Garriott, 1969, p. 235]. In the geomagnetic (dipole) field,
a geomagnetic field line at about +10° off the geomagnetic equator in E region (115 km) will map to the
geomagnetic equator at F region (300 km), see e.g., Rishbeth and Gatrriott [1969, Figure 49 (p. 185)].

It should be noted that below about 140 km in the ionospheric E region w./v < 1 for ions [Rishbeth and
Garriott, 1969, p. 246] such that |% cosDsinl| < 1.Hence, the meridional wind plays only a secondary role
in setting up east-west electric field. This is consistent with the numerical simulation result [Millward et al.,
2001, Figure 91.

So, in essence, westward neutral zonal winds drag ions westward but leave electrons behind, forming an
eastward polarization electric field, which produces an upward vertical plasma drift.
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