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Abstract A wind-driven disturbance dynamo has been postulated many decades ago. But due to the

sparseness of thermospheric wind measurements, details of the phenomena could not be investigated. In

this study we use the CHAMP zonal wind observations from 2001 to 2005 to investigate the global features

of the disturbance winds during magnetically disturbed periods. The disturbance zonal wind is mainly

westward, which increases with magnetic activity and latitude. At subauroral region, the westward zonal

wind is strongly enhanced in the magnetic local time (MLT) sector from afternoon to midnight, which

we relate to the plasma drift within the subauroral polarization streams. At middle and low latitudes, the

disturbance zonal wind is largely independent of season. Peak values of the disturbance zonal wind occur

at different MLTs for different latitudes. That is around 1800 MLT at subauroal region, with average values

of about 200 m/s; around 2300 MLT at middle latitudes, with average values of about 80 m/s; and around

0300 MLT at low latitudes, with average values up to 50 m/s. The shift of the peak values of the westward

disturbance zonal wind in local time at different latitudes could be considered as a response of the

disturbance wind when it propagates from high to low latitudes. Further by applying for the first time a

superposed epoch analysis, we show that the disturbance zonal wind responds with a delay to the sudden

changes of solar wind input, which is different for the various latitudinal ranges. The propagation time of

disturbance wind from the auroral region to the equator is about 3–4 h. This is consistent with the speed

of traveling atmospheric disturbances. Based on CHAMP observations, we try to illustrate the whole chain

of processes from the solar wind driving to the ionospheric effects at lower latitudes.

1. Introduction

Thermospheric neutral winds are an important component in the coupled thermosphere-ionosphere sys-

tem. In particular, at high latitudes the motion of neutral particles is controlled by both electrodynamic

and hydrodynamic processes. Therefore, an understanding of the climatology of the neutral winds at quiet

time as well as their response to geospace storms is necessary for predicting the dynamics of plasma and

other constituents. During the past decades, extensive studies of winds have been carried out by Fabry-Perot

interferometers (FPI) [e.g., Rees et al., 1980; Sipler et al., 1982; Killeen et al., 1986; Fejer et al., 2002, and refer-

ences therein] and by incoherent scatter radars [e.g., Sipler et al., 1991; Aruliah et al., 1996;Witasse et al., 1998;

Buonsanto andWitasse, 1999, and reference therein]. Satellite missions have also been used for deriving wind

observations, such as Dynamics Explorer 2 (DE 2) [Thayer et al., 1987; Killeen and Roble, 1988], the Wind Imag-

ing Interferometer (WINDII) aboard theUpper Atmosphere Research Satellite (UARS) [Fejer et al., 2000; Emmert

et al., 2001, 2004], and, more recently, the CHAllenging Minisatellite Payload (CHAMP) mission [e.g., Liu et al.,

2006; Lühr et al., 2007; Doornbos et al., 2010; Ritter et al., 2010]. These ground-based and in situ measure-

ments, together with numerical and empirical models [Richmond et al., 1992; Hedin et al., 1996; Ridley et al.,

2006; Codrescu et al., 2008; Drob et al., 2008; Emmert et al., 2008], have been used for investigating the diurnal,

seasonal, and solar cycle variations of the thermospheric winds during both quiet and disturbed periods.

Thermospheric winds are mainly driven by the day-night difference in solar heating, by upward propagating

atmospheric tides, by collisional interaction with rapidly convecting ions in the presence of strong electric

fields, and by Joule heating associated with strong high-latitude electric currents [Richmond et al., 2003b].

During quiet time the first two sources control the global wind pattern, while the latter two sources are highly

variable and depend on the level of geomagnetic activity. They can produce thermospheric disturbance
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winds, which will further affect the global ionospheric dynamo. In fact, at least two generalized sourcemech-

anisms exist for the disturbance electric fields and currents at middle and low latitudes. One is the prompt

penetration electric field. Dynamic interactions between the solar wind and the magnetosphere cause elec-

tric currents following along themagnetospheric field lines. Some of these currents cause electric field, which

penetrate directly to lower latitudes within the duct between Earth and ionosphere [e.g., Kikuchi et al., 1996].

The second mechanism is the ionospheric disturbance dynamo. Energy input into the thermosphere during

magnetic activity alters the circulation and consequently changes the generation of electric fields and cur-

rents at middle and low latitudes by ionospheric wind dynamo action [Blanc and Richmond, 1980]. We will

address mainly the second mechanism within this study.

Duringmagnetically activeperiods the thermosphericwinds atmiddle and low latitudeshavebeen frequently

observed to differ from their quiet-day patterns. Based on observations from theMillstone Hill radar, Babcock

and Evans [1979] reported stronger equatorward winds at nighttime during disturbed days, and Buonsanto

and Witasse [1999] also reported significant magnetic activity effects on the meridional wind during solar

minimum summer conditions. The daytime F region disturbance winds derived from WINDII at middle and

low latitudes have been reported by Fejer et al. [2000] and Emmert et al. [2001]. Their results showed that dis-

turbance winds increase roughly linearly with Kp and expand to lower latitudes with increasing magnetic

activity. The zonal disturbance wind was largely independent of season, while the meridional disturbance

wind was largest for low solar flux conditions. The different seasonal and solar flux dependences of dis-

turbance zonal and meridional winds have been further confirmed by Fejer et al. [2002], by analyzing the

nighttime disturbance winds over Millstone Hill.

Compared to the seasonal and solar flux variation, thedisturbancewinds showa clear dependenceon latitude

and magnetic local time (MLT). Fejer et al. [2000] reported that the average disturbance winds change signif-

icantly from morning to afternoon. Emmert et al. [2001] revealed that the disturbance zonal wind is mostly

westward (except in the early morning hours). It increases with latitude and has the largest values in the later

afternoon. Further by taking all the 24 MLT hours wind data from WINDII observations, Emmert et al. [2004]

showed that with increasing local times, the location of the peak westward disturbance wind shifts to lower

latitudes. Liu et al. [2006] reported that at middle and low latitudes the daytime zonal wind at CHAMP altitude

is found to be less variable than the nighttime wind; in particular, it responses less to geomagnetic activities.

Substorm-related disturbance winds have been analyzed by Ritter et al. [2010]. Their results show that the

enhancement of thewestwardwind has average amplitudes of about 20m/s at the equator and about 50m/s

near middle latitudes around midnight.

With all the studies mentioned above, great progress has been made for understanding the characteristic

of the disturbance winds. However, the global feature and temporal evolution of the disturbance winds in

response to a discrete solar wind input still need further investigation. The triaxial accelerometer on board

CHAMP has been providing wind readings fromAugust 2000 to the end of the 10 year mission, with excellent

coverage of seasons, local time, and latitude. These data provide us a great opportunity for investigating the

thermospheric zonal wind during disturbed periods. Therefore, in this study we try to illustrate the whole

chain of processes from the solar wind driving to the ionospheric effects at different latitudes. In section 2 we

introduce the thermospheric wind data derived from the CHAMP satellite. Section 3 describes the seasonal

and local time dependence of the disturbance zonal winds. The interpretation of the wind observations as

well as comparison with earlier studies will be given in section 4.

2. Data and Analysis

The CHAMP satellite was launched on 15 July 2000 into a near-circular polar orbit (inclination: 87.3∘) with an

initial altitude of 456 km. By the end of themission, 19 September 2010, the orbit had decayed to 250 km. The

orbital periodwas about 93min, thus circling the Earthmore than 15 times per day. The orbital plane scanned

all local times within 131 days.

The zonal wind data used in this study are deduced from the accelerometer measurements on board the

CHAMP satellite. The Spatial Triaxial Accelerometer for Research accelerometer was provided by the Centre

National d’Etudes Spatiales (CNES). It measures the nonconservative forces exerted on the satellite with a

resolution of <10−9 m/s2 in along-track and cross-track directions [Reigber et al., 2002]. The advantage of

deriving wind estimates from accelerometer measurements is that the method is quite direct and requires
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Figure 1. The magnetic latitude (MLAT) and local time (MLT) distribution of the average thermospheric zonal wind during magnetically quiet periods (Kp < 2) for

(a) March equinox, (b) June solstice, (c) September equinox, and (d) December solstice seasons. Results from the Northern Hemisphere (top) and from the

Southern Hemisphere (bottom). Positive velocities represent geographically eastward wind.

no special assumptions. For calibrating the accelerometer data several corrections were applied in order to

isolate the forces caused by air drag. The calibration of the along-track accelerometer axis was performed by

solving for daily accelerometer biases and comparing the readings with accelerations derived independently

from GPS satellite-to-satellite tracking data [VanHelleputte et al., 2009]. For the cross-track axis calibration an

aerodynamic model of the satellite was applied to get more accurate results. In addition, extreme outliers,

spacecraft attitude manoeuver effects, and accelerations due to solar radiation pressure were removed. The

full details of the processing algorithm can be found in Doornbos et al. [2010].

With the approach described above, the accelerometer data of CHAMP (from May 2001 to December 2008)

have been processed to obtain thermospheric mass density and zonal wind. Data were averaged over time

intervals of 10 s, achieving a resolution of <10 m/s for the zonal wind [Doornbos et al., 2010]. However,

the wind signals at CHAMP altitude became too weak and unreliable during the recent solar minimum

(2008–2009). For that reason the timeperiod considered in this study is the higher andmoderate solar activity

years (2001–2005). The windmeasurements have further been divided into four seasons, centered onMarch

equinox, June solstice, September equinox, and December solstice. For each season overlapping periods of

131 days are needed to cover all 24 local time hours.

3. Results

The zonalwindmeasurements fromCHAMPused in the following sectionare treated inmagnetic quasi-dipole

coordinates [Richmond, 1995; Emmert et al., 2010] rather than in geographic coordinates, in order to highlight

the thermospheric response to the plasma dynamics.

3.1. Climatology of Thermospheric Zonal Wind During Quiet and Magnetically Disturbed Periods

To give a global view of the average thermospheric zonal wind during magnetically quiet periods, data from

times of Kp < 2 are used, as shown in Figure 1 (positive value refers to geographically eastward direction). We

can see that at middle and low latitudes the quiet time zonal wind is generally directed eastward from post-

noon to early morning and westward for the other local times. This typical diurnal variation at low latitudes

is largely independent of season, while slight seasonal effects can be seen at middle latitudes during solstice

seasons, with larger westward wind speed at nighttime in the summer hemispheres. In polar cap regions
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Figure 2. Same format as Figure 1 but for the disturbance zonal wind during moderate (2 < Kp < 4) and active (Kp> 4)

magnetic disturbed periods. Data from all seasons are combined.

(beyond 70∘ magnetic latitude), CHAMP readings do not represent zonal winds anymore properly. Here the

data require a different interpretation for resolving the wind pattern [e.g., Lühr et al., 2007].

Next we will focus on the disturbed periods. The data have been sorted into two groups for moderate

(2 < Kp < 4) and active (Kp> 4) magnetic disturbed periods. Figure 2 presents the magnetic latitude

(MLAT) versus MLT distribution of the disturbance zonal wind (we subtracted the corresponding quiet time

values) for different disturbed levels and separately for the two hemispheres. Data from all seasons have been

combined. Generally, stronger westward disturbance wind is found with increasing magnetic activity. Under

moderate disturbances (2< Kp< 4) an eastward enhancement of zonal wind appears during morning hours

at subauroral latitudes, while from noon to midnight a westward disturbance zonal wind dominates at sub-

auroral andmidlatitudes, extending to low latitudes past midnight. For more geomagnetically active periods

(Kp> 4) strong westward disturbance zonal winds propagate equatorward with increasing MLT. Eastward

perturbation winds are mainly confined to auroral and subauroral regions.

As alreadymentioned above, this studymainly focuses on the storm-driven disturbance winds. Therefore, we

are more interested in the effects at latitudes from the subauroral to the equatorial regions. Data have been

sorted into three regions, low latitudes (±20∘ MLAT), middle latitudes (±20∘ to ±50∘ MLAT), and subauroral

(±50∘ to±70∘MLAT). The±50∘ to±70∘MLAT range includes part of the auroral zone. However, the subauroral

region is more important for the disturbance wind. Therefore, we refer to it within this study. First, we have to

look at the general variability of thermosphericwinds. Figure 3 presents the standard deviation of the average

zonal wind diurnal variation as shown in Figures 4–6 separately for the three different latitude bands. CHAMP

data for all seasons and activity levels are combined. It is worth to mention that the standard deviation pre-

sented here is not the error of zonal wind (the resolution of CHAMP zonal wind is less than 10 m/s [Doornbos

et al., 2010]) but mainly corresponds to physical variations. We can see that the zonal wind shows large vari-

ations, in particular, at high latitudes. The standard deviation is largest after nighttime and has a minimum

during daytime at all latitude ranges. It implies that many other effects like tides influence the wind and the

greater air density during daytime reduces the variability.
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Figure 3. Local time variations of the standard deviation with respect

to the zonal wind diurnal variation at different latitudes: (a) subauroral

region, (b) middle latitudes, and (c) low-latitude region. Data from both

hemispheres and all seasons, as well as from quiet and disturbed times,

have been combined.

Of particular interest here is the system-

atic influence of magnetic disturbances

on the thermospheric winds. Figures 4–6

present the longitudinally averaged diur-

nal variations of zonal wind during quiet

time (top) and the perturbations during

disturbed periods (bottom) for the three

different latitude ranges. Data have been

plotted separately for the four seasons

and two hemispheres to check whether

there are dependences of the perturba-

tion winds. During quiet times the zonal

wind exhibits a typical diurnal variation at

all the latitude bands, blowing westward

at daytime and changing sign to eastward

around 1500 MLT at equatorial regions,

with earlier reversal time for higher lati-

tudes (around 1300/1400 MLT for subau-

roral/middle latitude regions). But the dis-

turbance zonal winds show quite differ-

ent diurnal variations at the three latitude

bands. At the subauroral region (shown

in Figure 4), we find almost no modifi-

cation of the wind in the local time sec-

tor from midnight to 0900 MLT. After that

strongwestward disturbance zonal winds

are found around sunset (from 1500 to

2000 MLT), with peak values of about

200m/s,while atmiddle and low latitudes

the time sector unaffected by magnetic

activity is more centered on the daytime

hours (0700–1700 MLT). As can be seen

in Figure 5, large westward wind deflec-

tions appear around 2300 MLT, with peak

values of about 80 m/s. Even later during

postmidnight hours, the westward dis-

turbancewind reaches equatorial regions

with peak values of about 50 m/s (see

Figure 6).

For moderately disturbed periods we

observe rather similar diurnal variations

as during active periods, but the ampli-

tudes are smaller by at least a factor of 2,

and peak disturbances tend to appear at

later local times (e.g., Figure 4).

3.2. Superposed Epoch Analysis for the Disturbance Winds

Aswewant toobtain the temporal evolutionof thedisturbancewind,weapplied a superposedepochanalysis

to the CHAMP observations. We use a sudden increase in solar wind input as the key time. Time series of

disturbance winds are stacked relative to the key time and then averaged. In case of satellite observations

only snapshots of wind observations within a latitude range can contribute once per orbit. Therefore, a large

number of events are required for obtaining statistically significant results.
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Figure 4. The longitudinally averaged (top) diurnal variations of the quiet time zonal wind, as well as (bottom) the wind

perturbations during disturbed periods for the subauroral region (±50∘ to ±70∘ MLAT).
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Figure 5. Same as Figure 4 but for the middle latitudes (±20∘ to ±50∘ MLAT).
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Figure 6. Same as Figure 4 but for the low-latitude region (±20∘ MLAT).

Burke et al. [2007] reported that the polar cap potential correlates fairly well with the thermospheric density

changes during storms. However, the availability of polar cap potential measurements from DMSP is poor.

Alternatively, Liu et al. [2010] used the merging electric field to predict the mass density changes related to

stormeffects. As themerging electric field is a physical quantity, which closely correlateswith polar cappoten-

tial and can be easily obtained from solar wind and interplanetary magnetic field (IMF) data, we prefer to

use this quantity for representing the solar wind energy input into the ionosphere-thermosphere system. The

coupling function is as defined by Newell et al. [2007]:
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where Vsw denotes the solar wind velocity, By and Bz denote the y and z components of the IMF in geocentric

solar magnetospheric coordinates, and � is the clock angle of the IMF (tan(�) =
∣By ∣

Bz
). To make the numerical

values comparable with the merging electric field (in mV/m) defined by Kan and Lee [1979], we use for calcu-

lating the E
′

m
in equation (1), Vsw in units of km/s, and By and Bz in nT and then divided the result by a factor

of 3000.

Richmond et al. [2003a] pointed out that due to the inertia of the air, the changes of thermospheric wind lag

behind the changes in the IMF. In their study densities were correlated with lagged and time-averaged IMF

values. This kind of memory effect of the magnetosphere-ionosphere-thermosphere system with respect to

solar wind input changes has also been used by previous studies [e.g.,Werner and Prölss, 1997; Liu et al., 2010].

From this point of view, we use the same procedure for deducing the effective merging electric values. The

time-integrated merging electric field (Em) can be defined as
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Figure 7. The temporal variation of the merging electric field (from 3 h

before to 9 h after the key time) for the events when CHAMP is passing

middle latitudes in the (a) Northern and (b) Southern Hemispheres.

where E
′

m
is treated as a continuous func-

tion of time t
′
, t1 is chosen 3 h before

the actual epoch, and � is the e-folding

timeof theweighting function in the inte-

grands, with a value � = 0.5 h. A simi-

lar approach for calculating the merging

electric field has been used in our previ-

ous studies [Xiong et al., 2014; Xiong and

Lühr, 2014].

From equations (1) and (2), we calcu-

late the parameter Em at time steps of

15 min. For the superposed epoch anal-

ysis we use a sudden increase of Em as

key time. The time step t = n + 1 is taken

as key time for a magnetic disturbance if

Em(n + 1) − Em(n)> 0.7 mV/m. The aver-

age evolution of the zonal disturbance

wind with respect to the key time is

deduced for different latitudes and local

times. The data have been sorted again

into subauroral (±50∘ to ±70∘ MLAT),

middle latitude (±20∘ to ±50∘ MLAT),

and equatorial regions (±20∘ MLAT). For

each latitude bin, four local time sectors

(0000–0600, 0600–1200, 1200–1800,

and 1800–2400MLT) have been selected.

First, we have to look at the average evo-

lution of themerging electric field around

the key time defined as t = 0. Figure 7

shows the temporal variation from 3 h before to 9 h after the key time for the events when CHAMP is pass-

ing middle latitudes. Em variations are looking similar for the other latitude regions. Quite prominent is the

sudden jump of Em at the key time. We observe typically a peak-to-peak increase of 1.8 mV/m. This can be

regarded as a significant change in solar wind input. For the southern hemispheric passes of CHAMP the Em
curves are rather similar as in the Northern Hemisphere. In both hemispheres local time sectors have been

sampled at somewhat different solar wind activity levels resulting in slightly different levels of the various

curves. It is worth noting that we find rather high levels of Em (above 2 mV/m) already before the event time.

The values drop slightly before the steep increase. After the peak Em values decrease quite rapidly during the

first 1.5 h, then only gradually for the later time.

The response of the disturbance wind to a step-like increase of solar wind input is shown in Figure 8. The

time resolution has been chosen to be 1.5 h, which equals approximately the CHAMP orbital period. Start-

ing at subauroral latitudes, as shown in Figures 8a and 8b, clearly different variations of disturbance zonal

wind are observed within the four local time sectors. Overall, the early morning and prenoon sectors are less

affected than the other two. The most prominent response is observed in the afternoon sector, as expected

from Figure 4. Here westward disturbance winds are fairly strong already before the key time due to the sub-

stantial solar input before the events (see Figure 7). Right at the key time, westward winds get stronger and

peak at 1.5 h (after one orbit). A similar evolution is observed in the premidnight sector but at a lower level.

Furthermore, the peak disturbance winds are reached about 1.5 h later in that sector. The wind in the post-

midnight (0000–0600MLT) sector is on average onlyweakly affected by the solar wind input. But shortly after

the key time, it exhibits a moderate eastward enhancement.

Atmiddle latitude thedisturbancewind is significantlyweaker, as shown in Figures 8c and8d.Hereweobserve

the largest effects in the postmidnight sector. Strongest westward winds occur 3–4.5 h after the input time.

The premidnight sector (1800–2400MLT) shows again a similar albeit weaker response to the increased solar
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Figure 8. The temporal evolution of the disturbance zonal wind (from 3 h before to 9 h after the key time) for the events when CHAMP is passing (a and b)

subauroral region, (c and d) middle latitudes, and (e) low-latitude regions.

wind input. In this sector peakwestwardwinds are reached somewhat earlier than in the postmidnight sector.

In the other two local time sectors the variations are fairly weak.

Finally, we have a look at the disturbance wind evolution at low latitude, as shown in Figure 8e. Again, the

largest effects are observed in the postmidnight sector. At the time of the Em step (t = 0) we find a short weak-

ening of the westward wind. This is followed by an enhanced westward peaking at t = 4.5 h. The evolution of

disturbance wind varies in the afternoon sector (1200–1800 MLT) in antiphase with that at 0000–0600 MLT

albeit with smaller amplitudes. The immediate response at t = 0 we regard to be an effect of the prompt

penetration electric field. It obviously adds a westward component during the afternoon and an eastward

component after midnight to the F region zonal wind at low latitudes. The second largest westward distur-

bance winds are observed in the 1800–2400 MLT sector but with small evolutional variations. We find at low

latitudes the smallest effects of the solar wind input on the wind during 0600–1200 MLT.

In summary of the superposed epoch analysis we may state that disturbance wind effects are observed first

at subauroral latitudes and progressively later at lower latitudes. This suggests an equatorward propagation

fromhigh latitudes of both hemispheres. The time difference between peak effects at 60∘MLAT and the equa-

tor amounts to about 3 h. This corresponds to a propagation speed of 610 m/s. On the other hand, the local
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time of the peak effect changes from 1800 MLT at 60∘ MLAT to 0300 MLT at the equator. The average tempo-

ral evolution of the zonal disturbance wind after a step-like input is practically the same in both hemispheres.

Attempts for interpreting these observations will be given in the next section.

4. Discussion

We have presented the global features of the thermospheric zonal winds at F region height during quiet and

magnetically disturbed periods, based on 5 years of observation from the CHAMP satellite. In the subsequent

section we are going to interpret and compare our results with previous studies.

4.1. Local Time and Latitudinal Variations of the Disturbance Zonal Wind

Disturbance winds at middle and low latitudes during daytime and nighttime have been separately reported

by earlier studies. Based on observations from theWINDII instruments on the UARS satellite, Fejer et al. [2000]

and Emmert et al. [2001] reported that the daytime disturbance zonal wind is mostly westward, and the sea-

sonal dependence is small. For the nighttime, Fejer et al. [2002] revealed from ground-based FPI observations

atMillstoneHill that thedisturbance zonalwind is also largely independent of season and solar flux level. Their

results showed that the westward disturbance wind is much larger during more active periods. All these fea-

tures can also be found in our CHAMP observations, as shown in Figure 2. In their consecutive study, Emmert

et al. [2004] have taken all 24 h fromWINDII for analyzing the disturbance winds. They found that peak west-

ward disturbance winds occur around 1800 MLT at 60∘ MLAT and at later local times toward lower latitudes;

at 20∘ MLAT the peak occurs near 0300 MLT (see their Figure 1). When compared to the diurnal variations of

the zonal wind as shown in our Figures 4–6, the peak values of our westward disturbance wind appear at

almost the same local times as those reported by Emmert et al. [2004] for the different latitude regions. There

is one interesting feature worth mentioning: the disturbance zonal wind reaches its peak value in the subau-

roral regions at earlier local times during more active periods. The same feature has also been deduced from

WINDII observations, as shown in Figure 1 of Emmert et al. [2004]. We come back to this issue further down.

The appearance of the peak westward perturbations shifts to later local times when observed at lower lat-

itudes. This implies that the disturbance wind propagates from high to low latitudes. During magnetically

active periods the energy input from the solarwind into the upper atmosphere ismost efficiently coupled into

the high-latitude ionosphere-thermosphere system. The input energy subsequently causes the high-latitude

heating and an enhanced plasma drift, which will further affect the global wind circulation [Richmond et al.,

2003b]. Emmert et al. [2004] also suggested the heating-induced pressure gradients will generate large equa-

torward disturbance winds at high latitudes near 0300 MLT, which are further deflected westward due to the

Coriolis force. The largest westward perturbation wind appears in the dusk sector, with peak values that shift

from 70∘ at 1800 MLT to 45∘ at midnight. The authors suggest that this feature is associated with enhanced

plasma convection at subauroral regions during disturbed times (see their Figure 4).

In fact,Wangand Lühr [2011] already reported that the convection electric field plays a dominant role in asso-

ciation with the occurrence of subauroral polarization streams (SAPS), which are referring to rapid westward

(sunward) plasma flows located equatorward of the auroral oval predominantly in the dusk and premidnight

sector (1600–2400MLT) [FosterandBurke, 2002]. Region2 (R2) field-alignedcurrents in thepremidnight sector

flow into the ionosphere and close via Pedersen currents through the upward region 1 (R1) currents, located

poleward. When Pedersen currents flow in the low-conductivity subauroral region after a poleward leap of

the aurora, a large poleward electric field is needed to maintain the current continuity in the ionosphere. In

turn it produces relatively fast westward ion drifts [Anderson et al., 2001;Wang et al., 2010]. These fast ion jets

drive a westward wind of>200m/s on average at the latitude where the SAPS peaks [e.g.,Wang et al., 2012a].

During less active periods the substorm activity does not expand so far to the evening sector, and conse-

quently, SAPS appear at later local times. We regard this as the reason for the later peak in disturbance wind

as observed in Figure 4 for moderate activity.

With SAPS incorporated into the Thermosphere Ionosphere Electrodynamics General Circulation Model

(TIEGCM) simulation, Wang et al. [2012] showed that SAPS can cause an increase in global thermospheric

temperature, and the strong westward ion drift in the SAPS channel imposes a large ion drag effect on the

neutrals in the subauroral region. This can be confirmed when comparing the disturbance zonal wind (see

our Figure 2b, for active magnetic periods in the Northern Hemisphere) with the SAPS-induced zonal wind

(see their Figure 7c). An enhanced westward wind is predicted at 70∘N in the afternoon and at 50∘N around

midnight. The elevated neutral temperature will increase the pressure gradient at high latitudes and further
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produces an enhanced equatorward meridional wind, which turns westward at middle and low latitudes

under the Coriolis force. Observational evidence for that has also been provided byWang et al. [2012a]. They

confirmed that both SAPS andwestward zonalwindpeak at almost the same latitude. By considering the local

ion density, a linear relationship between SAPS ion fluxes and zonal wind is derived for both hemispheres,

and the proportionality factor is practically independent of geomagnetic activity.

As the SAPS get stronger with enhanced magnetic activity, it is difficult to fully separate the storm-induced

disturbance winds at postmidnight from the effect of SAPS in the evening sector. In any case, SAPS can be

considered as the prime drivers for the westward zonal disturbance wind at subauroral latitudes.

4.2. Temporal Evolution of the Disturbance Zonal Wind

In section 3.2 we described a superposed epoch analysis applied to CHAMP wind observations. It is the first

time that disturbance winds are analyzed in this way. As shown in Figure 8, the temporal evolution of the

disturbance zonal wind after a step-like solar wind input is highly dependent on latitude and MLT. At sub-

auroral regions the disturbance zonal wind is found to be most prominent in the afternoon sector, with the

peak response value appearing at 1.5 h after the key time. This is consistent with the intensity evolution of

SAPS [Wang et al., 2012b], while for the middle and low latitudes, the disturbance zonal wind is most promi-

nent in the postmidnight sector, with peak values appearing at 3–4.5 h after the key time. The time difference

betweenpeak effects at 60∘MLAT and the equator amounts to about 3 h,which corresponds to a propagation

speedof 610m/s. This velocity is consistentwith the average speed (about 650m/s) of a traveling atmospheric

disturbance (TAD), as reported by Ritter et al. [2010]. A Similar velocity has been reported by Fujiwara et al.

[1996] frommodel simulations. They found that the horizontal propagation speed of substorm-related atmo-

spheric waves is close to the speed of sound (roughly 440m/s at about 150 km altitude and 670m/s at about

260 km altitude). With our superposed epoch analysis we can clearly separate, in particular at low latitudes,

the effects of prompt penetration electric field from the disturbance wind effect, which comes several hours

later. Quite obvious is also the opposite direction of the prompt penetration effect on the dayside (westward,

1200–1800 MLT) and nightside (eastward, 0000–0600 MLT).

The large-scale atmospheric gravity waves [Richmond, 1979a; Cole and Hickey, 1981], or TAD [Prölss and Očko,

2000], or the meridional circulation [Richmond, 1979b; Burns et al., 1989] is considered to transport the storm

or substorm-related energy that is injected into the high latitude down to low latitudes. The enhancedmerid-

ional wind will later be deflected westward by the Coriolis force. At equatorial regions these disturbance

winds will further affect the global ionospheric dynamo. Because of the inertia of the neutral air, a few

hours are required to set up the disturbance winds. Once they are set up, they can persist for several hours

[Richmond et al., 2003b]. Thus, low-latitude electric field disturbances associatedwith disturbancewinds tend

to be more persistent than those associated with changes from the prompt penetration electric field. By

model simulationMaruyama et al. [2005] reported that the prompt penetration electric field is dominant for

ionospheric currents during daytime and at the early stage of a storm, while the disturbance dynamo effects

become important at nighttime. This is consistentwith our CHAMPobservations that at equatorial regions the

westward disturbance wind is most prominent during the postmidnight hours. During daytime the F region

ionosphere is strongly coupled to the E region dynamoprocess, while at nighttime the F region dynamoplays

a dominant role.

Finally, we would like to note that the disturbance wind caused bymagnetic activity is just one contributor to

the large variability of F region zonal winds. Its importance should thus not be overestimated. For example, at

subauroral latitudes we find almost no disturbance winds in the time sector 0000–0900MLT (see Figure 4). In

spite of that the wind variability is largest during those hours (see Figure 3). This clearly shows the influence

of other effects like tides [e.g., Xiong et al., 2015] or longitude dependences [e.g., Häusler et al., 2007] in com-

bination with seasonal dependences. This relation becomes even more obvious when considering the small

fraction of hours with Kp> 4 contributing to the result of Figure 3. Due to themany other wind effects, it is dif-

ficult to identify the ionospheric currents caused by the disturbance dynamo. It would be interesting to study

in which regions the disturbance winds act as a generator or a load.

5. Summary

Based on 5 years data (from 2001 to 2005) of CHAMP zonal wind observations, we investigate the global

features and the temporal evolution of the storm time driven disturbance winds in the topside ionosphere.
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Thesewinds canbe considered as an important element for couplinghigh- and low-latitude activity. Ourmain

results are summarized as follows:

1. The disturbance zonal wind is mainly directed westward. It gets stronger with larger magnetic activity and

toward higher latitudes.

2. During disturbed periods the westward zonal wind at subauroral region is strongly enhanced within the

MLT sector from afternoon tomidnight, which we related to coupling with SAPS activity. At low andmiddle

latitudes the disturbance zonal wind is practically independent of season.

3. Duringmore active periods (Kp> 4), the peak values of the disturbance zonal wind appear at different local

times for different latitude bands. That is around 1800 MLT at subauroal regions, with peak values of about

200m/; around 2300MLT atmiddle latitudes, with peak values of about 80m/s; and around 0300MLT at low

latitudes, with peak values of about 50 m/s. This shift in MLT of the peak wind speed toward lower latitudes

could be considered as a result of the propagation from high to low latitudes.

4. We applied for the first time a superposed epoch analysis for studying the response to a step-like solar wind

input. It shows that the disturbance wind effect is first observed at auroral latitudes, and it needs 3–4 h

to reach the equator. This delay time is consistent with the speed of TAD. At the same time clear signature

of the prompt penetration effect is visible, in particular at low latitudes. The latter effect causes oppositely

directed wind deflections on the dayside and nightside.

In a subsequent study we plan to investigate the effect of the disturbance winds on ionospheric currents.

From related observations we may deduce dynamo effects of the disturbance winds.
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