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Abstract Meridional winds in the thermosphere are key to understanding latitudinal coupling and
thermosphere-ionosphere coupling, and yet global measurements of this wind component are scarce.
In this work, neutral and electron densities measured by the Challenging Minisatellite Payload (CHAMP)
satellite at solar low and geomagnetically quiet conditions are converted to pressure gradient and ion
drag forces, which are then used to solve the horizontal momentum equation to estimate low latitude to
midlatitude zonal and meridional “synthetic” winds. We validate the method by showing that neutral and
electron densities output from National Center for Atmospheric Research (NCAR) Thermosphere Ionosphere
Mesosphere Electrodynamics-General Circulation Model (TIME-GCM) can be used to derive solutions to the
momentum equations that replicate reasonably well (over 85% of the variance) the winds self-consistently
calculated within the TIME-GCM. CHAMP cross-track winds are found to share over 65% of the variance with
the synthetic zonal winds, providing further reassurance that this wind product should provide credible
results. Comparisons with the Horizontal Wind Model 14 (HWM14) show that the empirical model largely
underestimates wind speeds and does not reproduce much of the observed variability. Additionally, in this
work we reveal the longitude, latitude, local time, and seasonal variability in the winds; show evidence of
ionosphere-thermosphere (IT) coupling, with enhanced postsunset eastward winds due to depleted ion
drag; demonstrate superrotation speeds of ∼27 m/s at the equator; discuss vertical wave coupling due the
diurnal eastward propagating tide with zonal wave number 3 and the semidiurnal eastward propagating
tide with zonal wave number 2.

1. Introduction

Wind, temperature, and composition are the fundamental parameters of thermosphere dynamics and
structure; from knowledge of composition and temperature one can determine pressure and total mass den-
sity using the ideal gas law. In a hypothetical windless atmosphere, temperature, composition, pressure, and
density are rather easily related through the hydrostatic law, and this forms the basis for most empirical mod-
els of the thermosphere. The addition of winds elevates the complexity of the system considerably, since
vertical and horizontal winds modify composition by redistributing chemical species, and can affect temper-
ature through vertical motions (adiabatic heating and cooling). In addition, the bulk wind field responds to
changes in pressure as well as collisional momentum transfer with the ionospheric plasma and momentum
deposition due to dissipating waves. In particular, the meridional wind component modifies the ionosphere
by moving plasma up and down magnetic field lines and serves to transport neutral minor constituents. The
meridional wind field can also close with vertical winds on both local and global scales, thus contributing to
thermal structure through adiabatic heating and cooling effects. However, the meridional wind field has not
been well measured, especially on a global scale.

Thermosphere wind measurements are relatively sparse. Some measurements are possible from the ground
using Fabry-Perot interferometers [Meriwether, 2006] or incoherent scatter radars [Salah and Holt, 1974].
Low-latitude meridional winds at 130–330 km were estimated using ionization gauge data from the Streak
mission, but only for the dusk sector [Clemmons et al., 2013]. There have also been some attempts to derive
meridional winds through their self-consistency with other observed parameters. Given the proportional rela-
tionship between the winds and the height of the F2 layer peak, magnetic meridional winds can be derived
from ionospheric F2 -layer peak height (hmF2) and peak density (NmF2) [Rishbeth, 1967; Rishbeth et al., 1978].
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Thermospheric meridional winds extracted from ionosonde data have been used to investigate diurnal,
seasonal, solar cycle and latitudinal variability [Buonsanto, 1990, 1991; Liu et al., 2003, 2004], and study
changes in the meridional circulation associated with magnetically disturbed conditions [Forbes et al., 1988].
Luan and Solomon [2008] derived magnetic meridional winds from hmF2/NmF2 measurements taken by the
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) satellites, validated this
data set using ISR and FPI measurements and found evidence of longitudinal variation of meridional winds
induced by magnetic declination effects associated with zonal wind. More recently, Lomidze et al. [2015]
used the Global Assimilation of Ionospheric Measurements Full Physics (GAIM-FP) model and COSMIC data to
infer magnetic meridional winds consistent with observed ionospheric conditions, and Lomidze and Scherliess
[2015] estimated climatological zonal and meridional winds with the Thermospheric Wind Assimilation Model
(TWAM), which combines GAIM-FP magnetic meridional winds with a thermospheric neutral wind model that
uses an implicit Kalman filter method.

Some measurements of thermosphere winds were taken as part of the Atmosphere Explorer, Dynamics
Explorer, SETA, UARS, C/NOFS missions, but these also provided coarse coverage either due to duty cycle, local
time, and latitude restrictions, or limited solar cycle sampling. What we currently know about thermosphere
wind behavior is embodied in the Horizontal Wind Model 14 (HWM14) empirical model [Drob et al., 2015],
which is a massive multiparameter fit to essentially all of the relevant wind measurements to date. Simulta-
neous measurements of winds, temperature, and composition are even more rare than wind measurements
themselves, yet global simultaneous observations of these fields, and their temporal evolution in response to
measured external forcing, are what is really needed to truly understand the physical mechanisms responsible
for the dynamics of the thermosphere system.

Despite the somewhat dim perspective laid out above, a remarkable degree of new insights have resulted
just from the total mass density measurements derived [Bruinsma et al., 2004; Doornbos et al., 2010; Doornbos,
2011] from accelerometer measurements made on the Challenging Minisatellite Payload (CHAMP) and Gravity
Recovery and Climate Experiment (GRACE) satellites over the past decade. These span a broad spectrum of
topics, including thermosphere variations due to traveling atmospheric disturbances [Bruinsma and Forbes,
2010a], the response to solar flares [Sutton et al., 2005] and magnetospheric energy inputs [Lühr et al., 2004; Liu
and Lühr, 2005], the solar terminator [Forbes et al., 2008; Liu et al., 2009], signatures of plasma-neutral coupling
at low latitudes [Liu et al., 2007; Lühr et al., 2007b], the semiannual variation [Guo et al., 2008], solar coronal
holes and recurrent geomagnetic activity [Thayer et al., 2008; Lei et al., 2008, 2010], upward propagating solar
and lunar tides [Forbes et al., 2009, 2013, 2014], density connections to various solar wind characteristics [Kwak
et al., 2009, 2011; Deng et al., 2009; Knipp et al., 2013], and the deep solar minimum of 2008–2009 [Bruinsma
and Forbes, 2010b; Lei et al., 2011].

The triaxial accelerometer on CHAMP has also enabled some estimate of thermosphere winds in the
cross-track direction [Doornbos et al., 2010; Doornbos, 2011; Liu et al., 2006; Häusler et al., 2007]. Deriving winds
from accelerometer measurements presents a significant challenge. The variations in the in-track accelera-
tions are dominated by neutral density variations. It is therefore not feasible to separately estimate the in-track
wind. Because errors in the HWM07-modeled in-track wind are small compared to the orbital velocity, this
leads to relatively small errors in the CHAMP densities. At the high altitudes of CHAMP, the cross-track wind
determination is highly dependent on the accuracy of the solar radiation pressure model. Radiation pressure
modeling errors are the largest when the orbital plane is near dawn-dusk and are minimal for a noon-midnight
orbital configuration. Since thermosphere winds are especially large at high latitudes, some success has been
achieved in establishing polar region wind patterns and even their dependence on solar wind magnetic field
configuration [Förster et al., 2008; Lühr et al., 2007a]. At lower latitudes, with careful data processing and sig-
nificant averaging, some information on the longitude variability of thermosphere winds has been achieved,
including that due to nonmigrating tides propagating upward from the lower atmosphere [Häusler and Lühr,
2009; Lühr et al., 2007b; Liu and Watanabe, 2008; Lieberman et al., 2013].

In the 1960s and 1970s, before satellite-based wind measurements were made, insights into global patterns
of thermosphere wind behavior were obtained by solving the horizontal momentum equations [Challinor,
1969; Geisler, 1966, 1967], with pressure gradient terms approximated from empirical density and temperature
models based on satellite drag [e.g., Jacchia and Slowey, 1964; Jacchia, 1971] and crude models of the iono-
sphere and magnetic field geometry. These steady state models mainly showed how ion drag tended to cause
cross-isobaric flow in contrast to geostrophic flow and gave some impression about the diurnal behavior
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of the wind system, and in some cases its height dependence. Measurements from the CHAMP satellite pro-
vide the opportunity to take the above methodology of solving the momentum equations to obtain wind
estimates to the next level. In addition to accelerometer measurements of total mass density, a Langmuir
probe on CHAMP also provides in situ measurements of electron density. In the present paper we demon-
strate how these two measurements can be used to specify the pressure gradient and ion drag terms in
the eastward and northward momentum equations of the thermosphere and thus obtain wind estimates
(synthetic winds) for the upper thermosphere. Two distinct advantages of this method are that meridional
winds can be derived in addition to zonal winds and that these are from a satellite perspective, which
can provide different types of insights into the dynamics of the thermosphere than those obtainable from
the ground.

The data and models employed in this work are presented in the following section, while the methodology
is detailed in section 3. In section 4, we validate the method by showing that neutral and electron densi-
ties output from National Center for Atmospheric Research (NCAR) Thermosphere Ionosphere Mesosphere
Electrodynamics-General Circulation Model (TIME-GCM) can be used to derive solutions to the momentum
equations that replicate reasonably well the winds self-consistently calculated within the TIME-GCM. This pro-
vides reassurance that winds computed from the momentum equations with pressure gradients and ion drag
coefficients based on observations should provide credible results. Section 5 discusses errors in the derived
synthetic winds by implementing the same TIME-GCM simulation used for validation (more details on vali-
dation and error analysis are provided in the supporting information S1). In section 6, we reveal the seasonal
and local time dependencies of zonal and meridional wind latitude-longitude structures, make comparisons
with the empirical HWM14 model and CHAMP cross-track wind, and show examples of new science that can
be conducted using this data set.

2. Data

The CHAMP satellite was launched on 15 July 2000 into an almost circular, near-polar (inclination of ∼87∘)
orbit with an initial altitude of 454 km and reentered Earth’s atmosphere on 19 September 2010. Due to atmo-
spheric drag the altitude decreased over the 10 year mission life, such that it was around 300 km in 2010
(note that the orbit was raised three times). Given its almost circular, near-polar orbit and to its slow pre-
cession (24 h of local time are covered in ∼130 days, when considering both the ascending and descending
portions of the orbit) CHAMP provided a homogeneous and complete global coverage of the Earth’s sphere
for atmospheric studies. In this work, we use neutral densities and zonal (cross-track) winds from CHAMP’s
Spatial Triaxial Accelerometer for Research (STAR) accelerometer [Bruinsma et al., 2004; Doornbos et al., 2010;
Doornbos, 2011], and electron densities from CHAMP’s Digital Ion Drift Meter (DIDM) [Cooke et al., 2003].

As investigated by Bruinsma et al. [2004] and Doornbos [2011], uncertainty in the drag coefficient and satel-
lite geometry is about 5–15% and is the most important systematic error in neutral density measurements.
Doornbos [2011] estimated the errors in accelerometer-derived cross-track winds to be mainly caused by
uncertainties in the solar radiation pressure acceleration model and by accelerometer calibration biases. Both
of these are dependent on the orientation of the orbital plane with respect to the Sun (i.e., solar local time)
and on the level of neutral density, such that when densities are low the errors can become as large as a few
hundred m/s, and when densities are high (i.e., satellite eclipse and during low solar and geomagnetic activ-
ity) the errors are of the order of a few tens of m/s. With respect to the errors in the electron densities (derived
from CHAMP Planar Langmuir Probe measurements), McNamara et al. [2007] estimated uncertainties up to
∼4% at low latitude to midlatitude.

In this study, we also employ numerical modeling simulations to validate the derivation of winds from
neutral and electron density measurements. For this purpose, we use the Thermosphere-Ionosphere-
Mesosphere-Electrodynamics General Circulation Model (TIME-GCM), the latest in the series of
three-dimensional time-dependent developed models by the National Center for Atmospheric Research
(NCAR), to simulate the circulation, temperature, electrodynamics, and compositional structure of the upper
atmosphere and ionosphere. The NCAR TIME-GCM is a self-consistent time-dependent three-dimensional
model from ∼30 km in the stratosphere to ∼600–750 km (depending on solar cycle) in the upper ther-
mosphere. TIME-GCM solves the fully coupled, nonlinear hydrodynamic, thermodynamic, and continuity
equations of the neutral gas together with the ion energy, ion momentum, and ion continuity equations
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[Roble et al., 1988; Richmond et al., 1992; Roble and Ridley, 1994]. The TIME-GCM predicts global neutral winds,
temperature, constituents, electron and ion densities, temperatures and drifts, and the dynamo electric field.
Model output with a horizontal resolution of 2.5∘ × 2.5∘ and a vertical resolution of 4 points per scale height,
with time step of 60 s are used for this study. The amplitudes and phases of the migrating diurnal and semid-
iurnal tides are specified at the lower boundary using the 2009 Global Scale Wave Model (GSWM-09) [Zhang
et al., 2010a, 2010b].

Analyzing the noise in the 10 s resolution CHAMP measured neutral and electron densities and using a 3∘

latitude bin, we determined that latitude-longitude wind structures can be effectively derived by using 10 day
means. For each latitude-longitude bin we determined that averaging ∼60 data points (6 measurements per
latitude for 10 days) is sufficient to beat down the noise (in part caused by geomagnetic activity effects) and
leads to a clean wind product, without compromising the fixed local time assumption (CHAMP precesses 1 h
in ∼11 days; see section 5 for error estimates). For CHAMP’s 10 year lifetime, we identified 115 geomagnet-
ically quiet 10 day periods, defined as the 10 day periods that include a minimum of 8 days with Ap ≤ 10,
and we calculated an average F10.7 of 99 solar flux unit (sfu) and standard deviation of 22 sfu for these 115
periods. Defining solar low-condition days with F10.7 ≤ 77, in this paper we restrict our attention to only 63
of these 115 10 day periods that are both at solar minimum and in geomagnetically quiet conditions and
span all months at various local times. These prove to be sufficient to study the seasonal and local time vari-
ability in the derived winds, as discussed in section 6. We limit our analysis to low- to mid-latitudes (±45∘),
where the effects of convection electric fields on the neutral dynamics are minimal (in particular at higher lat-
itudes we would expect larger errors in the derivation method due to unmodeled ionosphere-thermosphere
coupling effects).

3. Methodology

In this section we describe the methodology used to derive synthetic winds from CHAMP neutral and elec-
tron density measurements, including all the assumptions and limitations. The procedure consists of three
major steps: (1) deriving temperatures and ion drag values from neutral and electron density measurements,
(2) inferring pressure gradients from neutral density measurements, and (3) solving the 2-D momentum
equations for the zonal and meridional wind components. Details for each step are provided below.

Step 1 Deriving temperatures and ion drag values from neutral and electron densities.

Approach

1. Starting from CHAMP total mass densities derived from accelerometer measurements, we use the Naval
Research Laboratory Mass Spectrometer and Incoherent Scatter Radar 00 (NRLMSISE00) empirical model
of the thermosphere and iterate on the F10.7 solar flux index until the model density converges on the mea-
sured density (with a margin of ±1%), yielding the equivalent exosphere temperature from the model. This
procedure is possible due to the parametric dependence between exospheric temperature and F10.7. The
idea of parametrically relating thermosphere densities and temperatures is basic to all empirical models to
date, because the vertical distribution of thermosphere density is assumed to follow the barometric law.
When temperature is basically independent of height (i.e., for CHAMP at ∼300 km) the scale height of each
constituent is constant, and a simple exponential dependence with height applies.

2. We infer ion drag coefficients (𝜆’s) from plasma densities measured in situ by CHAMP’s Langmuir probe. The
Lorentz force, which represents the influence of the ionized plasma on the neutrals, can be expressed as
[Richmond, 1971] [

J⃗ × B⃗
𝜌

]
𝜙

= −𝜆x(u − ue) + 𝜆y cos 𝜃(v − ve) (1)

for the zonal direction 𝜙, and in the latitudinal direction 𝜃 as

[
J⃗ × B⃗
𝜌

]
𝜃

= −𝜆x(v − ve) − 𝜆y cos 𝜃(u − ue) (2)

where J⃗ and B⃗ are the Pedersen current and the magnetic field, respectively, u (v) is neutral zonal (meridional)
velocity, ue (ve) is zonal (meridional) electrodynamic drift velocity, 𝜆x = 𝜎1B2(𝜃)∕𝜌, and 𝜆y = 𝜎2B(𝜃)Bpole∕𝜌
are the ion drag coefficients, 𝜎1 (𝜎2) is the Pederson (Hall) conductivity, and 𝜌 is neutral density. If we then
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assume that plasma drifts are negligible (see supporting information S1 for the error analysis), and that the
masses of ions and neutrals are equal, we can write

𝜆x ≈
Ni

𝜌

𝜈ni

1 + (𝜈ni∕𝜔i)2
(3)

𝜆y ≈
𝜈ni

𝜔i
𝜆x (4)

where Ni is ion density,𝜔i ion gyrofrequency, and 𝜈ni neutral-ion collision frequency, where we then use the
approximation 𝜈ni = 2.610−9(N∕M0.5) in cgs units [Chapman, 1956; Rishbeth and Garriott, 1969; Forbes and
Garrett, 1979].

Step 2 Deriving pressure gradients from neutral densities and temperatures.

Approach

1. Pressure (p) is inferred from neutral density (𝜌) and temperature (T) derived in Step 1. If we assume
ideal gas conditions (very good approximation for the thermosphere, especially under geomagnetic quiet
conditions), we can solve the ideal gas law p = 𝜌RspecT , where Rspec is the specific gas constant
(≈129.9 J kg−1 K−1 for atomic oxygen) to derive pressure values.

2. Pressure gradients in the eastward and northward directions are derived by calculating derivatives with
respect to longitude 𝜙 (PGX) and latitude 𝜃 (PGY), respectively:

PGX = 1
RE𝜌 cos 𝜃

𝜕p
𝜕𝜙

(5)

PGY = 1
𝜌RE

𝜕p
𝜕𝜃

(6)

where RE is Earth’s radius. Note that any longitudinal or latitudinal mean biases possibly introduced by the
use of MSISE in Step 1 are largely eliminated in the pressure gradients by taking derivatives with respect to
longitude and latitude.

Step 3 Solving the 2-D momentum equations for the horizontal wind field.

Approach The complete 2-D momentum equations (ignoring vertical velocity effects) in the zonal and
meridional directions can be written as [Dickinson et al., 1981]

𝜕u
𝜕t

= 𝜇

𝜌

𝜕2u
𝜕z2

+ f corv + 𝜆x(ue − u) + 𝜆y(ve − v) − v⃗ ⋅ ∇⃗u + uv
RE

tan 𝜃 − 1
RE𝜌 cos 𝜃

𝜕p
𝜕𝜙

− w
𝜕u
𝜕z

(7)

𝜕v
𝜕t

= 𝜇

𝜌

𝜕2v
𝜕z2

− f coru + 𝜆x(ve − v) + 𝜆y(ue − u) − v⃗ ⋅ ∇⃗v + uu
RE

tan 𝜃 − 1
RE𝜌

𝜕p
𝜕𝜃

− w
𝜕v
𝜕z

(8)

where u and v are the zonal and meridional velocities, z is height, 𝜇 is the viscosity coefficient, f cor is the
Coriolis parameter, and ue (ve) is the zonal (meridional) plasma drift velocity. Looking at equations (7) and (8),
we can say that the time rate of change in the horizontal velocity on the left-hand (first term) side is equal
to the forcing terms on the right-hand side. The forcing terms are the following in this order: vertical vis-
cosity (second term), Coriolis force (third term), ion-drag force (fourth and fifth terms), nonlinear horizontal
advection (sixth term), curvature momentum force (seventh term), pressure gradient force (eighth term), and
vertical advection (ninth term). If we neglect (1) vertical viscosity, (2) plasma drift velocities and parallel ion
drag, and (3) nonlinear horizontal and vertical advection and momentum force (second-order terms), and we
consider the relationships: f cor = 2Ω sin 𝜃, 𝜆y = 𝜆x sin2 I = 𝜆 sin2 I (where I is the magnetic dip angle), where
Ω is Earth’s rotation rate, we can simplify equations (7) and (8) to the following:

𝜕u
𝜕t

= 2Ωv sin 𝜃 − 𝜆u − 1
𝜌RE cos 𝜃

𝜕p
𝜕𝜙

(9)

𝜕v
𝜕t

= −2Ωu sin 𝜃 − 𝜆v sin2 I − 1
𝜌RE

𝜕p
𝜕𝜃

(10)
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The left-hand side of the equation (9) (10) shows the time derivative of zonal (meridional) wind with respect to
time. The issue is now understanding the relationship between UT time, longitude, and local time in CHAMP’s
measurements. For each day and for each latitude CHAMP provides a global longitudinal coverage with a
resolution of ∼24∘. Additionally, CHAMP possesses a slow precession rate (24 h of local time are covered in
∼260 days) so that we can effectively approximate data for a 10 day period to be at a fixed local time (in reality
local time varies by ∼4 mins every 24 h). Thus, given CHAMP’s precession, we can reformulate (9) and (10) in
a latitude versus longitude frame for each 10 day period (case a) and in a latitude versus local time frame (at
specific longitudes, or as a longitudinal mean) using 130 days of data including both the ascending and the
descending nodes (case b).

If we consider the linear relationship between universal time (UT) and local time (LT), such that 𝛿tUT = 𝛿tLT−
𝛿𝜙

Ω
,

we can rewrite equations (9) and (10) for case a (𝛿tLT = 0, so 𝛿tUT = − 𝛿𝜙

Ω
) as

du
dtUT

= −Ω 𝜕u
𝜕𝜙

= − 1
𝜌RE cos 𝜃

𝜕p
𝜕𝜙

+ 2Ωv sin 𝜃 − 𝜆u (11)

dv
dtUT

= −Ω 𝜕v
𝜕𝜙

= − 1
𝜌RE

𝜕p
𝜕𝜃

− 2Ωu sin 𝜃 − 𝜆v sin2 I (12)

and for case b (𝛿tUT = 0, so 𝛿tLT = 𝛿𝜙

Ω
) as

du
dtLT

= Ω 𝜕u
𝜕𝜙

= − 1
𝜌RE cos 𝜃

𝜕p
𝜕𝜙

+ 2Ωv sin 𝜃 − 𝜆u (13)

dv
dtLT

= Ω 𝜕v
𝜕𝜙

= − 1
𝜌RE

𝜕p
𝜕𝜃

− 2Ωu sin 𝜃 − 𝜆v sin2 I (14)

Using equation (11) and solving for v as function of u, we can write

v = − 1
2 sin 𝜃

𝜕u
𝜕𝜙

+ 1
2ΩRE𝜌 sin 𝜃 cos 𝜃

𝜕p
𝜕𝜙

+ 𝜆u
2Ω sin 𝜃

(15)

If we then substitute (15) into (12) we can write

Ω
2 sin 𝜃

𝜕2u
𝜕𝜙2

− 1
RE𝜌 sin(2𝜃)

𝜕2p
𝜕𝜙2

− 𝜆

2 sin 𝜃

𝜕u
𝜕𝜙

(1 + sin2 I) − u

(
2Ω sin 𝜃 + 𝜆2 sin2 I

2Ω sin 𝜃

)
= − 1

RE𝜌

𝜕p
𝜕𝜃

(16)

Equation (16) is a second-order partial differential equation for u, of the kind a 𝜕2x
𝜕y2 + b 𝜕x

𝜕y
+ cx + d = 0, with

a, b , c, and d as known values, in the only variables of longitude and latitude. We solve (16) using the IDL
function IMSL-PDE-MOL, which implements the method of lines to represent the solution as cubic Hermite
polynomials, and use this calculated value of u to solve for v in equation (12). The same procedure is also
applied to solve equations (13) and (14).

Of the three assumptions used to simplify the momentum equations, the more questionable ones are neglect-
ing vertical viscosity and the drift velocities. We neglect vertical viscosity assuming this force to be small
compared to pressure gradient and ion drag (as suggested by Geisler [1966]); the main role of vertical diffusion
is to maintain the horizontal wind field (determined by the pressure gradient and ion drag forces) approxi-
mately constant with height. There are some situations where this could be violated; e.g., see section 6.2. We
also neglect drift velocities (similar to models such as the Global Scale Wave Model) under the assumption
that these have a small effect on the ion drag term at low latitude to midlatitude. For validation and error
analyses that bear on these assumptions refer to sections 4 and 5, and supporting information S1.

4. Validation

In order to validate the methodology described in the previous section, we implement TIME-GCM simula-
tions for September at solar minimum (F10.7 value of 70 sfu), identical to those analyzed by Jones et al. [2013,
2014]. The simulations are static monthly values (i.e., the TIME-GCM is run for 1 day in the middle of the month
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Figure 1. Zonal (a–c) and meridional (a′ –c′) latitude-longitude wind structures at 12 LT derived from TIME-GCM neutral
and electron densities (Figures 1a and 1a′) and as self-consistently output from the model (Figures 1b and 1b′). A scatter
plot between derived and model winds is also included (Figures 1c and 1c′). The model simulation used is for
September at solar minimum with tides at the lower boundary. The longitudinal mean was removed to facilitate the
comparison. Correlation coefficients of ∼0.95 and ∼0.92 are found for the zonal and meridional winds, respectively.

until the model reaches a diurnally reproducible state) and uses GSWM-09 to specify tidal components at the
lower boundary (i.e., 10 mb or 30 km). GSWM-09 includes updated background temperature and wind fields
derived from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument on
TIMED (Thermosphere Ionosphere Mesosphere Energetics Dynamics) satellite measurements, as well as new
radiative and latent heating rates derived from the International Satellite Cloud Climatology Project (ISCPP)
and Tropical Rainfall Measuring Mission (TRMM) data, respectively [Zhang et al., 2010a, 2010b]. The GSWM-09
boundary includes migrating and nonmigrating diurnal and semidiurnal tidal components with zonal wave
numbers ranging between ±6. Supporting information S1 provides additional comparisons for December
at solar medium conditions with and without tides at the lower boundary and including and neglecting
ion drifts.

Neutral and electron densities from TIME-GCM are converted to pressure gradients and ion drag values,
according to the method detailed in section 3 (Step 1 and Step 2), and used to derive solutions to the horizon-
tal momentum equations (Step 3). Figure 1 (2) shows a comparison between the derived (a and a′) and model
(b and b′) zonal and meridional winds in a latitude-longitude format for 12 LT (24 LT). A scatter plot between
the derived and model zonal and meridional wind components is provided in Figures 1c and 1c′. Comparing
Figure 1a (Figure 1b) and Figure 2a (Figure 2b) with Figure 1a′ (Figure 1b′) and Figure 2a′ (Figure 2b′), we can
see that the large majority of the longitude-latitude variability in the model winds is effectively replicated by
the derived winds. To quantify this, correlation coefficients (r’s) are included in the scatter plots. We report
correlation coefficients ≥0.92 for both zonal and meridional winds at 12 LT and 24 LT, demonstrating that the
derived winds capture ∼85% of the latitude-longitude variability in the model winds.
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Figure 2. Similar to Figure 1, but for 24 LT. Note correlation coefficients of ∼0.92 (∼0.94) for the zonal (meridional) wind
component.

As discussed in section 3, the horizontal momentum equations can also be solved to reveal the local time
variation, when approximating the solution to be UT time independent. To validate this assumption, we
implement the same TIME-GCM simulations used to validate latitude-longitude structures. Given the linear
relationship between UT time, longitude, and local time (the model runs have a time and longitude resolu-
tion of 1 min and 2.5∘, respectively), local time is resolvable in the model with a resolution of 1 h. Figure 3
shows the comparison between derived (a and a′) and model (b and b′) zonal and meridional wind struc-
tures in a latitude versus local time format as longitude means. Note the strong local time dependence of
the longitude-mean winds, with values ranging from 116 m/s to −94 m/s for the zonal component (U) and
77 m/s to −97 m/s for the meridional component (V) . To quantify the extent to which the derived winds can
reproduce the latitude and local time variability in model winds, a scatter plot between the two is provided
in Figures 3c and 3c′, showing r ≈ 0.97 (r ≈ 0.94) for zonal (meridional) winds, which translates to a variance
of ∼94% (∼88%). No biases between model and derived winds was found. Similar results (not shown here)
are found for different geophysical conditions (i.e., December at solar medium conditions, see supporting
information S1) and at specific longitudes, instead of longitude means.

5. Estimated Errors in the Derived Winds

There are three main sources of error that affect the synthetic winds derived from CHAMP measurements.
These are (a) errors due to simplifications made in solving the momentum equations, (b) errors in the retrieval
of neutral and electron densities from CHAMP accelerometer data, and (c) errors generated by the assumption
of constant local time in a 10 day period (only for latitude-longitude structures). The TIME-GCM simulations
used to validate the methodology provide the opportunity to estimate the errors due to (a). This is performed
for each step in the derivation method outlined in section 3 and for the overall wind estimates. To accomplish
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Figure 3. Latitude versus local time comparison between (a) synthetic and (b) model zonal winds (longitudinal mean,
U), and a′ derived and b′ model meridional wind (longitudinal mean, V). (c (c′)) The scatter plot between synthetic zonal
(meridional) winds and model zonal (meridional) winds. The TIME-GCM run used is the same as in Figures 1 and 2. Note
correlation coefficients of ∼0.97 (∼0.94) for zonal (meridional) winds. The minimum in model meridional winds at
10–30∘S around 16–18 LT not captured by the derived winds is likely due increased pressure gradient and/or ion drag
retrieval errors around sunset for relatively low wind speeds (±15 m/s).

this, we assume the model pressure gradients, ion drag values, and winds as truth, and interpret the differ-
ences from the derived pressure gradients, ion drag values, and winds as the errors. For a comprehensive error
analysis on the wind derivation method, an interested reader may refer to supporting information S1. Here
below we provide a very brief summary of the errors due to (a), (b), and (c).

By performing a scale analysis of the momentum equations, we estimated that neglecting vertical viscosity,
horizontal advection, curvature momentum force, and vertical advection in the momentum equations leads
to uncertainties of only ∼2% in the calculation of the du

dt
term. Errors in the derivation of ion drag values

from electron densities are estimated to be up to 14%, mainly due to the effect of ion drifts (∼12%), while
errors in the retrieval of pressure gradients from neutral densities are found to be less than 4% (biases in the
MSISE-derived temperatures are largely removed by using longitude-latitude derivatives). Correlation coef-
ficients between the model winds and the winds derived from electron and neutral densities as function
of local time and latitude at different local times or as function of local time and latitude at different lon-
gitudes (or as longitudinal means) are greater than 0.9 for all the model simulations analyzed. This means
that over 80% of the latitude-longitude variability in the zonal and meridional winds can be reproduced by
starting from neutral and electron densities alone (as discussed for Figures 1 and 2 in section 4). Errors in
the retrieval of neutral and electron densities from CHAMP accelerometer data are also a factor in the overall
errors of the derived winds. Errors in the derivation of electron densities from the Planar Langmuir Probe are
estimated to be ∼4%, while errors in the retrieval of neutral densities from accelerometer measurements are
generally less than ∼10%. In-track (meridional) winds can impact the quality of the derived neutral densities
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Table 1. Local Time and Average Solar Flux Level for Each of the Seven 10 Day Periods Between
1 August and 12 September Selected for the Local Time Reconstruction

Solar Local Time Ascending (Descending) Node Date (day/month/year) Average F10.7

03 (15) 30/08/07–09/09/07 69

04 (16) 20/08/07–29/08/07 71

10 (22) 04/08/09–13/08/09 68

17 (05) 03/09/08–12/09/08 67

18 (06) 24/08/08–02/09/08 67

19 (07) 12/08/08–22/08/08 67

20 (08) 01/08/08–11/08/08 67

[Doornbos et al., 2010] and cause errors up to ∼5% (for meridional winds of ∼200 m/s). Additionally, CHAMP
local time precession of∼4 min/d yields errors up to 4% in the derived latitude-longitude wind products when
assuming fixed local time.

Summarizing, the overall error in the derived winds is estimated to be up to∼30%, although we would expect
the real value to be lower due to biases in the derived temperatures being removed by applying derivatives
when calculating pressure gradient values, and because we do not expect the total error to be simply the sum
of (a), (b), and (c), although this provides a worst case estimate.

6. Results

In this section we first discuss the method adopted to derive the full 24 h local time variability by averaging
data for 43 days. Second (section 6.2), we show latitude versus longitude synthetic wind structures at vari-
ous local times and comparisons with acceleration-derived cross-track winds and HWM14 empirical model
winds. Next we analyze the winds in latitude versus local time (section 6.3) and local time versus longitude
(section 6.4) formats. In section 6.5 we analyze the latitudinal variability of wave 4, while in section 6.6 we dis-
cuss seasonal and local time dependencies in the winds. Note that all data presented in this section refer to
low latitude to midlatitude (±45∘) and are binned in steps of 3∘ latitude, 24∘ longitude, and 1 h local time.

6.1. Local Time Reconstruction
As mentioned in section 2, when analyzing CHAMP’s 10 s neutral and electron density measurements, we
determined that for a 3∘ latitude bin averaging 10 days of data is sufficient to beat down the noise, without
compromising the fixed local time assumption. Of the 63 geomagnetically quiet 10 day periods that are also at

Figure 4. Scatter plot between synthetic zonal winds and
cross-track winds for the seven 10 day periods between 1 August
and 12 September. For this plot, which includes 3150 data points
(14 local times × 15 points in longitude × 15 points in latitude), we
report a correlation coefficient of 0.81, which means that the
synthetic zonal and cross-track winds share over 65% of the
variance. No bias between the two quantities was detected.

low solar activity, we found 7 to be con-
centrated within the 43 day period between
1 August and 12 September spanning the
years 2007–2009 (see Table 1). Using data
from both ascending and descending nodes,
and by considering each 10 day period at a
fixed local time, for each 3∘ latitude bin we fit
using an equation of the form An,s cos[nΩtLT+
(s − n)𝜆 − Φ], all the waves (diurnal n = 1,
semidiurnal n = 2, and terdiurnal n = 3, with
zonal wave numbers s=±4) in the variables
of local time (tLT) and longitude (𝜆), where
An, s is the amplitude of the wave with fre-
quency nΩ−1 and zonal wave number s
and Φ is the phase (defined as the time
of maximum at zero longitude). Eastward
(westward) propagation corresponds to s<0
(s> 0). In the following we refer to this 43 day
period, for which all latitudes, longitudes,
and local times are adequately sampled to
perform the above fit, as an “equivalent day.”
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Figure 5. Latitude versus longitude comparisons for synthetic zonal and meridional winds at (a and a′) 3 LT, (b and b′)
6 LT, (c and c′) 10 LT, (d and d′) 15 LT, (e and e′) 18 LT, and (f and f′) 22 LT. The dotted line is the geomagnetic equator.
Note the significant local time variability in the latitude-longitude wind structures and the geomagnetic effects in the
zonal winds at 22 LT.

The main advantage of averaging data for only 43 days, as opposed to using the∼130 days needed for CHAMP
to cover all local times, is an expected amelioration of amplitude suppression due to averaging and possible
mixing of seasons (130 days span over 4 months).

In order to compare the synthetic zonal winds with CHAMP accelerometer-derived cross-track winds, we gen-
erated a scatter plot between the two wind estimates (Figure 4) that includes data for the 10 day periods listed
in Table 1. Figure 4, consisting of 3150 data points (14 local times, 15 longitudes, and 15 latitudes), shows
strong correlation between synthetic zonal winds and cross-track winds, with r ∼ 0.81. This means that the
synthetic zonal and cross-track winds share over 65% of the variance in latitude-longitude structures, with
no detectable bias between the two quantities. The large number of points and strong correlation further
reassures us of the quality of the synthetic wind product derived in this study. More comparisons between
cross-track winds and synthetic zonal winds are offered in the following sections.

6.2. Latitude Versus Longitude
A view of the synthetic zonal and meridional winds in a latitude versus longitude format for a variety of
local times, chosen on the basis of displaying the range of structures that exist for a 24 h LT period dur-
ing the equivalent day, is offered in Figure 5. Figure 5 shows significant local time dependency in both
zonal and meridional winds. We find eastward zonal winds up to ∼200 m/s in the evening (i.e., 22 LT) and
westward winds of ∼100 m/s around noon (i.e., 10 LT and 15 LT). Low-latitude meridional winds are pri-
marily northward at nighttime (18 LT–6 LT) with speeds up to 75 m/s and become southward around noon
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Figure 6. Latitude versus longitude comparisons between (a) CHAMP cross-track wind, (b) HWM14 zonal and
(b′) meridional winds, and (c) CHAMP synthetic zonal and (c′) meridional wind for the 10 day period 12–22 August 2008
at 19 LT. The salient features in the synthetic zonal latitude-longitude wind structures compare well with those found in
the cross-track winds. The maxima in zonal winds are located around the geomagnetic equator, with speeds up to
250 m/s. Note the poor comparison with HWM14 winds and the different colorbar scale.

(i.e., 10 LT and 15 LT) with speeds of ∼50 m/s. This general behavior in wind structures agrees with what is
found by Luan and Solomon [2008] in winds extracted from COSMIC radio occultation measurements and esti-
mated by the TIME-GCM. From a closer inspection of Figure 5, one can see that at 18 LT (e′) the meridional
flow is mainly directed toward the equator for latitudes ±20∘ and poleward at higher latitudes (particularly
evident for longitudes −180∘ to 60∘), which may reflect the effect of the equatorial ionization anomaly (EIA)
on the neutral dynamics. As discussed by Clemmons et al. [2013], heating associated with EIA crests enhances
the neutral pressure, and the resulting pressure gradients drive equatorward and poleward flow away from
the pressure maxima. Additionally, from Figure 5 one can see that the zonal (eastward) winds tend to max-
imize around the geomagnetic equator (dotted black line), in the evening hours (i.e., 22 LT; Figure 5f ). This
effect is linked to the evening prereversal enhancement of the vertical plasma drift and the uplifting of the F
region and is discussed below for 19 LT.

Figure 6 presents zonal (cross-track, synthetic, and HWM14) and meridional (synthetic and HWM14) winds
in a latitude versus longitude frame at ∼19 LT, for post-sunset conditions. Examining Figure 6, we note that
(1) synthetic zonal and cross-track winds share the majority of the salient features, with large eastward speeds
up to 250 m/s; (2) zonal winds tend to maximize around the geomagnetic equator (black dotted line); and
(3) HWM14 zonal winds show similar latitude-longitude patterns, but significantly underestimate the
observed speeds.

For (1), we note similar latitude-longitude variability in the synthetic zonal winds (Figure 6c) and cross-track
winds (Figure 6a). Eastward winds up to 250 m/s (similar to Liu et al. [2006] during September equinox for
geomagnetically quiet and solar low conditions) found in the synthetic zonal winds around the geomagnetic
equator are also present in the cross-track winds. From a closer examination of Figure 6, one can see sharper
gradients (in both latitude and longitude) for cross-track winds than synthetic zonal winds. This is likely due
to the effect of smoothing introduced when calculating pressure gradients from neutral densities prior to cal-
culating synthetic winds. Comparing Figures 6c and 6a, one can also see that the synthetic zonal winds in the
low-latitude 60∘ to 180∘ longitude sector are smaller (by up to 20%) than the cross-track winds. This feature
is not present for other local times, suggesting that this is not a systematic error in the synthetic zonal winds
but rather a random effect. We also recall that radiation pressure modeling errors in the retrieval of cross-track
winds (from accelerometer data) are the largest at dawn-dusk. In addition to larger variances in the cross-track
winds, we can also expect greater errors in the derivation of the synthetic winds for dusk conditions.
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As discussed in section 5, neglecting vertical viscosity in the derivation of synthetic winds causes errors that
are generally smaller than 2%. On the other hand, the reduction in ion drag force at dusk (for more details see
the following paragraph) together with the small low-latitude Coriolis force suggests that for this case, vertical
viscosity could play a larger role [Killeen and Roble, 1984; Walterscheid and Crowley, 2015] and be responsible
for larger uncertainties in the synthetic winds. Miyoshi et al. [2012] investigated the zonal momentum balance
in the thermosphere by using an atmosphere-ionosphere coupled model. In Figure 3 of their study, Miyoshi
et al. [2012] showed that pressure gradient and ion drag play an important role on the zonal momentum bud-
get and that vertical viscosity has a significant effect around the dip equator at dawn and dusk. Thus, some
of the differences between the synthetic zonal winds (Figure 6c) and the cross-track winds (Figure 6a) can be
explained by larger variances in both cross-track and synthetic winds around dusk.

Regarding (2), Figures 6a and 6c show a clear enhancement in the eastward winds around the geomagnetic
equator. This strong low-latitude eastward jet is typical for postsunset hours (i.e., 19 LT) and is due to the com-
bined effect of intensified eastward ion drifts due to vertical electric fields and the rapid increase in height
of the ionosphere driven by the evening prereversal enhancement of the vertical plasma drift. Zonal winds
in the low-latitude F region evening ionosphere generate nearly vertical electric fields (polarization electric
fields) that cause the ionospheric plasma to drift in the zonal direction with a velocity approaching that of
the neutral wind [Rishbeth, 1971; Miyoshi et al., 2012]. This motion of the plasma together with the neutrals
drastically reduces the ion drag, which opposes the pressure gradient and acts to limit the wind speed. At low
latitudes, where the Coriolis force is small and the balance is mainly obtained between pressure gradient and
ion drag, the reduction in ion drag associated with the postsunset uplifting of the F layer results in enhanced
eastward wind speeds. This phenomenon occurs toward sunset, because this is when the pressure gradient
force increases in the eastward direction. Richmond et al. [1992] demonstrated that both the uplift of the iono-
sphere due to the prereversal enhancement [Anderson and Roble, 1974] and the small difference between the
neutral wind and the plasma drift [Rishbeth, 1971] are responsible for the strong eastward wind in the evening.
The west-to-east prevailing wind motion of the upper atmosphere, which is both longitude and diurnal mean,
is referred to as “superrotation” [King-Hele, 1964]. King-Hele and Walker [1983] estimated from satellite orbital
analysis superrotation speeds of 100 m/s, whereas Wharton et al. [1984] found speeds of 20 m/s in Dynamics
Explorer (DE) 2 data at high solar flux level, and more recently Rishbeth [2002] calculated values of 47 m/s
using the TIME-GCM. Using CHAMP data at 400 km, Liu et al. [2006] found the superrotation speed to be highly
dependent on solar flux level, geomagnetic conditions, and season, with speeds ranging from 10 m/s during
solar low and geomagnetic quiet conditions to 60 m/s for solar high and geomagnetically perturbed days.
The latitudinal variation of diurnally and longitudinally averaged synthetic zonal winds for the equivalent
day is shown in Figure 7. We note the bell-like distribution partly skewed toward the Southern Hemisphere
(probably due to the use of geographic instead of geomagnetic coordinates), with maxima around the equa-
tor. From Figure 7 we report superrotation speeds of∼27 m/s, significantly larger than the 11 m/s found by Liu
et al. [2006] for similar geophysical conditions (summer solstice, solar minimum, and geomagnetically quiet
conditions). This apparent inconsistency is likely due to the different method used by Liu et al. [2006] to derive
zonal winds from accelerometer measurements compared to the Doornbos et al. [2010] method used in this
work. Liu et al. [2006] used a direct approach, where the lift and sideways forces are neglected or are modeled
and removed from the acceleration beforehand, so that only the observed acceleration due to drag remains.
While Doornbos et al. [2010] used an iterative approach, where an algorithm is used to make the modeled
aerodynamic acceleration match the direction and magnitude of the aerodynamic acceleration observed by
the accelerometer. Doornbos et al. [2010] reports significant error reduction through the iterative method.
Additionally, amplitude suppression caused by the ∼130 day averaging performed by Liu et al. [2006] could
play a role. The superrotation speeds found in this study are in reasonably good agreement with those
reported by Richmond et al. [1992], Fuller-Rowell et al. [1997], and Rishbeth [2002] using model simulations.

With respect to (3), note that HWM14 zonal winds (Figure 6b) largely underestimates CHAMP synthetic zonal
(Figure 6c) and cross-track (Figure 6a) winds. HWM zonal winds show similar latitude-longitude structures, but
with speeds less than∼50% of those observed from CHAMP. This is not surprising considering that HWM wind
estimates at 300 km are primarily based on DE2s WATS measurements taken between August 1981 to February
1983 [Hedin, 1991]. Since the majority of DE2 measurements were made at solar maximum, the model values
are less representative for low solar flux levels, leading to large differences with CHAMP observations [Liu
et al., 2006]. Additionally, DE2 orbit was such that it took it one year to cover all local times, hence season and
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Figure 7. Diurnal and longitude mean zonal winds (superrotation)
for the equivalent day as a function of latitude. Note the peak
around the equator with maximum of 27 m/s.

local time are locked, with dawn-dusk cover-
age only in early summer and winter months
[Coley et al., 1994]. Thus, since Figure 6
refers to the 10 day period 12-22 August
2008, limited DE2 sampling could explain
the model errors. Some of the differences
are also likely due to vertically propagat-
ing waves measured by CHAMP, but not
captured by the empirical model. On the
other hand, HWM meridional winds com-
pare well with the synthetic winds both
in speed and latitude-longitude structures
(Figures 6b′ and 6c′). For more comparisons
with HWM and CHAMP cross-track winds see
the following sections.

6.3. Latitude Versus Local Time
A different perspective on the winds can be
obtained by looking at a latitude versus local

time frame. In such a frame one can study the local time variability for a single longitude or as a lon-
gitude mean. Figure 8 shows longitudinally averaged (U and V) latitude versus local time structures in
synthetic zonal and meridional winds, HWM14, and cross-track winds. Figures 8a and 8a′ show 130 day
means (130 days are used to resolve the full 24 h local time variability) for the synthetic zonal and meridional
winds, respectively. Figures 8b and 8b′ show zonal and meridional synthetic winds for the equivalent day;

Figure 8. Latitude versus local time plot of (a and b) 130 day mean and ∼40 day mean (equivalent day) synthetic
(panels a′ and b′) zonal and meridional winds, (c) 40 day mean HWM14 zonal and (c′) meridional winds, and (d) 40 day
mean (equivalent day) cross-track winds. Note the many similarities between synthetic zonal and cross-track winds, with
HWM14 winds differing significantly from CHAMP winds.
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whereas Figures 8c and 8c′ show HWM zonal and meridional winds, and Figure 8d illustrates cross-track winds
for the same equivalent day. As discussed in section 6.2, we found large local time variability in both zonal and
meridional winds. Eastward winds up to ∼250 m/s and northward winds up to ∼100 m/s are found at night-
time (with maxima at 2 LT). Westward winds up to ∼100 m/s are found around noon (i.e., 10–16 LT), when
meridional winds of ∼45 m/s are mainly southward. Figures 8a and 8b) also show the smoothing effect of
130 day averages on the zonal wind, with speeds reduced by up to 30% when compared to the∼40 day means.
On the other hand, Figure 8a′ and 8b′) also show that 130 day average meridional wind has similar speeds
to the 40 day averages (or even larger wind speeds for 8–16 LT). Note that any difference between the local
time-latitude distribution of cross-track wind presented by Liu et al. [2006] and what shown by Figure 8 can
be explained by the different method adopted by Liu et al. [2006] (direct approach versus iterative approach).
Additionally, Figure 8 shows that HWM fails to reproduce most of the observed local time and latitude vari-
ability in the winds. Similar conclusions can be drawn for latitude versus local time wind structures at specific
longitudes, but these results are not shown here.

6.4. Local Time Versus Longitude
New insights on thermospheric winds can also be acquired by analyzing wind structures in a local time
versus longitude frame at a fixed latitude. This frame of reference is preferential to investigate the pres-
ence and effect of atmospheric tides. Atmospheric tides are global oscillations of temperature, density, and
wind fields induced by the daily cyclic absorption of solar energy in the atmosphere, with periods being
subharmonics of one solar day. They can be described as oscillations of the kind: An,s cos(nΩt + s𝜆 − 𝜙n,s).
In local time tLT = t + 𝜆∕Ω, the previous expression becomes: An,s cos(nΩtLT + (s − n)𝜆 − 𝜙n,s). Among
the nonsun-synchronous (nonmigrating) tidal components, the eastward propagating diurnal tide with
s = −3 (DE3) and the eastward propagating semidiurnal tide with s = −2 (SE2) are among the largest wave
components in the mesosphere/lower thermosphere (MLT). From a sun-synchronous satellite perspective,
DE3 and SE2 produce four longitudinal peaks and are the main contributors to the wave 4 structure observed
in the ionosphere [i.e., England et al., 2006; Lin et al., 2007; Pedatella et al., 2008] and thermosphere [i.e., Hagan
et al., 1997; Hagan and Forbes, 2002; Oberheide et al., 2011b; Gasperini et al., 2015].

Figures 9a–9e show a comparison of synthetic, cross-track, and HWM14 winds in a local time versus longitude
frame at the equator, again for the 43 day equivalent day. Cross-track and synthetic equatorial zonal winds
agree for the majority of the observed longitude and local time variability and show evidence of strong diur-
nal and semidiurnal components. Both zonal and meridional wind estimates from HWM14 poorly replicate
the longitude and local time variability observed in CHAMP. Analyzing the local time versus longitude struc-
tures for the equivalent day, we found evidence of a strong wave 4 signal in both zonal and meridional winds
(Figures 9a′ –9e′). Wave 4 amplitudes of ∼12 m/s (∼14 m/s) in synthetic zonal (cross-track) winds and∼10 m/s
in synthetic meridional winds are found. The local time versus longitude pattern of wave 4 in zonal winds
shows clear eastward propagation of ∼90∘ in 24 h LT, as indicated by the white guiding line. This phase prop-
agation is indicative of the presence of the nonmigrating tide DE3 and thus suggests DE3 to be the cause for
the observed wave 4 structure in the zonal wind. Wave 4 in meridional winds propagates ∼120∘ to the East
in 24 h LT and can be explained by the presence of both SE2 and DE3. The following section shows the lati-
tudinal profile of DE3 and SE2 extracted from CHAMP winds, along with comparisons with the Climatological
Tidal Model of the Thermosphere (CTMT) [Oberheide et al., 2011a].

6.5. Example of Wave Decomposition
By analyzing local time versus longitude equatorial wind structures for the 43 day equivalent day, we deter-
mined wave 4 to be the largest oscillation in zonal winds and among the largest in meridional winds
(only surpassed by wave 1), and suggested a link to DE3 and SE2. The presence of a strong wave 4 in the neutral
atmosphere is known to impose significant longitudinal variability in the ionosphere, either by modulation
of the E region dynamo and F region fountain [Sagawa et al., 2005; Immel et al., 2006] or by direct penetration
into the F region [Forbes et al., 2009; Häusler and Lühr, 2009; Oberheide et al., 2009, 2011a; Talaat and Lieberman,
2010]. Using F2 layer peak density and the peak height extracted from the COSMIC data set, He et al. [2011]
found that the generally accepted mechanism of DE3 modulation of E region dynamo only accounts for
the daytime symmetric components, while the antisymmetric components are likely due to transequatorial
neutral winds associated with the SE2 tide. Meridional SE2 winds transport plasma along geomagnetic field
lines upward (downward) in the upwind (downwind) hemisphere, thus raising the F2 layer peak height at the
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Figure 9. Local time versus longitude structures in (a) cross-track winds, (b) synthetic zonal winds, (c) HWM14 zonal
winds, (d) synthetic meridional winds, and (e) HWM14 meridional winds for the equivalent day. (a′ –e′) show the wave 4
component of each plot in Figures 9a–9e. The zonal mean was removed from Figures 9a–9e to help the comparison.
Note the poor comparison with HWM, which shows very little longitude variability. The white dashed line shows
eastward propagation of ∼90∘ in 24 h LT, consistent with DE3.

upwind side and lowering it at the downwind side [Rishbeth, 2000], causing ionospheric asymmetry. Oberheide
et al. [2011b] originally anticipated the role of SE2 meridional winds in producing ionospheric asymmetries
about the equator.

Figure 10 shows DE3 and SE2 amplitudes and phases as a function of latitude in synthetic winds (black line),
cross-track winds (red), and HWM14 winds (green), retrieved from least squares fitting the local time versus
longitude at different latitudes for the 43 day equivalent day. DE3 and SE2 amplitudes in zonal and meridional
winds according to CTMT are also plotted (blue line). CTMT is an empirical thermospheric model of upward
propagating migrating and nonmigrating diurnal and semidiurnal tides. It provides amplitude and phase for
each tidal perturbation from 80 to 400 km and pole-to-pole and is based on Hough Mode Extension (HME,
global solutions to the linearized dynamical equations that take into account dissipative effects above the
forcing region) fits to TIMED MLT temperatures and winds for the years 2002 to 2008 [Oberheide et al., 2011a].
As shown in Figure 10, we found DE3 maxima of ∼12 m/s in equatorial zonal winds and ∼8 m/s in meridional
winds around 45∘S, while SE2 reaches maxima of∼10 m/s in midlatitude zonal winds and∼8 m/s in equatorial
meridional winds. These amplitudes of DE3 in the zonal winds (i.e., 12 m/s) are comparable to those found by
Häusler and Lühr [2009] for August in similar geophysical conditions.

Analyzing Figure 10, one can see similarities between the latitudinal profile of DE3 and SE2 amplitudes and
phases in synthetic winds and the amplitudes predicted by CTMT. For the amplitudes, we find one major peak
centered around the equator in DE3 zonal winds, two “symmetric” peaks at low latitudes (±45∘) in SE2 zonal
winds and DE3 meridional winds, and one major peak around the equator and two secondary peaks at higher
latitudes (±60∘) in SE2 meridional winds. For the phases, DE3 zonal (meridional) winds are mostly symmetric
(antisymmetric) about the equator, whereas SE2 zonal winds are mostly antisymmetric and SE2 meridional
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Figure 10. (a and b) Latitudinal profile of DE3 and SE2 in zonal winds for the equivalent day; (c and d) Same as
Figures 10a and 10b, but for meridional winds; and (e and f) the latitudinal profile for both zonal and meridional winds
of DE3 and SE2, respectively. In Figures 10a–10d, the black line refers to synthetic winds, the red line to cross-track
winds, the green line to HWM14 winds, and the blue line shows the amplitude of DE3 and SE2 in CTMT winds for August
at 300 km (note the blue y axis on the right side of each plot). In Figures 10e and 10f, black crosses (squares) represent
synthetic zonal (meridional) wind phases, while the dotted (dashed) blue line shows CTMT zonal (meridional) wind
phases. Error bars are included for synthetic and cross-track wind amplitudes, with estimated errors of ∼20% and ∼5%,
respectively. Note the small amplitudes in HWM14 and significant departure of DE3 and SE2 latitudinal structures from
that of CTMT.

winds have a more complex latitudinal structure. More interestingly though, we also find large differences
between SE2 and DE3 in CHAMP winds and those predicted by CTMT. First, the amplitudes of DE3 and SE2
in CTMT winds are ∼50–70% smaller than the ones found in CHAMP (note the different y axis for CTMT);
this effect is likely due to amplitude suppression caused by CTMT’s multiyear averaging. Second, the latitu-
dinal shape of observed DE3 and SE2 is significantly different from that of CTMT. To understand the cause of
this difference, we need to consider that CTMT tidal predictions at 300 km are based on the vertical extrapola-
tion of HMEs, and neglects any tide-mean flow interactions (or nonlinear wave-wave interactions). As shown
in Figure 10a, DE3 in zonal winds is dominated by its hemispherically symmetric mode, consistent with what
is found by Truskowski et al. [2014] at the base of the thermosphere (110 km). DE3 is known to be generated
in the tropical troposphere by latent heat release, and its first symmetric mode (which is a Kelvin wave) has
been shown to propagate high into the thermosphere due to its vertical wavelength of ∼56 km [Oberheide
et al., 2011a]. A careful analysis of Figure 10a also reveals the presence of a nonnegligible antisymmetric com-
ponent of DE3 zonal winds (the amplitudes are partly skewed toward the Southern Hemisphere). Looking
at Figure 10c, we find DE3 in meridional winds to be not purely antisymmetric (as predicted by HMEs, and
shown by CTMT), but significantly skewed toward the Southern Hemisphere (similarly to DE3 in zonal winds
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Figure 11. Latitude-longitude structures in the synthetic zonal wind for the months of March, June, September, and December around noon (i.e., 12 LT),
midnight (i.e., 0 LT), dawn (i.e., 6 LT), and dusk (i.e., 18 LT). Note the strong seasonal and local time variability in the winds and the significant presence of wave 2,
wave 3, and wave 4.

and SE2 in meridional winds). One possible explanation for the presence of this antisymmetric component

is given by mode coupling, wherein a given mode (i.e., symmetric mode) interacts with the mean flow to

contribute to the generation of other modes (e.g., antisymmetric modes). Despite mode coupling, individual

modes tend to retain their properties in terms of vertical propagation [Lindzen et al., 1977]. The first antisym-

metric mode of DE3 has a vertical wavelength of ∼30 km [Truskowski et al., 2014] and does not propagate to

CHAMP heights. Thus, if DE3 is symmetric at ∼100 km, then its distortion is due to mode coupling occurring

between∼100 km and∼300 km. We know that for eastward propagating waves (such as DE3 and SE2), the fre-

quency is Doppler-shifted to higher absolute values in regions of westward wind and to lower absolute values

in regions of eastward wind. In regions where dissipation is important, waves with large Doppler-shifted fre-

quency are less effectively damped than those with smaller Doppler-shifted frequency; thus, a wave exhibits

larger amplitudes if Doppler-shifted to higher absolute frequencies. With this in mind, our results would indi-

cate the presence of stronger eastward winds in the Northern Hemisphere, or westward winds in the Southern

Hemisphere, in the ∼100–300 km height region. The situation is more complicated for SE2, which can be

generated in situ by nonlinear interactions between DE3 and DW1 [Oberheide et al., 2011a], in addition to

propagating upward from lower altitudes.

GASPERINI ET AL. CHAMP SYNTHETIC WINDS 3716



Journal of Geophysical Research: Space Physics 10.1002/2016JA022392

Figure 12. Similar to Figure 11, but for meridional synthetic winds. The seasonal dependency in the meridional winds is not as strong as for the zonal winds.
Note the strong longitudinal wave 1 structure and absence of wave 3 and wave 4 structures.

6.6. Seasonal and Local Time Variability of Synthetic Winds
In this section we provide a small sampling of latitude-longitude wind structures obtainable from the CHAMP
database to provide a perspective on potential scientific applications not directly addressed in this paper.
We begin by demonstrating that both the latitude-longitude variation and magnitude of the winds highly
depend on season and local time. Figure 11 shows latitude-longitude structures in synthetic zonal wind for
the months of March, June, September, and December at 0 LT, 6 LT, 12 LT, and 18 LT, and give an overview of
seasonal and local time dependency of the winds for low solar flux levels and geomagnetic quiet conditions.
Note the significant seasonal dependency in the longitudinal structures, with the strong presence of wave 1
in March (0 LT and 12 LT), wave 2 in March (6 LT and 18 LT), September (5 LT, 13 LT, and 17 LT), and December
(6 LT, 11 LT, and 23 LT), and wave 4 in September (1 LT and 5 LT). Various tidal perturbations can generate a
wave 2 longitude structure in the zonal winds (i.e., DW3, DE1, SW4, S0, and sPW2). Forbes et al.’s [2014] findings
indicate that SW4 is likely the main contributor to the observed wave 2 structure. This nonmigrating tidal
component is also known to maximize around September–March [Forbes et al., 2014], thus explaining the
strong wave 2 in March, September, and December. For September at 1 LT (which refers to the 10 day period
25 August to 5 September 2007) we see the clear presence of wave 4 around the equator (i.e., DE3) and at
middle low latitudes (i.e., SE2, with greater amplitudes in the Southern Hemisphere, consistent with what is
shown in Figure 10). A rather common feature in the seasonal variation is that the average wind velocities
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(both eastward and westward) are about 20–30% smaller around December than in other seasons. This is
particular evident for 11 LT and 18 LT, with speeds of ±100 m/s in March/June, but limited to ±50–70 m/s
in December.

The meridional latitude-longitude wind structures (Figure 12) show significant dependency on local time,
similarly to the zonal winds but not much variability with season. For all seasons, at dusk (i.e., 18 LT) the winds
tend to be southward in the Southern Hemisphere and northward in the Northern Hemisphere, while this
pattern is reversed at dawn (i.e., 6 LT). The midnight meridional winds possess little longitudinal variability,
and are mainly northward at low latitude to midlatitude (±25∘) for all seasons but December (when they are
southward). Note how the absolute speeds of the meridional winds is generally ∼ ±100 m/s. As can also be
easily noticed by comparing Figure 12 with Figure 11, the latitude-longitude structures in meridional winds
are simpler compared to the zonal winds. The longitudinal structure of the meridional winds (Figure 12) does
not possess much wave 3 and wave 4 and is dominated by wave 1 for most seasons and local times. This is
similar to what is found by Clemmons et al. [2013] in meridional winds derived from Streak ionization gauge
measurements. The small wave 3 and wave 4 can be explained by the fact that DE2 and DE3 are quasi-Kelvin
waves and thus are known to have substantially smaller meridional winds than zonal winds. From a nearly
fixed local time perspective, several tidal perturbations can be responsible for a wave 1 longitude modulation
(all the ones with the same ∣ s − n ∣, as discussed in section 6.4): the stationary planetary wave with s = 1
(SPW1), the diurnal tide with s = 0 (D0), the westward diurnal tide with s = 2 (DW2), the semidiurnal westward
propagating tide with s = 1 (SW1), and s = 3 (SW3). We know that SPW1 modulation of DW1 (n = 1, s = 1)
yields the secondary products D0 (n = 1, s = 0) and DW2 (n = 1, s = 2), and that SPW1 modulation of SW2
(n = 2, s = 2) yields the secondary products SW1 and SW3 [Forbes et al., 2012]. Thus, if the meridional winds
have large DW1 and SW2 in the geographic frame, and this structure is tilted into the geomagnetic frame,
then we can expect D0, DW2, SW1, and SW3 to be significant components in a geographic frame perspective.
A combination of these tidal perturbations due to the effects of the magnetic field is likely to be responsible
for the observed wave 1 structure shown in Figure 12. The data in Figures 11 and 12 are provided in the
supporting information S1 (ASCII format).

7. Summary and Conclusions

The neutral wind field is a fundamental parameter defining the state and dynamics of the ionosphere-
thermosphere system, yet global-scale wind measurements are scarce. Vertical and horizontal winds are
responsible for redistributing chemical species and altering the bulk temperature field through adiabatic
heating and cooling. Zonal winds are responsible for the generation of electric fields via the F region dynamo
mechanism, while meridional winds modify the ionosphere by moving plasma up and down magnetic
field lines.

CHAMP’s slowly precessing orbit provides a unique perspective and different types of insights into the dynam-
ics of the thermosphere than those obtainable from the ground. In this paper, we used neutral and electron
densities measured by the CHAMP satellite around 300–350 km to derive pressure gradients and ion drag
values. We then solved the horizontal momentum equations of the thermosphere for solar low and geomag-
netically quiet conditions to infer zonal and meridional winds. We limited our analyses to midlatitude to low
latitude (±45∘), where winds driven by convection electric fields are generally negligible. To provide reassur-
ance on the credibility of the derived wind field, we validated our methodology by showing that neutral and
electron densities output from NCAR TIME-GCM can be used to derive solutions to the momentum equations
that well replicate (with uncertainties up to ∼15%) the winds self-consistently calculated in TIME-GCM. We
estimated the total uncertainty in the synthetic winds to be about ±30%, mainly due to errors in the deriva-
tion of ion drag (∼ ±14%) and pressure gradient (∼ ±4%) from CHAMP electron and neutral densities. We also
compared latitude-longitude synthetic wind structures with CHAMP cross-track winds and found that they
share over 65% of the variance, with no detectable bias. We then used synthetic winds to highlight the lon-
gitude, latitude, local time, and seasonal variability and presented comparisons with CHAMP cross-track and
HWM14 winds in various formats. The main findings from these analyses can be summarized as follows:

1. We found evidence of a strong eastward jet in the postsunset hours around the geomagnetic equator due
to decreased ion drag associated with the combined effect of intensified eastward ion drifts due to ver-
tical electric fields and the rapid increase in height of the ionosphere driven by the evening prereversal
enhancement of the vertical plasma drift. We also calculated superrotation speeds of 27 m/s at the equator.
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2. We found that the HWM14 empirical model largely underestimates (by over ∼50%) the latitude, longitude,
and local time variability in CHAMP synthetic winds. This is likely due to DE2’s poor sampling at solar
minimum and the presence of upward propagating tides not captured by the empirical model.

3. We found evidence of vertical wave coupling due to DE3 and SE2, with maximum amplitudes of ∼12 m/s in
zonal winds (DE3) and∼9 m/s in meridional winds (SE2). Significant asymmetry in the latitudinal variation of
DE3 and SE2 are consistent with the presence of higher order modes likely due to the effect of mean winds.

4. We found low-latitude meridional SE2 winds, with amplitudes greater than 8 m/s. These results are sup-
portive of Oberheide et al.’s [2011b] and He et al.’s [2011] theories that SE2 transequatorial neutral winds are
responsible for the antisymmetric component of the ionospheric wave 4.

5. We found strong seasonal and local time dependency in both zonal and meridional winds. Zonal winds
show significant latitude-longitude variability for all seasons and local times, whereas meridional winds
feature a simpler longitude structure dominated by wave 1. This can be explained as due to the effect of
small DE3 meridional winds and the SPW1 modulation of DW1 and SW2 associated with the displacement
between geographic and geomagnetic coordinate systems.
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