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[1] Based on Whole Atmosphere Community Climate Model (WACCM) simulations,
Pedatella and Liu (2012) recently demonstrated that significant interannual variability
occurs in migrating and nonmigrating tides in the mesosphere and lower thermosphere
(MLT) due to the El Niño Southern Oscillation (ENSO). The role of changes in
tropospheric forcing, changes in the zonal mean atmosphere, and planetary wave-tide
interactions on generating the tidal variability in the MLT are investigated in the present
study. The ENSO-driven variability in the migrating diurnal tide (DW1) is found to be
primarily due to changes in the tropospheric forcing of the DW1. Changes in tropospheric
forcing are also the source of the changes in the eastward propagating nonmigrating
diurnal tide with zonal wave number 3 (DE3). However, changes in the zonal mean
atmosphere also contribute to interannual variability of the DE3 due to the ENSO.
Variability in the eastward propagating nonmigrating diurnal tide with zonal wave
number 2 (DE2) is largely due to changes in the background atmosphere, with a smaller
additional contribution due to changes in tropospheric forcing. Variability in the
westward propagating semidiurnal tide with zonal wave number 4 (SW4) is believed to be
due to changes in planetary waves during the ENSO which will enhance generation of the
SW4 through the nonlinear interaction of the migrating semidiurnal tide and stationary
planetary waves with zonal wave number 2. The influence of the interannual tidal
variability on the longitude structure of the low-latitude ionosphere is also investigated in
the present study. Comparison of El Niño and La Niña time periods reveals that the
ENSO introduces changes of �2–4 ms–1 in the daytime vertical drift velocity at certain
longitudes. Simulation results further illustrate that the variability in the vertical drift
velocity drives interannual variability in the low-latitude daytime F region maximum
electron density (NmF2). The results demonstrate that the ENSO introduces variability of
�10–30% in the MLT and �10–15% in the ionosphere. The ENSO should therefore
be considered as a potentially significant source of variability in the Earth’s
upper atmosphere.
Citation: Pedatella, N. M., and H.-L. Liu (2013), Influence of the El Niño Southern Oscillation on the middle and upper
atmosphere, J. Geophys. Res. Space Physics, 118, 2744–2755, doi:10.1002/jgra.50286.

1. Introduction
[2] The global dynamics of the mesosphere and lower

thermosphere (MLT) are dominated by migrating and non-
migrating solar thermal tides. Solar thermal tides are char-
acterized by their period, zonal wave number, and whether
they are migrating or nonmigrating. Migrating tides propa-
gate westward with the same speed as the apparent motion
of the Sun, while nonmigrating tides propagate either faster
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or slower than the apparent motion of the Sun. Tides in the
MLT are dominated by upward propagating tides that are
forced in the troposphere and stratosphere. Absorption of
ultraviolet radiation by ozone is the primary source of tides
in the stratosphere. Tidal forcing in the troposphere is due
to infrared radiative heating of water vapor and latent heat
release due to tropical convection [Chapman and Lindzen,
1970; Lindzen, 1978]. The migrating and nonmigrating tides
forced in the troposphere and stratosphere propagate ver-
tically, and their amplitude increases with height due to
the decrease in atmospheric density. Dissipation eventually
occurs in the MLT, preventing further growth and resulting
in the largest tidal amplitudes occurring at MLT altitudes.

[3] Numerical models [Miyahara et al., 1993; Hagan and
Forbes, 2002, 2003; Akmaev et al., 2008; Liu et al., 2010]
and observations [Oberheide et al., 2006; Zhang et al., 2006;
Forbes et al., 2008] have revealed the characteristic behavior
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of migrating and nonmigrating tides in the MLT. These stud-
ies have focused primarily on what may be regarded as the
climatological behavior of the tides. While the tidal climatol-
ogy is generally well understood, there remains a significant
amount of additional variability that is superimposed upon
the climatology. Observations and modeling results demon-
strate that significant daily [Pancheva et al., 2006; H.-L.
Liu, WACCM-X simulation of upper atmosphere wave vari-
ability, submitted to Geophysical Monograph Series, 2012],
intraseasonal [Miyoshi and Fujiwara, 2006], and interannual
[Gurubaran et al., 2005; Lieberman et al., 2007; Oberheide
et al., 2009] variability occurs. This additional variability is
superimposed upon the established seasonal and latitudinal
variability in the tides, and developing an understanding of
the tidal variability along with their source mechanisms is of
critical importance due to the significant impact that migrat-
ing and nonmigrating tides have on the dynamics of the
MLT. Short- and long-term tidal variability can be attributed
to changes in tropospheric tidal forcing [Vial et al., 1994;
Lieberman et al., 2007], altered tidal propagation due to
changes in the mean flow [Ekanayake et al., 1997], inter-
action with planetary waves [Teitelbaum and Vial, 1991],
and interaction with gravity waves [McLandress and Ward,
1994]. While each of these mechanisms can individually
drive tidal variability, the net tidal variability in the MLT is
likely to represent the complex interplay of a combination of
different potential sources of variability.

[4] In addition to impacting the large-scale dynamics of
the MLT, it has become increasingly evident that upward
propagating tides of tropospheric origin significantly influ-
ence the low-latitude ionosphere. Sagawa et al. [2005] first
suggested that the observed longitude variability in the low-
latitude ionosphere was due to nonmigrating tides of tropo-
spheric origin. It was subsequently hypothesized by Immel
et al. [2006] that the diurnal eastward propagating nonmi-
grating tide with zonal wave number 3 (DE3) modulates
the dynamo generation of electric fields in the ionospheric
E region, resulting in the frequently observed wave num-
ber 4 longitude structure in the low-latitude ionosphere.
Tidal modulation of electric fields in the E region introduces
a longitude variation in the equatorial electrojet, F region
vertical plasma drift velocity, and low-latitude ionosphere
electron densities. Numerous observations and numerical
simulations have demonstrated the connection between non-
migrating tides and longitude variability in the low-latitude
ionosphere. An in-depth summary of the impact of nonmi-
grating tides on the ionosphere can be found in the recent
reviews by England [2012] and Kil and Paxton [2011].
Variability in nonmigrating tides has been directly linked
to similar variability in the longitude structure of the low-
latitude ionosphere. Such variability occurs on time scales
of days [e.g., Immel et al., 2009; Jin et al., 2011; Pedatella
et al., 2012a], months [e.g., Fang et al., 2009; Mukhtarov
and Pancheva, 2011], and years [e.g., Wan et al., 2010].

[5] Interannual tidal variability has been attributed to
the quasi-biennial oscillation (QBO) [Hagan et al., 1999;
Oberheide et al., 2009; Liu, submitted manuscript, 2012]
and the El Niño Southern Oscillation (ENSO) [Vial et al.,
1994; Gurubaran et al., 2005; Lieberman et al., 2007;
Oberheide et al., 2011; Pedatella and Liu, 2012]. The
focus of the present study is on the role of the ENSO on
generating interannual variability in the upper atmosphere.

Pedatella and Liu [2012] recently demonstrated that the
ENSO introduces significant interannual variability in the
migrating diurnal tide (DW1), eastward propagating nonmi-
grating diurnal tides with zonal wave numbers 2 and 3 (DE2,
DE3), and the westward propagating nonmigrating semidi-
urnal tide with zonal wave number 4 (SW4). Pedatella and
Liu [2012] hypothesized that the tidal changes were due
to altered tropospheric forcing, changes in the zonal mean
zonal winds, and/or changes in planetary wave activity. In
the present study, we investigate the role of different mecha-
nisms for driving the tidal changes in the MLT that occur due
to the ENSO. Furthermore, given the importance of the non-
migrating tides on the longitude structure of the low-latitude
ionosphere, we perform additional simulations to investigate
how the ENSO-induced interannual tidal variability drives
interannual variability in the low-latitude ionosphere.

2. Numerical Models
2.1. Whole Atmosphere Community Climate Model

[6] The National Center for Atmospheric Research
(NCAR) Whole Atmosphere Community Climate Model
(WACCM) is a first-principles global model extending
from the surface to the lower thermosphere (�145 km).
The WACCM extends the NCAR Community Atmosphere
Model (CAM) into the MLT and includes the additional
chemical and physical processes that are necessary to raise
the model top into the lower thermosphere. Specific details
regarding the numerics of the chemical, dynamical, and
physical processes in the WACCM can be found in Garcia
et al. [2007] and Richter et al. [2010].

[7] The results presented herein utilize the same simula-
tions as previously discussed in Pedatella and Liu [2012].
Briefly, the simulations are composed of a set of five ensem-
ble members, with each member being run for 30 years.
This provides a total of 150 years of simulation results for
use in the present analysis. The simulations were performed
with the WACCM coupled to an ocean model, and the El
Niño and La Niña events are generated due to internal model
dynamics. A solar flux of 138 sfu (solar flux units) and geo-
magnetic activity level of Kp = 3 are used for the duration
of the simulations. Note that the simulations are not meant
to be representative of any specific time period. Throughout
the following, we present results based on monthly compos-
ites for El Niño, La Niña, and neutral time periods. This is
done using the same analysis method as previously used in
Pedatella and Liu [2012].

2.2. Global Scale Wave Model
[8] The Global Scale Wave Model (GSWM) is a lin-

earized, steady state tidal model extending from the ground
to the thermosphere. Based on a given zonal mean back-
ground atmosphere and tidal forcing, the GSWM solves the
linearized Navier-Stokes equations for a tide specified by
its zonal wave number and frequency. Details regarding the
GSWM can be found in Hagan and Forbes [2002] and ref-
erences therein. For the present study, we use the GSWM
to assess the role that ENSO-driven changes in the back-
ground atmosphere have on the tidal propagation into the
MLT. GSWM calculations are performed for each month
from November to April. For each month, the GSWM cal-
culations are performed using a background atmosphere
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(zonal mean zonal winds and temperatures) based on the
WACCM monthly composites for El Niño, La Niña, and
neutral time periods. Note that for the experiments per-
formed in the present study the tidal forcing is unchanged
from the forcing detailed in Hagan and Forbes [2002, 2003].
The tidal forcing is unchanged in order to isolate the impact
of the changing background atmosphere on tidal propagation
into the MLT.

[9] Although the GSWM provides a useful means for
assessing the influence of ENSO-induced changes in the
zonal mean atmosphere on tidal propagation into the MLT,
differences between the GSWM and the WACCM may also
impact the results. In particular, the two models differ signif-
icantly in their treatment of gravity waves and dissipation in
the MLT. A comprehensive gravity wave scheme is incorpo-
rated in the WACCM. The simplified approach of using an
effective Rayleigh friction for gravity wave drag is taken in
the GSWM. This represents a significant difference between
the two models. By influencing tidal dissipation, the dif-
ferent gravity wave schemes used in the two models will
directly affect tides in the MLT. Despite these differences,
we believe that the GSWM remains useful for diagnosing the
influence of changes in the zonal mean atmosphere on the
tides in the MLT. However, throughout the following discus-
sion, it is important to consider that some of the differences
between the GSWM and WACCM results may partly be due
to inconsistencies between the models.

2.3. Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General
Circulation Model

[10] The NCAR Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General Circulation Model (TIME-GCM)
is used to study the influence of the ENSO on driving
interannual variability in the low-latitude ionosphere. The
TIME-GCM is a first-principles model of the mesosphere,
thermosphere, and ionosphere with self-consistent electro-
dynamics. A pressure-based coordinate system is used in the
vertical direction of the TIME-GCM. The lower boundary of
the TIME-GCM is �30 km, and the upper boundary varies
between roughly 400 and 700 km depending on solar activ-
ity level. A comprehensive overview of the TIME-GCM can
be found in Roble [1995] and Roble and Ridley [1994] and
is not repeated herein.

[11] In the present study, the TIME-GCM is forced with
monthly composites of WACCM geopotential height, tem-
perature, and neutral wind fields using the same approach
as Liu et al. [2013]. The WACCM composites correspond
to the monthly average for neutral, El Niño, and La Niña
time periods. For the forced TIME-GCM simulations, the
WACCM geopotential height, neutral winds, and tempera-
ture are applied at the lower boundary of the TIME-GCM.
Additionally, the WACCM neutral winds and temperature
are used to force the TIME-GCM in the lower 38 levels of
the model (up to �90 km). The additional forcing takes the
form of k(fWACCM – fTIME–GCM), where f is either the neutral
wind or temperature. The factor k determines the strength
of the forcing and ranges from 1 at the TIME-GCM lower
boundary to 0 at the maximum forcing altitude. Note that
while traditionally the model forcing is restricted to the
lower boundary, the additional forcing in the lower 38 model
levels is applied so that the tides and zonal mean atmosphere

in the TIME-GCM will be a better representation of those in
the WACCM. The TIME-GCM simulations are performed
with a horizontal resolution of 2.5ı � 2.5ı in latitude and
longitude and a vertical resolution of four points per scale
height. The solar and geomagnetic activity are held constant
at the same values as used for the WACCM simulations.
We have performed TIME-GCM simulations for neutral,
El Niño, and La Niña conditions for each month from
December to March. Each simulation is performed under
perpetual conditions for the middle of each month and
is run for 10 days so that the model reaches a diurnally
reproducible state.

3. Variability in the Zonal Mean Atmosphere
[12] In addition to introducing tidal variability, the ENSO

also generates significant changes in the zonal mean state
[e.g., Sassi et al., 2004]. The zonal mean zonal wind anoma-
lies during El Niño and La Niña time periods are shown
in Figure 1. Note that we consider eastward winds as pos-
itive. Therefore, the regions of positive zonal mean zonal
wind anomalies in Figure 1 correspond to either enhanced
eastward winds or reduced westward winds. The gray shad-
ing in Figure 1 indicates statistical significance at the 95%
confidence level based on a Student’s t test. Consistent with
prior studies [Manzini et al., 2006], significant changes of
�5–10 ms–1 occur at high latitudes in the Northern Hemi-
sphere stratosphere and mesosphere. The results in Figure 1
further reveal that the ENSO generates significant variabil-
ity in the zonal mean zonal winds between 40 and 90 km at
low latitudes. At these latitudes during El Niño time peri-
ods, anomalous westward zonal mean zonal winds occur
between �40 and 60 km, and anomalous eastward winds
occur between �60 and 90 km. The opposite response
occurs during La Niña time periods. We note that Sassi et al.
[2004] similarly found that the ENSO drives variability in
the low-latitude stratosphere and mesosphere; however, no
significant variability at low latitudes was found by Garcia-
Herrera et al. [2006]. The cause of this discrepancy is not
presently known, and it may be related to the use of different
models as well as the selection of ENSO events.

[13] It is worthwhile to briefly discuss the sources respon-
sible for generating the zonal mean zonal wind variabil-
ity. To examine the role of different forcing mechanisms,
we have calculated the forcing terms in the transformed
Eulerian mean (TEM) zonal momentum equation. After
Andrews et al. [1987], the TEM zonal momentum equation
can be written as

Nut = –Nv* �(acos�)–1(Nucos�)� – f
�
– Nw* Nuz + NX+(�oacos�)–1r�

�!F (1)

where Nu is the zonal mean zonal wind, Nv* and Nw* are the
residual mean circulation, a is the radius of the Earth, � is
latitude, f is the Coriolis parameter, NX is the forcing due to
gravity waves, and �!F is the Eliassen-Palm (EP) Flux. In
equation (1), the first two terms on the right-hand side repre-
sent the meridional and vertical advection, and the last term
is the EP Flux divergence. Figure 2 shows the zonal mean
zonal wind anomalies (contours) along with the anoma-
lous forcing due to the different forcing terms in (1). The
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Figure 1. Changes in the zonal mean zonal winds during El Niño (left panels) and La Niña (right panels)
time periods for the months of December, January, February, and March. The gray shading indicates
statistical significance at the 95% confidence level.
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Figure 2. Changes in the zonal mean zonal wind (contours) for January during El Niño time peri-
ods. Colors represent the anomalous forcing due to (a) EP flux divergence, (b) meridional and vertical
advection, (c) gravity waves, and (d) the sum of the forcing in Figures 2a–2c.

results in Figure 2 are for El Niño conditions during
January; however, we note that our overall conclusions on
the driving mechanisms of the zonal mean variability hold
for all months as well as for La Niña time periods. Changes
in the EP Flux divergence, meridional and vertical advec-
tion, and gravity wave forcing are shown in Figures 2a, 2b,
and 2c, respectively. The total anomalous forcing is pre-
sented in Figure 2d and corresponds to the sum of the terms
on the right-hand side of equation (1). The results in Figure 2
illustrate that changes in the residual circulation (Figure 2b)
and gravity wave forcing (Figure 2c) are primarily responsi-
ble for generating variability in the zonal mean zonal winds
due to the ENSO. In particular, it is clear from Figure 2 that
the negative anomaly in the high-latitude winter stratosphere
is driven primarily by changes in the residual circulation
with a smaller contribution due to the resolved wave forc-
ing which is represented by the EP flux divergence. At low
latitudes, the negative anomaly near �50 km is again forced
primarily by changes in the residual circulation, while the
positive anomaly that occurs above this altitude is driven
by a combination of changes in the residual circulation and
gravity wave forcing.

4. Tidal Variability in the Mesosphere
and Lower Thermosphere

[14] As discussed in section 1, the tidal variability in the
MLT due to the ENSO is attributed to three sources: changes
in the background atmosphere, changes in tropospheric tidal
forcing, and planetary wave-tide interactions. In the follow-
ing sections, we will discuss how these various mechanisms
may generate variability in the DW1, DE2, DE3, and SW4.
The influence of changes in the background atmosphere are
investigated through the use of the GSWM. Analysis of the
WACCM model results are used to determine the role that
changes in tropospheric forcing have on the tidal variabil-
ity in the MLT. Note that we have limited our discussion
to the DW1, DE2, DE3, and SW4 since these are the tides
that exhibit the largest response to the ENSO [Pedatella and
Liu, 2012].

4.1. DW1
[15] The WACCM simulated changes in the DW1 that

occur at 110 km during El Niño and La Niña time peri-
ods from November to April are shown in Figures 3a and
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Figure 3. Tidal temperature changes at 110 km during Northern Hemisphere winter for (a) WACCM
during El Niño, (b) WACCM during La Niña, (c) GSWM during El Niño, and (d) GSWM during La Niña.
The gray shading in Figures 3a and 3b indicates statistical significance at the 95% confidence level.

3b, respectively. The corresponding changes simulated by
the GSWM, which are due solely to the changing back-
ground atmosphere, are shown in Figures 3c and 3d. As
expected from our prior study [Pedatella and Liu, 2012],
Figures 3a and 3b reveal that in the equatorial region the
DW1 is enhanced by 1–2 K during El Niño events and
decreases slightly during La Niña time periods. The GSWM
simulations (Figures 3c and 3d) reveal that changes in the
background zonal mean atmosphere results in an almost zero
change in the DW1. We can therefore conclude that the
ENSO-driven changes in the zonal mean atmosphere do not
influence the DW1.

[16] The DW1 in the MLT is due primarily to the upward
propagating tide that is forced by radiative water vapor
heating in the troposphere [Chapman and Lindzen, 1970].
Furthermore, an increase in radiative forcing of the DW1
was considered as the primary mechanism for generating
diurnal tide variability during the 1997–1998 El Niño event
[Lieberman et al., 2007]. A proxy of the DW1 tropospheric
radiative forcing is shown in Figure 4a for El Niño, La Niña,
and neutral time periods from November through April. We
note that Figure 4a is not the true DW1 forcing due to the
fact that the tropospheric heating was not output at the tem-
poral resolution necessary to retrieve the full diurnal cycle
of the tropospheric forcing. Rather, Figure 4a shows the
wave number 0 (i.e., zonally symmetric) component of the
monthly average longwave heating averaged between 5 and
10 km and˙20ı latitude. Note that the wave number 0 com-
ponent is used since the longwave heating is averaged over
all universal times, and areas with a larger diurnal mean heat-
ing correspond to areas with a larger diurnal amplitude of
the heating. Consequently, the wave number 0 (i.e., zonal
mean) component of the diurnal mean longwave heating
and the wave number 0 component of the diurnal ampli-
tude of the heating will exhibit similar variability. The wave
number 0 component of the diurnal amplitude of the heat-
ing corresponds to the DW1 (assuming only small diurnal
phase variations), and the wave number 0 component of the

Figure 4. (a) Tropospheric radiative forcing of DW1, (b)
combined latent and radiative forcing of DE2, and (c) latent
heat forcing of DE3. Results are shown for November
through April for neutral (black), El Niño (red), and La
Niña (blue) time periods. See text for details regarding the
calculation of the forcing for the different tides.
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Figure 5. Same as Figure 3, except tidal changes are for DE2.

diurnal mean longwave heating can therefore be considered
as representative of the DW1 forcing. While we recognize
the shortcomings of our approach, we believe that this is
a reasonable alternative, and the results in Figure 4a can
be viewed as representative of the tropospheric forcing of
the DW1. Figure 4a reveals that the tropospheric forcing of
DW1 is increased during El Niño time periods and decreased
during La Niña time periods. The largest increase in the
tropospheric forcing occurs during January, and this is coin-
cident with the largest enhancement in the DW1 at 110 km
(Figure 2a). The changes in the tropospheric forcing during
La Niña are relatively small, and this may be the reason why
the DW1 is only slightly decreased in the MLT during La
Niña time periods. The ENSO-induced changes in the tro-
pospheric forcing of the DW1 can be understood in terms of
the redistribution of tropospheric convection that occurs dur-
ing El Niño and La Niña winters. During El Niño winters,
increases in tropical precipitation occur in the central Pacific
Ocean [e.g., Hoerling et al., 1997], resulting in a more lon-
gitudinally invariant distribution of tropospheric convection
and radiative heating. The decreased longitudinal variabil-
ity in the heating gives rise to the enhanced DW1 forcing
in the troposphere. In contrast, during La Niña time peri-
ods, a decrease in precipitation occurs in the west-central
Pacific Ocean. This leads to greater longitude variability in
tropospheric convection and decreases the tropospheric forc-
ing of the DW1. The changes in tropospheric precipitation
during El Niño and La Niña events also have implications
for tropospheric forcing of nonmigrating tides. Given the
redistribution of tropospheric convection, we may anticipate
enhanced nonmigrating tidal forcing during La Niña time
periods and decreased nonmigrating tidal forcing during
El Niño time periods. Last, we note that we cannot quantify
the degree that the changes in tropospheric forcing shown
in Figure 4a will directly influence DW1 amplitudes in the
MLT; the results in Figure 4a lead us to conclude that the
ENSO changes the tropospheric tidal forcing of the DW1
and that this is the primary cause of the DW1 variability in
the MLT.

4.2. DE2
[17] Figure 5 shows the tidal temperature changes at

110 km simulated by the WACCM (Figures 5a and 5b) and
the GSWM (Figures 5c and 5d) for the DE2. As demon-
strated in our prior study [Pedatella and Liu, 2012], the
DE2 is decreased by �1 K during El Niño time periods and
enhanced by �2 K during La Niña time periods. It should
be noted that much of the variability during El Niño time
periods is not statistically significant. However, a robust, and
statistically significant, response occurs during La Niña time
periods. The GSWM simulations reveal that the changes in
the background atmosphere that occur due to the ENSO are
responsible for a roughly 1 K decrease in the DE2 during
El Niño time periods and a similar magnitude increase dur-
ing La Niña time periods. The DE2 anomalies calculated by
the GSWM are not entirely in agreement with the WACCM
anomalies. However, given that we have only changed the
background zonal mean atmosphere, the similarity is strik-
ing, and it suggests that the changes in the zonal mean
atmosphere are responsible for a significant amount of the
DE2 variability due to the ENSO.

[18] The DE2 in the MLT is due to a combination of radia-
tive and latent heating in the troposphere [e.g., Hagan and
Forbes, 2002; Zhang et al., 2010]. Figure 4b shows a proxy
of the tropospheric DE2 forcing due to the combination of
latent and radiative heating during neutral (black), El Niño
(red), and La Niña (blue) time periods. Again we note that,
similar to the DW1, Figure 4b does not show the full DE2
forcing due to the lack of a full diurnal cycle of the tro-
pospheric heating. From Figure 4b, it is apparent that the
tropospheric forcing of the DE2 is essentially unchanged
during El Niño time periods. However, the forcing is signifi-
cantly increased during La Niña time periods. The enhanced
tropospheric forcing of the DE2 is largest during December
to February, which corresponds with the large DE2 enhance-
ment in the MLT (Figure 5b). We may therefore conclude
that the significant enhancement in the DE2 during La Niña
time periods is due to a combination of changes in the tropo-
spheric forcing and background atmosphere. However, the
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Figure 6. Same as Figure 3, except tidal changes are for DE3.

changes during El Niño time periods appear to be driven
primarily by the changes in the background atmosphere,
with only a potentially minor contribution from changes in
tropospheric forcing.

4.3. DE3
[19] The tidal temperature anomalies in the DE3 at

110 km simulated by the WACCM and the GSWM are
shown in Figure 6. The WACCM results show a slight
decrease during El Niño time periods and an increase of
�2 K during La Niña time periods. Similar to the DE2, a
large portion of the El Niño anomaly in the equatorial region
is not statistically significant. However, the DE3 changes in
the equatorial region that occur during La Niña time peri-
ods are nearly all statistically significant. This suggests that
the nonmigrating tidal changes that occur during La Niña
are more notable and are likely to be a more robust signal in
the observational record compared to tidal anomalies during
El Niño time periods. The GSWM results in Figures 6c and
6d suggest that changes in the background atmosphere may
contribute slightly to the ENSO-induced DE3 variability.
However, unlike the DE2, the GSWM calculated changes

in the DE3 exhibit little similarity to those simulated by the
WACCM. This suggests that although the changes in the
background atmosphere may influence the DE3, they are
not the primary driver behind the DE3 anomalies due to
the ENSO.

[20] The DE3 is primarily generated in the troposphere
by latent heating, with a lesser contribution from radia-
tive heating [e.g., Zhang et al., 2010]. A proxy of the
equatorial DE3 latent heat forcing is shown in Figure 4c
for neutral (black), El Niño (red), and La Niña (blue)
time periods. Note that the radiative DE3 forcing is not
shown in Figure 4c since the DE3 in the MLT is primar-
ily generated by latent heating. A significant increase in
the DE3 forcing occurs during La Niña time periods and
is largest between February and April. The enhanced tro-
pospheric forcing of the DE3 is therefore likely to be the
primary mechanism driving the anomalously large DE3 that
occurs in the MLT during La Niña time periods. Only rel-
atively small changes occur in the tropospheric forcing of
the DE3 during El Niño time periods, and this may be
responsible for the absence of any significant response of the
DE3 to El Niño conditions.

Figure 7. Same as Figure 3, except tidal changes are for SW4.
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Figure 8. TIME-GCM vertical E � B drift velocity at the
magnetic equator and 300 km for (a) neutral, (b) El Niño,
and (c) La Niña time periods. The results are for 11:00
local time.

4.4. SW4
[21] Figure 7 presents the tidal temperature anomalies in

the SW4 simulated by the WACCM and the GSWM during
El Niño and La Niña time periods. In the equatorial region,
the SW4 exhibits a notable enhancement (�2–3 K) between
January and March during El Niño time periods and only a
slight decrease during La Niña time periods in March. The
GSWM results shown in Figures 7c and 7d indicate that only
small changes (<0.5 K) occur in the SW4 due to changes
in the zonal mean background atmosphere. We may there-
fore conclude that the SW4 variability is not significantly
influenced by the changes in the background atmosphere.

[22] In the MLT, the SW4 is thought to be due to the inter-
action of the migrating semidiurnal tide (SW2) and stationary
planetary waves with zonal wave number 2 (SPW2) [e.g.,
Forbes et al., 2008]. Prior studies have demonstrated that
a significant enhancement in planetary wave activity occurs

during El Niño time periods [Sassi et al., 2004; Manzini
et al., 2006]. The increase in planetary wave activity during
El Niño time periods is likely to enhance the generation of
the SW4 through the nonlinear interaction of the SW2 and
SPW2. In addition to changes in the SPW2, any changes
in the SW2 will also influence the SW2-SPW2 nonlinear
interaction. Forcing of the SW2 is largely due to the ozone
absorption of ultraviolet radiation in the stratosphere. Ozone
variability occurs in response to the ENSO [Randel et al.,
2009; Hood et al., 2010], and the ENSO-induced ozone vari-
ability has the potential to impact the SW2. However, the
ozone changes occur primarily below �30 km, and this is
significantly below the altitude of maximum ozone forcing
of the SW2 which occurs closer to 50 km. The fact that
the ozone variability occurs below the altitude of maximum
SW2 forcing additionally explains why the ENSO does not
introduce significant variability of the SW2 in the MLT. We
therefore conclude that the enhancement in the SW4 during
El Niño time periods is driven by an enhancement in plane-
tary wave activity which will lead to enhanced generation of
the SW4 due to nonlinear planetary wave-tide interactions.
Likewise, the slight decrease in the SW4 during La Niña time
periods may be attributed to a reduction of planetary wave
activity during these time periods.

5. Interannual Variability in the
Low-Latitude Ionosphere

[23] Nonmigrating tides in the MLT are among the pri-
mary mechanisms for generating longitudinal variability
in the low-latitude ionosphere [e.g., England, 2012]. As
demonstrated above, the ENSO produces significant interan-
nual variability in the tides in the MLT. We may therefore
surmise that significant interannual variability also occurs in
the longitude structure of the low-latitude ionosphere due
to the ENSO. The longitude and temporal variability of the
E � B vertical drift velocity at 11:00 h local time, 300 km,
and the magnetic equator is shown in Figure 8 for the TIME-
GCM forced by the WACCM monthly composites. Results
are shown for neutral (Figure 8a), El Niño (Figure 8b), and
La Niña (Figure 8c) time periods. The simulation results
demonstrate a predominately wave number 3 pattern in
longitude, which is expected to be present during North-
ern Hemisphere winter months [e.g., Fejer et al., 2008].
A notable difference in the longitude structure is apparent
between the neutral, El Niño, and La Niña time periods. This
is especially apparent when comparing the simulation results
for El Niño and La Niña time periods. Compared to La Niña
time periods, during El Niño events the E � B vertical drift
velocity tends to be increased near 170–190ı longitude and
decreased between 220 and 250ı longitude. The differences
are �2–3 ms–1, which represents 10–15% variability in the
vertical drift velocity due to the ENSO. This is a similar
magnitude as other variability, such as that driven by the
lunar tide [Stening and Fejer, 2001], and the ENSO may
therefore be considered a relatively important contributor to
variability in the low-latitude ionosphere.

[24] The differences in vertical E � B drift velocity are
anticipated to result in longitude variability in the F region
maximum electron density (NmF2). The TIME-GCM sim-
ulated longitude variability of the NmF2 averaged between

2752



PEDATELLA AND LIU: ENSO TIDAL VARIABILITY

Figure 9. TIME-GCM NmF2 during January averaged
between 14:00 and 16:00 local time and 10–20ıN magnetic
latitude for neutral (dashed black), El Niño (red), and La
Niña (blue) time periods.

14:00 and 16:00 local time and 10ıN–20ıN magnetic lat-
itude for January are presented in Figure 9. Considerable
longitudinal variability is apparent due to the influence of
the geomagnetic field and nonmigrating tides. Similar to
the vertical E � B drift velocity, there is a clear differ-
ence between the longitude variability in the NmF2 during
El Niño (Figure 9, red), La Niña (Figure 9, blue), and neu-
tral (Figure 9, black) time periods. This is most pronounced
between �0 and 150ı and between �260 and 360ı longi-
tude. We note that there are some differences between the
longitude variations in the January E � B drift velocity and
the NmF2. Although the longitude variability of the NmF2
is partly controlled by the E � B drift velocity, in situ effects
due to the direct penetration of tides into the thermosphere
can also significantly influence the NmF2 longitude vari-
ability [England et al., 2010; Pedatella et al., 2012b]. The
discrepancy between the longitude structures in the E � B
drift velocity and the NmF2 can be attributed to in situ
effects resulting from the direct penetration of nonmigrating
tides into the thermosphere. The role of the ENSO on driv-
ing interannual variability in the low-latitude ionosphere was
previously investigated by Pedatella and Forbes [2009].
Pedatella and Forbes [2009] found an increase in the ratio of
the NmF2 between the ionosondes at Maui (20.8ıN, 204ıE
geographic) and Yamagawa (31.2ıN, 130.6ıE geographic)
during El Niño time periods. From Figure 9, it is apparent
that near Maui, there is little change in the NmF2 between
El Niño, La Niña, and neutral time periods. However, in the
longitude of Yamagawa, a significant decrease in the NmF2
occurs during El Niño time periods. The TIME-GCM results
therefore indicate that the ratio between the NmF2 between
Maui and Yamagawa will increase during El Niño time
periods. The simulation results are thus consistent with the
prior observations. However, Pedatella and Forbes [2009]
hypothesized that this was due to an increase in the DE3
resulting in a larger wave number 4 longitude variation in the
low-latitude ionosphere. Our simulation results demonstrate
that the DE3 actually decreases during the El Niño time peri-
ods. The changes that occur in the low-latitude ionosphere
previously identified in the observations are therefore likely
to be due to changes in the other tides that occur in response
to the ENSO.

6. Conclusions
[25] The mechanisms responsible for generating inter-

annual variability in the zonal mean and migrating and
nonmigrating tides in the MLT due to the ENSO are investi-
gated in the present study. In the MLT, the ENSO drives vari-
ability of 5–10 ms–1 in the zonal mean zonal winds. These
changes are driven primarily by changes in the residual cir-
culation, with an additional forcing due to gravity wave drag.
We have investigated how ENSO-induced changes in tro-
pospheric forcing, changes in the zonal mean atmosphere,
and nonlinear planetary wave-tide interaction influence the
DW1, DE2, DE3, and SW4. For each tide, our primary
conclusions can be summarized as follows:

[26] 1. The enhancement in the DW1 that occurs during
El Niño time periods is driven by anomalously large tropo-
spheric radiative forcing of the DW1. Likewise, a decrease
in tropospheric radiative forcing occurs during La Niña time
periods leading to a decrease in the DW1 at MLT altitudes.

[27] 2. A significant portion of the DE2 variability is due
to changes in the background atmosphere which influence
the propagation of the DE2 into the MLT. An increase in
the tropospheric radiative forcing also contributes to the
enhanced DE2 during La Niña time periods.

[28] 3. Anomalously large tropospheric latent heat forcing
of the DE3 occurs during La Niña time periods, and this is
considered to be the primary driver of the enhanced DE3
that occurs during La Niña time periods. Any response of the
DE3 to El Niño events is relatively small and not considered
to be significant.

[29] 4. The enhancement in the SW4 during El Niño time
periods is attributed to the enhancement in planetary wave
activity that occurs during El Niño time periods. This results
in an enhanced generation of the SW4 by the nonlinear
interaction between the SW2 and SPW2.

[30] We have additionally investigated how the ENSO-
driven tidal variability influences the low-latitude iono-
sphere. TIME-GCM simulations reveal that the interan-
nual tidal variability introduces �10–15% variability in the
E � B vertical drift velocity and NmF2. The ENSO-driven
variability in the ionosphere is roughly the same magnitude
as other variability, such as that driven by the lunar tide.
It is therefore a relatively significant source of interannual
variability in the low-latitude ionosphere.

[31] Last, it is our intention that the results presented
herein may provide a context, and constraint, for obser-
vational evidence of upper atmosphere variability due to
the ENSO. In particular, our results demonstrate that the
DW1 enhancement is most notable during El Niño time
periods and that the DW1 is only slightly decreased dur-
ing La Niña. Our results additionally illustrate that the DE2
and DE3 exhibit a clear response to the La Niña and are
only slightly responsive to the El Niño. One may there-
fore anticipate the DW1 variability to be most apparent in
observations during El Niño time periods and the DE2 and
DE3 variability to be most evident during La Niña events.
At present, only a limited amount of observational evi-
dence exists for interannual MLT and ionosphere variability
due to the ENSO [Lieberman et al., 2007; Pedatella and
Forbes, 2009; Oberheide et al., 2011]. With the increasing
length of the observational record, especially for nonmigrat-
ing tides, it should be possible to clearly observe the MLT
and ionosphere variability due to the ENSO.
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