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[1] In this study the effects of sporadic E (Es) clouds on GPS
radio occultation (RO) signals are investigated by modeling
wave propagation and analyzing observational GPS RO data.
It has been shown that when the Es clouds are alignedwith the
propagation direction, they cause defocusing of the GPS RO
signal, accompanied by scintillation above and below the
defocusing region (due to the interference of direct and
refracted radio waves). These effects result in specific U‐shape
structures in the amplitude of the GPS RO signals. When Es
clouds are tilted with respect to the propagation direction, the
effects reduce and disappear with the increase of the tilt angle.
The U‐shape structures are clearly identified in the observed
GPS RO signals mainly at tangent point (TP) heights 90–
120 km, but also at much lower TP heights. The latter
indicates that some Es clouds are tilted with respect to the
local horizon (this has also been shown in other studies). The
distributions of the observed U‐shape structures in latitude,
local time, tilt angle, and vertical thickness of the cloud are
evaluated in this study based on one month of COSMIC
(Constellation Observing System for Meteorology, Iono-
sphere and Climate) RO data in July 2009.Citation: Zeng, Z.,
and S. Sokolovskiy (2010), Effect of sporadic E clouds on GPS
radio occultation signals, Geophys. Res. Lett., 37, L18817,
doi:10.1029/2010GL044561.

1. Introduction

[2] The sporadic E (Es) layer manifests itself as a non‐
uniform, wavy layer, or multiple layers, or a composition of
irregular elongated clouds of intense ionization within the
lower E region. The appearance of the Es clouds has well
pronounced seasonal and latitudinal dependencies [Wu et al.,
2005] and less pronounced dependency on local time. It is
commonly accepted that the Es layer is formed by tidal‐
driven wind shear that compresses the metallic ions into a
thin layer [Whitehead, 1989]. Several mechanisms can be
responsible for the quasi‐periodic (QP) irregularities of the Es
layer.Woodman et al. [1991] explain the QP irregularities by
gravity waves. Tsunoda et al. [1994] considered polarization
electric field produced by gravity wave modulation to explain
some effects observed in the QP Es structures. Larsen [2000]
considers Kelvin‐Helmholtz (K‐H) instability responsible
for the QP structure of the Es layer. Bernhardt [2002], by
numerical modeling of the K‐H instability, obtained both
QP structure and splitting of the Es layer into two layers.
Cosgrove and Tsunoda [2004] consider coupling between
E and F regions of the ionosphere to deduce characteristics
of instability in both regions. A review of the mechanisms

of formation of irregular Es layer is given by Mathews
[1998].
[3] The Es clouds have much higher electron density than

the regular E‐layer, and they affect radio wave propagation
in the HF and lower frequency bands. When the Es clouds
are aligned with the propagation direction, they also affect
propagation in the VHF and UHF bands. In particular, they
affect the GPS radio occultation (RO) signals used for remote
sensing of the atmosphere from low‐Earth orbiting (LEO)
satellites. Over the past decades, the Es clouds were exten-
sively studied by different methods, including ionosondes,
incoherent scatter radars and backscatter radars operating
from the ground [Whitehead, 1989; Houminer et al., 1996;
Mathews, 1998]. Also, two‐dimensional images of the Es
layer were obtained by radio beacon tomography [Bernhardt
et al., 2005] and by radio‐induced aurora [Djuth et al., 1999;
Kagan et al., 2000; Bernhardt et al. 2003]. Recently GPS RO
has been used for studies of the Es clouds based on the
fluctuation of RO signals [Hocke et al., 2001]. Wu et al.
[2005] evaluated global Es morphology based on Challeng-
ing Minisatellite Payload (CHAMP) data; Arras et al. [2009]
evaluated the Es tidal signature based on CHAMP, Gravity
Recovery and Climate Experiment (GRACE) and Constel-
lation Observing System for Meteorology, Ionosphere and
Climate (COSMIC) data.
[4] In this study, we model the propagation of GPS RO

signals through Es clouds and demonstrate that their effects
result in specific U‐shape structures in the amplitude of RO
signals, which have not been reported in other studies. These
structures are identified in COSMIC RO signals. We present
examples of the modeled and observed structures. By
applying an algorithm for identification of these structures for
one month of COSMIC data, we evaluate the distributions of
the observed Es cloud events in latitude and local time
(consistent with results from previous studies); in the obser-
vational height (this allows evaluation of the distribution of
the Es cloud tilts with respect to local horizon); and in the
vertical thickness of the cloud.

2. Modeling of the Effects of Es Clouds
on Propagation of the GPS RO Signals

[5] Despite numerous studies there is still some contro-
versy about the structure of Es layer. Most commonly, Es
layer is considered to be composed of separate elongated
clouds. Some studies report multiple layers or location of the
clouds at multiple dedicated heights. Radar studies from the
ground report concaved shape of the clouds. In the GPS RO,
the Es layer often causes strong scintillation of RO signals.
Although most intensive scintillation is commonly observed
at tangent point (TP) heights h of about 90–120 km (where
Es clouds are located), in many cases scintillation is also
observed at lower h, i.e. is caused by irregularities located far
away from TP. In order to explain scintillation caused by Es
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clouds, Wu et al. [2005] considered a model of horizontally
elongated, vertically modulated ionized structures. While
such structures may exist, their effect on propagation is sig-
nificantly reduced with increasing distance from TP. In order
to produce significant scintillation, the elongated Es cloud
located far away from TP must be aligned with the propa-
gation direction and not with the local horizon (i.e. the cloud
must be tilted). The tilts can result from the modulation of the
height of Es layer by gravity waves [Woodman et al., 1991]
and K‐H instability [Larsen, 2000; Bernhardt, 2002]. The
evidence of Es cloud tilts and their estimates, ranging from
several deg to about 20 deg, are available from some studies
[From and Whitehead, 1978; Parkinson and Dyson, 1998;
Chu and Yang, 2009]. As for the scintillation, it can be caused
by multipath propagation behind an elongated refractivity
structure without the vertical modulation of the refractivity
inside the structure.
[6] In this studywe consider a simple model of the Es cloud

that has the horizontal extension L and the vertical distribu-
tion of electron density Ne (z) = Ne0 WH (z,DH), where
WH(z,DH) is Hanning window of the width DH. The cloud
may be aligned or tilted with respect to the propagation
direction. The angle a denotes the tilt of the cloud in the
vertical plane coinciding with the propagation direction
(hereafter referred to as occultation plane), as this is sche-
matically shown in Figure 1. The refractivity inside the cloud
is negative N ffi −40Ne / f

2 (where Ne is in el/cm
3 and f is the

carrier frequency inMHz). When the Es cloud is aligned with
the propagation direction, its central part results in the defo-
cusing of radio waves, while the edge parts (where Ne(z) has
opposite convexity) result in the focusing. When the Es cloud
is tilted by an anglea >DH / L, it does not affect propagation
(in terms of bending of rays) between heights z1 and z2, as
shown in Figure 1. For modeling of the wave propagation, we
apply the multiple phase screen method [Sokolovskiy, 2001],
using the incident plane wave, and a distance of 3,000 km
between the Es cloud and the receiver (this is consistent with
theGPSRO observations from a LEO at ∼800 km orbit height).
[7] Figure 2 shows amplitudes of the modeled RO signals

after propagation through the model of Es cloud with dif-
ferent parameters,Ne0, L,DH and a (indicated in the Figure 2
caption). For a = 0 (Figure 2, top), the amplitude in the

shadow of the cloud is reduced due to defocusing. The spikes
due to focusing and scintillation (caused by the interference
of direct and refracted waves) occur above and below the
shadow region. Extension of the regions of strong scintilla-
tion depends on the maximal bending angle which is pro-
portional toNe0 and L, and inverse proportional toDH. These
effects, resulting in U‐shape amplitude structures, are seen
in Figure 2 (top). We tested other distributions Ne(z), in
particular, resulting in smaller focusing above and below the
shadow region, but the U‐shape structures remain due to the
scintillation caused by multipath. In reality, layers or clouds
are never strictly plain but have some curvature. In order to
produce noticeable propagation effect, the section of the layer
satisfying the condition: the distance between the arc and the
chord is smaller than the thickness of the layer, must have
sufficient horizontal extension. Modeling of the propagation
through a continuous wavy layer (not shown here) results in
multiple U‐shape structures corresponding to the regions of
the layer aligned with the propagation direction. When the
thickness of the Es cloud DH is comparable or larger than
the Fresnel zone (∼ 1 km for the GPS observations from
LEO), the extension of the region of reduced amplitude is
consistent withDH and thus can be used for evaluating DH.
WhenDH reduces below ∼1 km (case F), the extension of the
region of reduced amplitude does not reduce but remains at
about ∼1 km due to diffraction (the scintillations around this
region are interpreted as the diffraction pattern). Tilt of the
Es cloud by an angle a > DH / L, substantially reduces the
propagation effects (Figure 2, bottom). The extension of
the region where the Es cloud does not affect propagation
(z2 − z1 in Figure 1) increases with increasing a.

3. Observations of the Effects of Es Clouds
on the GPS RO Signals

[8] The modeled structures, such as those shown in
Figure 2 (top), are clearly seen in the observed GPS L1 RO

Figure 1. Layout of the model of Es cloud used in this
study.

Figure 2. Modeled effects of the Es clouds on the ampli-
tude of GPS RO signals for different parameters of the model
(the modeled clouds are shifted in h by 20 km for better visu-
alization). (top) a = 0 (A − F); Ne0 = 6 · 105 el/cm3 (A, B), 3 ·
105 el/cm3 (C − F); L = 100 km (A, C); 50 km (B, D); 25 km
(E); 10 km (F); DH = 4 km (A − C), 2 km (D), 1 km (E),
0.5 km (F). (bottom)Ne0, L,DH from the case (A) in Figure 2
(top) and a = 1 deg (A), 3 deg (B), 5 deg (C), 7 deg (D),
9 deg (E).
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signals (the L2 signal, tracked in the semi‐codeless mode in
COSMIC receivers, becomes very noisy and practically
unusable in the presence of scintillations induced by Es
clouds). Figure 3 shows examples of L1 amplitude (C/A
signal to noise ratio (SNR)) from COSMIC observations in
July 2009. The structures similar to that modeled in Figure 2
are seen and observed at different TP heights h. Those
observed at h well below the height of the Es layer, 90–
120 km, apparently correspond to tilted Es clouds, approx-
imately aligned with the direction from GPS to receiver. For
h < 20 km the effect of the neutral atmosphere on amplitude
may become significant and observations of the Es clouds
are less reliable. This limits the observations of the Es cloud
tilts projected on the occultation plane by approximately
a < 9–10 deg.
[9] For statistical analysis we use the following criteria to

identify the effects of Es clouds (or Es events) in the obser-
vational data. The amplitude A of the GPS L1 RO signal (C/A
SNR sampled at 50 Hz) is represented as the function of
h and the A(h) is smoothed by the sliding averaging with 1
and 20 kmwindows, A(h) and A(h). The Es event is identified
if the following conditions are satisfied: (i) A(h) < 0.6 A(h), in
this case the interval (h1, h2) where A(h) < 0.95A(h) is asso-
ciated with the thickness of the cloud DH; (ii) the standard
deviation of A(h) calculated in 1 km interval at the center
of the interval (h1, h2) (or in the interval (h1, h2), if h2 − h1 <
1 km) is smaller than both standard deviations of A(h) cal-
culated in the intervals (h1, h1 − 1km) and (h2, h2 + 1km), and
at least three times smaller than any one of them.
[10] Figure 4 shows distributions of the Es events (iden-

tified with the above described criteria) in latitude and
h (Figure 4a) and in latitude and local time (Figure 4b) in July
2009. Both distributions agree well with results of previous
studies [Wu et al., 2005; Arras et al., 2009]. Figure 4c shows
distribution of the Es events in h (in terms of the numbers
of events in 1 km bins). The Es events observed at h < 90–
120 km show that the Es clouds are aligned with the prop-
agation direction, i.e., tilted with respect to local horizon
(possible mechanisms of the tilts are mentioned in the

section 2). Figure 4d shows distribution of the Es events in
the thicknesses of the Es cloud DH estimated as explained
above (in terms of the numbers of events in 0.1 km bins).
Solid and dashed lines correspond to 80 km < h < 125 km and
h < 80 km. The position of the maximum of the distributions
DHmax ∼ 1.5 km is consistent with the estimates of the
thickness of the Es clouds, 0.6–2 km, by Houminer et al.
[1996]. The difference of the distributions at DH > DHmax

may indicate, on average, smaller thickness of the tilted than
of the horizontal Es clouds. This could be related to effect of
the gravity wave on a spherical layer, which modulates not
only the height but also the thickness of the layer [Woodman
et al., 1991], however this may need further validation.
[11] The used method of detecting Es clouds is based on

identifying specific structures in RO signals and, generally,
the results depend on tunable parameters used in the iden-
tification. Testing shows that changing the parameters
within reasonable limits (based on the modeled structures in
Figure 2) affects the total number of the identified Es events,
but does not significantly affect the distributions of the Es
events in latitude, local time and h (Figures 4a–4c). However,
the distribution of the thicknesses of Es clouds (Figure 4d) is
more affected. In particular, the structure of this distribution
forDH <DHmax is affected by the smoothing window which
was chosen in accordance with the Fresnel’s scale ∼1 km.
With the window reduced beyond the Fresnel’s scale, this
distribution will be affected by diffraction effects (see dis-
cussion of the simulations in section 2). In any case, this
distribution may not reliably reproduce the true distribution
of the thicknesses for DH < 1 km.
[12] The distribution in Figure 4c can be treated in terms

of the probability density wh of observing the Es event at a
height h. The wh depends on the probability density wb of an
Es cloud to be tilted at an angle b with respect to local hori-
zon. Though solving for wb from wh is an under‐determined
problem, some useful information about wb can be obtained

Figure 3. The amplitudes of COSMIC RO signals showing
the U‐shape structures similar to those modeled in Figure 2.

Figure 4. (a–d) Distributions of the Es cloud events in
COSMIC data from July 2009. See text for details. In
Figure 4d, left and right Y‐axes correspond to solid and
dashed lines.
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by modeling wb under certain reasonable assumptions. The
angle a, which characterizes the tilt of an Es cloud in the
occultation plane, is related to b by: tana = tan b /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 �

p
where � is the rotation angle of the Es cloud around the local
vertical, thus a ≤ b. Under the assumption of equal proba-
bility of an Es cloud to be characterized by an angle�, the
probability density wa to observe the tilt a in the occultation
plane is:

w�ð�Þ �
Z�=2

�

w� �ð Þ 1þ tan2 �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2 � � tan2 �

p d� ð1Þ

The probability density wh is then expressed through the
integral along the line of sight:

wh hð Þ�
Z1

h

wz zð Þw�½arccos p=rð Þ� rdzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � p2

p ð2Þ

where p = re + h, r = re + z (re is the Earth’s radius) and wz is
the probability density of an Es cloud to be located at a height
z. For modeling wh by equations (1) and (2) we use the fol-
lowing models: wz (z) ∼ WH (z − zE, HE) where WH is the
Hanning function, zE andHE are median height and thickness
of the E layer, and wb(b) ∼ exp[−(b/Db)2] + C. Figure 5
shows wh modeled for different parameters zE, HE, Db and
C as indicated in the caption. A distinctive feature of the
distribution in Figure 4c is a rather slow decay well below the
E layer, i.e., for h < 60–80 km. It is difficult to model such
slow decay with only Gaussian distribution wb without an
offset C. In Figure 5, the solid line, which results in better
modeling of wh at h < 60–80 km, corresponds to C = 0.05,
while two dashed lines correspond to C = 0 and differentDb
(the distributions wb are shown in the internal panel). This
indicates that the distribution of the Es cloud tilts is changing
rather slowly for the tilt angles greater than 5–10 deg. Most
clouds have tilts within 5–10 deg. This is a smaller number
than 10–20 deg found from ionograms by Paul [1990]. This
may be related to that the Es clouds with large tilts have less

extensions or less regular structures or larger curvature and
thus produce less effects on RO signals.

4. Conclusions

[13] In this study, by modeling wave propagation of GPS
signals received in LEO, we found that Es clouds result in
specific U‐shape structures in amplitude of the received RO
signals. Such structures are identified in the GPS RO obser-
vations. By detecting the U‐shape amplitude structures in
COSMIC RO signals from July 2009, we estimated their
distributions in latitude, local time and TP height. The first
two distributions are consistent with the distributions of the
Es clouds obtained in other studies. We have used the dis-
tribution of the observed U‐shape structures in TP height for
evaluating the distribution of the tilts of the Es clouds,
approximated by Gaussian function and additive constant in
the interval of tilt angles between 0 and 9–10 deg. The effect
found and investigated in this study provides a tool for
monitoring Es clouds and studying their morphology by the
use of GPS RO observations.
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