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In radio occultation, the Es layer previously has been studied 

based on scintillations at 90-120 km (typical Es height). In this 

study, by modeling wave propagation of GPS signals, we found 

that Es clouds result in specific U-shaped structures in 

amplitude of received RO signals (due to defocusing) when Es 

clouds are aligned with the propagation direction. 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-shaped 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. The 

distributions of the observed U-shaped 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, Ionosphere 

and Climate) RO data in July 2009. 

 By modeling, we found that Es clouds result in specific U-

shape structures in amplitude of the RO signals. 

 Those U-shape structures are also observed from COSMIC 

RO amplitude data. 

 The distributions of Es clouds (U-shaped structures) in TP 

height, latitude, and local time are estimated, which are 

consistent with other studies. 

 Using the distribution of the U-shaped structures in TP height, 

we evaluated the distribution of the tilts of the Es clouds 

(approximated by Gaussian distribution with additive constant). 
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Fig.2 Diagram and modeled results 

of the effects of separated Es clouds 

on the amplitude of GPS RO signals 

for different parameters of the model 

(modeled Es effects are shifted in h 

by 20 km for better visualization).  

Upper panel (α=0):  

Ne0=6x105 (A,B), 3x105 (C-F) [el/cm3];  

L=100 (A,C); 50 (B,D); 25 (E); 10 (F) [km];  

∆H=4 (A - C), 2 (D), 1 (E), 0.5 (F) [km].  

Lower panel (Ne0, L, ∆H from upper (A)):   

α=1 (A), 3 (B), 5 (C), 7 (D), 9 (E) [deg]. 

We apply the multiple phase screen method [Sokolovskiy, 2001] 

to model the GPS-LEO wave propagation, and investigate the 

effects of two simple models of Es clouds, separated (Fig. 2) 

and continuous wavy (Fig. 3), on the amplitude of GPS RO 

signals.  

• As it follows from the upper panel (α = 0) of Fig. 2, 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 scintillation depends on the maximal bending angle 

which is proportional to Ne0 and L, and inverse proportional to 

∆H. When ∆H reduces below Fresnel scale ~1 km (case F), the 

extension of the region of reduced amplitude does not further 

reduce (due to diffraction).  

• Tilt of the Es cloud by α > ∆H/L, substantially reduces the 

propagation effects (lower panel of Fig. 2). The extension of the 

region where the Es cloud does not affect propagation  

increases with increasing α.  

• Modeling of the propagation through a continuous wavy layer 

(Fig. 3) results in multiple U-shape structures corresponding to 

the regions of the layer aligned with the propagation direction. 

 

Fig. 3 Diagram and modeled results of 

the effects of wavy Es clouds (Ne0 = 

6x105 el/cm3; ∆H = 2 km; sine function 

with amplitude = 5 km and period = 

200 km is used to simulate the 

variance of peak height) on the 

amplitude of GPS RO signals. 
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Fig. 4 Examples of L1 amplitude (C/A SNR) 

from COSMIC observations in July 2009. 

U-shape structures are clearly identified 

from RO observations. Those structures 

observed at h well below the typical Es 

height, correspond to tilted Es clouds. 

Effect of the neutral atmosphere on 

amplitude limits the tilt angle of Es clouds 

that can be observed to 9-10 deg. 

• Latitudinal and local time 
distributions of the occurrence 
of Es events agree well with 
previous studies [Wu et al., 
2005].  
• U-shape structures mainly 
occur at h ~ 90-120 km, but 
also at much lower heights 
(correspond to tilted Es clouds). 
• thickness ∆Hmax ~ 1.5 km. 

Fig. 5 Distributions of the Es 

cloud events in COSMIC data 

from July 2009. 

From the probability density (PD) wh of observing the Es event at 

a height h (Fig. 5c), we can evaluate the PD wβ of an Es cloud to 

be tilted at an angle β with respect to local horizon (by modeling 

wh under certain reasonable assumptions). The tilt angle α of an 

Es cloud in the occultation plane, is related to β by: tanα = 

tanβ/√1+tan2θ  where θ is the rotation angle of Es cloud around 

the local vertical. Under the assumption of equal probability of an 

Es cloud to be characterized by an angle θ, the PD wα to 

observe the tilt α in the occultation plane is: 

 

 

The PD wh is then expressed through the integral along the line 

of sight: 

 

where p = re+h, r = re+z (re is the Earth’s radius) and wz is the PD 

of an Es cloud to be located at a height z. For modeling wh, we 

use wz(z)~WH(z-ze,He) where WH is Hanning function, and 

wβ(β)~exp[-(β/∆β)2]+C. 
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Fig. 6 Distributions wh (and wβ) modeled for ze=105 km, He=40 km. Other 

parameters: ∆β=3.75 deg, C=0.05 (solid line); ∆β=3.75 deg, C=0 (dashed 

line); ∆β=7.5 deg, C=0 (dot-dashed line).  

Fig. 6 shows that the distribution of 

Es cloud tilts is changing rather 

slowly for the tilt angles greater than 

5-10 deg. Most clouds have tilts 

within 5-10 deg. Approximation of 

wβ by Gaussian function with 

additive constant allows reasonable 

modeling of the observed wh.  

Fig. 1 Layout of the model of Es cloud. 

When the Es cloud is aligned with the 

propagation direction, its central part 

results in the defocusing of the radio 

wave. If Es is tilted by                 ,  it 

does not affect propagation (in terms 

of ray bending) between z1 and z2.  
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