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Motivation: sea level to reference frame
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2023

• GNSS-IR can directly link the sea level measurements to the global reference 
frame, so-called absolute sea level monitoring.

• Some studies choose to apply one of the troposphere “bending” or delay error,
some studies choose to apply both, and some choose not to apply troposphere
error correction. GNSS-IR uses low elevation angle data.

• Absolute sea level monitoring is not possible without correcting the 
troposphere error, and more.

NITE: New Interferometric Tropospheric Error model 
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𝝉𝒊 = 𝟐𝑯𝒓 𝒔𝒊𝒏𝒆𝑻

GNSS-IR: vacuum, flat reflector geometry
2023

𝑓 =
2𝐻𝑟

𝜆
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Refracted signal path with a spherical Earth
2023
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Refracted signal path with a spherical Earth
2023

Apparent elevation angle:
𝑒𝐴 = 𝑒𝑇 + ∆𝑒



Kwok, S. (2017). A Spherical Earth. In: Our Place in the Universe. 5

Refracted signal path with a spherical Earth
2023

Apparent elevation angle:
𝑒𝐴 = 𝑒𝑇 + ∆𝑒

Two Earth curvature effects:
𝜃𝐸; 𝐻𝑣 > 𝐻𝑟
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Refracted signal path with a spherical Earth
2023

Apparent elevation angle:
𝑒𝐴 = 𝑒𝑇 + ∆𝑒

Two Earth curvature effects:
𝜃𝐸; 𝐻𝑣 > 𝐻𝑟

Finite satellite range effect:
𝐿 ; 𝜃𝑆
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Straight-line interferometric delay:

𝜏𝑖 =𝐻𝑣

1 − 𝑐𝑜𝑠(𝑒𝑇 + 𝑒𝐴 + 2𝜃𝐸 + 𝜃𝑆)

𝑠𝑖𝑛(𝑒𝐴 + 2𝜃𝐸 + 𝜃𝑠)
+ 𝐿 cos 𝜃𝑠

Refracted signal path with a spherical Earth
2023

Apparent elevation angle:
𝑒𝐴 = 𝑒𝑇 + ∆𝑒

Two Earth curvature effects:
𝜃𝐸; 𝐻𝑣 > 𝐻𝑟

Finite satellite range effect:
𝐿 ; 𝜃𝑆



Apparent elevation angle:
𝑒𝐴 = 𝑒𝑇 + ∆𝑒

Two Earth curvature effects:
𝜃𝐸; 𝐻𝑣 > 𝐻𝑟

Finite satellite range effect:
𝐿 ; 𝜃𝑆
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Approximation:

𝜃𝐸 ≈
𝐻𝑟

𝑅 tan 𝑒𝐴
; 𝐻𝑣 ≈ 𝐻𝑟 +

𝐻𝑟
2

𝑅 𝑡𝑎𝑛2𝑒𝐴
; 𝐿 ≈ 4𝑅; 𝜃𝑆 ≈

𝐻𝑟

𝐿 cos 𝑒𝑇

Straight-line interferometric delay:

𝜏𝑖 =𝐻𝑣

1 − 𝑐𝑜𝑠(𝑒𝑇 + 𝑒𝐴 + 2𝜃𝐸 + 𝜃𝑆)

𝑠𝑖𝑛(𝑒𝐴 + 2𝜃𝐸 + 𝜃𝑠)
+ 𝐿 cos 𝜃𝑠

Refracted signal path with a spherical Earth
2023



𝑒𝐴

𝑯𝒓 𝑒𝑇
𝑟

𝑒𝑇

𝐷𝑑𝑖𝑟 = 𝑍𝑇𝐷 ∙ 𝑚𝑝𝑓𝑡 𝑒𝑇

𝐷𝑟𝑒𝑓𝑙 =
𝑍𝑇𝐷𝑙

𝑠𝑖𝑛(𝑒𝐴
𝑟 + 𝜃𝐸)

+ (𝑍𝑇𝐷 + 𝑍𝑇𝐷𝑙) ∙ (𝑚𝑝𝑓𝑡 𝑒𝑇 − ∆𝑚𝑝𝑓𝑡)

𝑍
𝑇
𝐷

𝑍
𝑇
𝐷
𝑙

Apply definition of mapping 
function at the reflection point.
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Interferometric path delay
2023

𝐷𝑖 =
𝑍𝑇𝐷𝑙

𝑠𝑖𝑛(𝑒𝐴
𝑟 + 𝜃𝐸)

+ 𝑍𝑇𝐷𝑙𝑚𝑝𝑓 𝑒𝑇 − 𝑍𝑇𝐷
𝜕𝑚𝑝𝑓

𝜕𝑒
∆𝑒𝑇 +

𝜕𝑚𝑝𝑓

𝜕ℎ
𝐻𝑟



Vacuum flat geometry :
𝜏𝑖 = 2𝐻𝑟 𝑠𝑖𝑛 𝑒𝑇

Bending correction :
𝜏𝑖 = 2𝐻𝑟 𝑠𝑖𝑛 𝑒𝐴

Mapping function (MPF) delay:

𝜏𝑖 =2𝐻𝑟 𝑠𝑖𝑛 𝑒𝑇 + 2 ∙ 10−6𝐻𝑟𝑁𝑙𝑚𝑝𝑓𝑡 𝑒𝑇
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The NITE model:

𝜏𝑖 =𝐻𝑣
1−𝑐𝑜𝑠(𝑒𝑇+𝑒𝐴

𝑟+𝜃𝐸)

𝑠𝑖𝑛(𝑒𝐴
𝑟+𝜃𝐸)

+ 𝐷𝑖

𝐷𝑖 =
10−6𝐻𝑣𝑁𝑙

𝑠𝑖𝑛(𝑒𝐴
𝑟 + 𝜃𝐸)

+ 10−6𝐻𝑟𝑁𝑙𝑚𝑝𝑓𝑡 𝑒𝑇

−𝑍𝑇𝐷
𝜕𝑚𝑝𝑓

𝜕𝑒𝑇
∆𝑒𝑇 +

𝜕𝑚𝑝𝑓

𝜕ℎ
𝐻𝑟

The NITE model for ground-based GNSS-IR
2023



Raytracing validation
2023

2D raytracing iteration Data
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Subcomponents of the tropospheric error
2023

Geometric Error Path Delay
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Timeseries of the path delay (LDVT)
2023
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• GMF

• “perfect”  
mapping function

• And “perfect” 
layer refractivity

Total tropospheric error (14 sites)
2023
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Experiment Validation: implementation
2023



OSOU, 𝑆𝑤𝑒𝑑𝑒𝑛,𝑯𝒓 ≈ 𝟒𝒎 𝐴𝑇01, 𝑈𝑆𝐴,𝑯𝒓 ≈ 𝟏𝟑𝒎

𝐸𝐿𝐿𝑌, 𝑈𝑆𝐴,𝑯𝒓 ≈ 𝟑𝟑𝒎 𝑁𝑌𝐴2,𝑁𝑜𝑟𝑤𝑎𝑦,𝑯𝒓 ≈ 𝟒𝟖𝒎
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𝑆𝐶02, 𝑈𝑆𝐴,𝑯𝒓 ≈ 𝟓. 𝟓 𝒎

Experiment Validation
2023
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1.9 𝑚

2.6 𝑚

Elevation angle range test : NYA2 (48 m)
2023

Bennett 
Bending MPF

Ulich 
Bending

No 
troposphere

Bending + 
MPF

NITE
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Elevation angle range test : summary
2023

Stations with different 
reflector heights
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Bennett 
Bending MPF

Ulich 
Bending

NITE

Comparison with tide gauge: residuals
2023
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Residuals ADEV (GNSS-IR vs tide gauge)
2023

Allan Deviation in the 
residual timeseries



• The NITE (New Interferometric Tropospheric Error) model for GNSS-IR,
with earth curvature and atmospheric refraction included.

• Ray-tracing validation shows model formal error significantly improved. 
Experiments shows the NITE model gives improved sea level in certain case. 

• To estimate “ZTD below the antenna ” (ocean surface refractivity).

21

Conclusion and outlook
2023



Thank you very much
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