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GNSS Zenith / Slant Tropospheric Delay

GNSS signal propagation in the troposphere occurs at an unknown varying
velocity, depending on the atmospheric gas content and distribution in this layer.

The difference between the actual velocity modulus and the known constant
speed of the light in vacuum, which is used to evaluate the satellite-receiver
distance from the signal travel time, results in an extra-path which is properly
accounted for in GNSS positioning.

SLANT Tropospheric Delay - STD: extra-path along the satellite-receiver
direction (the bending of the signal propagation can be neglected). It is measured
in unit length.

ZENITH Tropospheric Delay - ZTD:
STD = ZTD - mapping function + gradient

STD is expressed in terms of an unknown parameter, common to all the
simultaneous observations to the satellites in view, called ZENITH Tropospheric
Delay - ZTD.

ZTD represents in fact the component of the SLANT delay in the zenith direction.

Figure 1: Schematic representation of ZTD as the average projection of the STD
along the paths of all the satellites simultaneously in view.

mappingfunction: VMP3 (E, a,b,c) it depends on satellite elevation (E) and on empirical parameters (a,b,c) computed from NWP model

gradient(E, A) accounts for the anisotropic distribution of the gases in the atmosphere, it depends on satellite elevation E and is azimuthal direction (A) and on two

unkown parameters. (Chen and Herring, 1997)
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GNSS and SAR water-vapor-induced delays

GNSS station PAVI with an ellipsoidal height of 143.63 meters (WGS84)

In this presentation, we focus only on the so-called 232
Tropospheric Wet delay, namely on the delay component due 230
to tropospheric water vapour. I iI‘
z2
jasi
~ 2.264
STD = SHD + SWD = ZHD - mpf,, + ZWD - mpf,, 224]
222

1 31 61 91 121 151 181 211 241 271 301 331 361
Days in 2019 at 15:00 UTC

Synthetic Aperture Radar - SAR phase imagery are affected ) , T
GNSS station PAVI with an ellipsoidal height of 143.63 meters (WGS84)

by the same kind of delay. The contribution of atmospheric
delay is called Atmospheric Phase Screen - APS.

20
g
It is the differential delay with respect to a reference epoch. g ’ h ﬁ }
10

Moreover, this differential delay is varying within the

interferogram along the SAR signal Line Of Sight - LOS. I 31 6 91 121 151 18 2l 241 271 301 331 36l
Days in 2019 at 15:00 UTC

Figure 2: Time series of ZHD and ZWD at GNSS station PAVI.
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GNSS ZTD/STD to correct SAR APS

The use of GNSS estimated tropospheric delays to correct SAR APS is our starting point
and it is useful to clarify why we proceed in a certain way.

There exists a service, named GACOS, which operationally produces APS for correcting
SAR interferograms.

The service produces ZTD maps starting from Numerical Weather Prediction model
outputs (mainly ERA5 reanalysis data).

The NWP ZTD is computed by a discrete integration of the NWP derived refractivity
index along the zenith direction. The refractivity N is in turn derived from 3D predicted
grids of temperature, pressure and relative humidity.

SWD = 10-6f N,, ds
N

e , e
Ny =KX+ K X

e is the water vapor pressure in Hectopascal, and T is the temperature in Kelvin. K and
K’ are given constant parameters.
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Figure 3: APSs from SAR, GNSS and GACOS data.
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GNSS ZTD/STD to correct SAR APS

Questions:

Is it possible to produce, with the same level of accuracy, ZTD delay maps starting from sparse GNSS ZTDs, such as those
derived from the PPP processing of geodetic permanent networks data?

Can we apply the same interpolating model (strategy) implemented in GACOS?

Can we go further by exploiting not only the zenith but also the ‘'noisy’ slant delays?
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Iterative Tropospheric Decomposition Model (GACOS)

ZTDis modeled as the sum of a stratified component (S ) depending on height (h), a turbulent component (T), depending on the horizontal coordinates (x) and unmodeled

resiauals (8 ) :

o o

ZTD(h,x) = S(h) + T(x) + ¢(h,x) ®
- _ _ _ _ @ [ )
The stratified delay (), is further expressed as an exponential function of the height (h) XR,
depending on two unknown parameters: ® X.m )
S(h) = Ae Bh @
@ X @
A light dependency of the stratified component from the horizontal position is accounted for ) XR, XR,
by a moving window interpolation strategy. xR .xm
The interpolation strategy consistsin aninitial iterative decomposition of the two components performedon all the .
prediction point whose horizontal and vertical coordinates are known. O
Iterative Decomposition step:
er, @R g

The decorrelation window is centered in the prediction point.
First, the parameters of the stratified model are Least Squares estimated from all the ZTD in the decorrelation window.
Secondly, an Inverse Distance Interpolationis applied to predict the turbulent component of each observation point from the residuals of the remaining points.

Thefirst step is thenrepeated, till convergence, from the residual with respect to the turbulent component.
Interpolation step:

The decomposed stratified and turbulent components are then predicted in the central point of the moving window.



Limits and the augmented strategy

Decomposition step

The decorrelation window is
centered in the observation points.
From the decomposition step we
save the stratified model
parameters and the final residuals

Interpolation step

The decorrelation window is now
centered in the prediction point.
The decomposition outputs are all
IDW interpolated in the center of
the decorrelation window.

A modified weighting function is
alsointroduced

2
1+ Gk
Wik =

z:k$i d'zk
pat 4.4
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Figure 4: Workflow of the Augmented Iterative decomposition strategy

X.Song, G. Venuti*, A. V. Monti-Guarnieri, M. Manzoni. DOI: https://doi.org/10.1016/j.envsoft.2025.106669
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Advantages of the augmented strategy

(a) GNSS-ITD (b) GNSS-AITD(IDW) (c) GNSS-AITD(MIDW)

- reduced computation 500 1000 1500 2000 2500 3000

time WRTITD (20 (d) ERA5-ITD () (¢) ERAS-AITD(IDW) (f) ERA5-AITD(MIDW)

4
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ERA5 ZTDs)
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- comparable accuracy

- reduced interpolation
artifacts: bumps and
moving window
effects

- by enabling the use
of GNSS only it allows
for a better
synchronization with
SAR

Figure 5: The tropospheric delay turbulent component obtained by using the original ITD and the AITD .
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Comparison of the augmented strategy
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Figure 6: Standard Deviation of the INSAR-APSs, of the difference between INSAR APSs and GNSS APSs
and of the difference between INSAR APSs and the GACOS APSs.
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GNSS0 ZTD Turbulence maps at 08/09/2019 15:00:128
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Figure 7: Time series GNSS ZTD Turbulence maps.
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STD predictions - DATA DRIVEN refinements

For a given epoch, once the ZTD is predicted and given the position of the satellites in view,
the slant delays can be reconstructed by applying a proper mapping function.

The ‘best’ way to make the projection from the zenith to the slant directions is based on the
Vienna Mapping Function.

Again, extra-GNSS data are required (VMF is based on NWM reanalysis data).

Question:
can we obtain STD based on GNSS data only, plus an ad-hoc data driven model?
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Data driven STD prediction

Based on a pretrained Transformer-based foundation
model TabPFN (Tabular Prior-Data Fitted Network), we
fine tuned it to predict

slant total delay residual (actual STD - ZTD/sin(E)) of
one station - one satellite

starting from

1. station position

2. satellite position

3. AITD interpolated ZTD

The prediction is done separately for 3 different
clusters (unsupervised clustering- kmean - of all the
LOS directions used for training).
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Figure 8: Distribution of 24 GNSS stations in the SPIN3 GNSS network in northern
[taly. Stations’ Spacing is from 9 km to 60 km. Terrain is from mean sea level to

4000 meters.
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Accuracy assessment

Table 1: A part of comparison results.

(GNSS-derived ZTD ! AITD-interpolated ZTD 2

A Leave-One-Out procedure was set up to assess the

Datetime * B4 #LOS ® mpf+grad mpf mpf NNs

accuracy of the data driven approach. 15-90 259 12 13 182 211
. 21 May 30-90 233 1.1 2.2 13.3 15.5

We compared the predicted STD, based on AITD and the 15-30 60 13 85 306 35.3
. . . . 15-90 280 1.4 5.5 19 20.8

data driven approach, with the actual STD as determined in 22 May 30-90 223 11 22 134 143
. . . . 15-30 57 2.3 11.3 32.7 36.5

the PPP processing of the GNSS data (ZTD + projection with o0 - o P — e
23 May 30-90 220 1.6 4.5 27.1 25.5

the VMF3) . 15-30 61 2.7 17.2 55.5 47.1
15-90 249 2.3 7.3 27.3 274
24 May 30-90 174 1.8 3.8 21.9 23.6

15-30 5 3.3 12 36.9 35.1

15-90 244 1.7 3.6 18 16.1

25 May 30-90 187 1.5 2 14.7 13
15-30 a7 2.4 6.6 26.1 23.6

15-90 278 1.3 6.1 28 15.1

26 May 30-90 174 1.2 3.5 21.5 11.8
15-30 104 1.6 8.9 36.4 19.4

Note: RMSE evaluations of the difference between raw GNSS STD and STD calculated :

from 15-90 284 1.5 6.3 229 17.2
GNSS-derived ZTD or AITD-interpolated ZTD considering gradient, VMF3 and NNs. 2T May B o b o e
'Modeled STD calculated from GNSS-derived ZTD using VMF3+grad and VMF3. 500 o I 06 14 o7
2Modeled STD calculated from AITD-interpolated ZTD using VMF3 and NNs residuals 28 May 33:00 176 15 i:é 117 105

prediction. 15-30 101 24 15.7 31.8 29.5

3All date times refer to epoch 15:59:42.

4 ) - ; 15-90 311 1.6 74 21.6 19.4
Satellite elevation angle in degrees. 29 May 30.90 208 14 95 13.9 139
5The total number of Line-Of-Sight (LOS) observations for all receivers at the current 15-30 103 1.9 12.3 31.9 27.4
epoch. 15-90 317 1.8 9.1 27.4 922.7
30 May 30-90 219 1.1 2.2 15.2 13.9

15-30 98 2.8 16.1 43.8 35.2
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Future work

Refine the deep learning model to better account for the water vapor anisotropy.
Comparison against INSAR APS or ballon or drone based radio soundings.

Further studies are ongoing on stochastic tomography base on an ad hoc developed covariance function model for slant
delay residuals.
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  𝑺 𝑻 𝑫 = 𝒁 𝑻 𝑫 ∙ 𝒎 𝒂 𝒑 𝒑 𝒊 𝒏 𝒈   𝒇 𝒖 𝒏 𝒄 𝒕 𝒊 𝒐 𝒏 + 𝒈 𝒓 𝒂 𝒅 𝒊 𝒆 𝒏 𝒕


  𝒎 𝒂 𝒑 𝒑 𝒊 𝒏 𝒈 𝒇 𝒖 𝒏 𝒄 𝒕 𝒊 𝒐 𝒏


  𝒈 𝒓 𝒂 𝒅 𝒊 𝒆 𝒏 𝒕 ( 𝑬 , 𝑨 )  accounts for the anisotropic distribution of the gases in the atmosphere, it depends on  satellite elevation E and is azimuthal direction (A) and on two unkown parameters. (Chen and Herring, 1997)


  𝑺 𝑻 𝑫 = 𝑺 𝑯 𝑫 + 𝑺 𝑾 𝑫 = 𝒁 𝑯 𝑫 ∙   𝒎 𝒑 𝒇 𝒉 + 𝒁 𝑾 𝑫 ∙   𝒎 𝒑 𝒇 𝒘


  S W D =  10  − 6   ∫ s    N w ⅆ s


   N w = K ×  e T + K ′ ×  e   T 2
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  Z T D  ( h , 𝒙 ) = S  ( h ) + T  ( 𝒙 ) +   𝜀  ( h , 𝒙 )


  ( S )


  ( h )


  S ( h ) = A  e  − B h


   w  i k =    1  1 +    d  i k 2 𝛼    ∑  k ≠ i   1  1 +    d  i k 2 𝛼

