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Spaceborne SAR: high spatial resolution

OSatellite-deployed radar transmits signal to acquire high-resolution

2-D image (range-azimuth)

€ Achieving all-day/all-weather, wide-area/high spatial resolution
microwave imaging

SAR image
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Spaceborne SAR: troposphere effect

Olts signal propagates through troposphere to observe the Earth’ s
surface, and tropospheric signal component is imposed
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Differential Interferometric SAR (D-InSAR)

ORepeatedly observe the same area at different times, and use
interferometric phase to invert surface deformation
OTropospheric phase is considered as an error term in this case

Second imaging

e A primary tool 4l

Azimuth - :
; — Interferometric for geohazard

/- e | phase monitoring and

sketch map

. assessment .

ﬁ'. v '.’ I “E I

I I

ol Vo, : Iy | !

. Measurement: § Error term: % : |

i deformation troposphere IHRIE T Ry !
D-InSAR ! andelide . Subsidomce |
¥ Landslide Subsidence |

1 |

! 5

early-warning survey



Differential Interferometric SAR (D-InSAR)

OWhen Surface deformation is negligible, tropospheric information

can be measured

Olnterferometric phase change mainly derives from differential
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Drawback: dimension deficiency

Due to limitation of SAR imaging, vertical-dimension information is lost

»
>

Altitude
)
(23

Imaging theory: projection of
3-D space into 2-D space

¢ -—-——-—-———-=-=--

Second

N m ASU100E:
JOURNAL OF GEOPHYSICAL RESEARCH
Atmospheres

troposphere. In
convi on can extend
throughout the posphere into deep convection
and may lead to extreme precipitation rates, with a
potential of hazardous impact on the surface. The

ccurate forecast of precipitation in such events_jf
- M L i "

weather prediction (NWP) models (Colmgpf 2004;
Lee et al., 2008; Zhang et al., 2008), is critically
dependent on the 3-D structure e humidity,
temperature, and wind fields, Which condition

atmospheric stability. Of these _humidity is
arguably the more challenging variable to model,
as it is often characterized by spatial and temporal
heterogeneity and is only poorly sampled by
conven tional observa tions, namely, radiosondes.
Global Navigation Satellite Systermn (GNSS)
observations have been found to provide an
important source of new water vapor data (Bevis
et al., 1994), now currently incorporated into the

“... accurate prediction
of numerical weather
forecast models
critically depends on the
3-D structure of
atmospheric elements
such as humidity.... .... "
(JGR atmosphere, 2018)
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Drawback: dimension deficiency

Olntegrated refractivity — Only PWV, missing 3-D structure
OOnly assimilating PWV to NWP models is insufficient
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Method: concept

OMaster-satellite transmits, multiple spaceborne SAR (Multi-angle)
€ Signal-level processing acquires multi-angle SAR/D-InSAR images

¢ Information-level processing enables 3-D tropospherlc parameters
inversion e
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Y. Li, C. Liu, et al., “Differential Tropospheric Tomography using Spaceborne Simultaneous Multi-angle D-INSAR: Method, Optimization, and
Performance Analysis,” IEEE Trans. Geosci. Remote Sens., vol. 62, 2024.
C. Hu, Y. Li, et al., “Distributed Spaceborne SAR: A Review of Systems, Applications, and Road Ahead ”, IEEE Geosci. Remote Sens. Mag., 2025.



Method: model

OMulti-angle collaborative measurement (equivalent phase centers)
to calculate the 3-D tropospheric refractivity

€ Observation matrix (A) : multi-angle LOS paths
€ Establish interferometric phase - refractivity observation equation
€ Inverse the equation to estimate 3-D tropospheric refractivity
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Method: observation equation
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Research difficulties

The observation angles
of satellites are limited
(sparse observation)
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& .
Challenges ) .
3-D high resolution
refractivity
USSP PP
Angle 2
Anlgllle 1 ‘ ‘b.[:fﬂ
M g
Py ok Some of

the grids
Y were not
passed
through

\
N —




Research difficulties

The observation angles Differential interferometry,
of satellites are limited phase ambiguity
Problems (sparse observation) at two moments
& . . 2
Challenges . . .
3-D high resolution Accurate restoration of 3-D
refractivity absolute refractivity
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3-D tropospheric refractivity measurement

Due to sparse observations, equation is underdetermined

measurement points

Challenge @ The inverted 3-D refractivity is low accuracy
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3-D tropospheric refractivity measurement

Due to sparse observations, equation is underdetermined
The inverted 3-D refractivity is low accuracy

-

Intelligent design method for multi-static SAR configuration
based on multi-objective collaborative optimization strategy

Challenge @

Method @
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3-D tropospheric refractivity measurement

Due to sparse observations, equation is underdetermined
The inverted 3-D refractivity is low accuracy
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3-D refractivity reconstruction based on precise ray-tracing
and component screening dimensionality reduction

Challenge @

Method @

Multi-angle ray-tracing: Reduce the scale of _Singular value screening: Truncate near-zero
the parameters to be estimated singular values, improve the condition number of

o e oo e m e matrix A _ _ _ __ ________
! I —_— T 1 1-1 T !
i s b A=UZV = x=V'EZTU"Y!
I I Singular Solve after processing :
| \ I I
I Grid Signal I value In(diag(%)) I
| . i Iy n(diag I
! Screening path I 2 S I
1 ! 1 15 !
I I I
| I 10 |
I » : I Al :
: I : ol Truncation [
| I !
I I 5 I
I I 10l I
| X f |
: 3-D refractivity grid Screen high-quality grids 1 : » ‘x I
I I

L 1 1 L . 1 I
I 0 500 1000 1500 2000 2500 3000 3500 4000 4500
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3-D tropospheric refractivity measurement

D-InSAR can only obtain the relative variation,
there is ambiguity in the refractivity measurement

-

Restoration of tropospheric absolute refractivity
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3-D tropospheric refractivity measurement

D-InSAR can only obtain the relative variation,
there is ambiguity in the refractivity measurement

-

Absolute quantity recovery method based on prior coarse
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Simulation model

ODutch Atmospheric Large Eddy Simulation(DALES)

€ Providing high-precision dynamics models, supporting atmospheric
simulations in complex scenarios

€ Capable of outputting high-precision, multi-parameters atmospheric
simulation parameters under different conditions

Parameter Parameter .
Categories Name Symbol/Variable
Horizontal
wind speed u/v
(East/North)
Basic
Meteorological
Field Temperature T

Water vapor
pressure

Output multiple high-resolution Support high-precision simulation and
atmospheric parameters analysis under different conditions



Result: 3-D relative tropospheric refractivity

OSimulation condition: 10kmx10kmx10km, under three weather conditions
OConfiguration optimization significantly enhances 3-D refractivity
measurement performance, particularly in the lower tropospheric

layers with high water vapor concentration
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Result: 3-D relative tropospheric refractivity

OAccuracy analysis of relative refractivity (2N) inversion

€ Resolution: 400 m (<4km), 1-2 km (> 4km)
€ Retrieval accuracy: 4-12, with clear-sky conditions outperforming rainy

conditions; optimized configurations can achieve an enhancement of 35-64%
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of differential refractivity inversion results
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Result: 3-D absolute tropospheric refractivity

OAccuracy analysis of absolute refractivity (N) inversion
€ RMSE is less than 10

€ The accuracy of the refractivity correlates with the condition of atmospheric

spatial variation, and degrades when spatial variation becomes severe
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Result: In-orbit data validation

OSUPERVIEW NEO-2 (launched in November 2024)
€ X-band, <1m resolution imaging
4 Tandem formation for topographic mapping
€ 16-day revisit cycle for D-InSAR

SUPERVIEW NEO-2 . s,
observation configuration Topographic mapping
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Result: In-orbit data validation

Oln-orbit data validation experiment :
4 Along-track long baseline of 40km between two satellites, single-
transmitting-dual-receiving, dual-angle simultaneous observation

€ Scene: Bayinguoleng, Xinjiang, China
€ Acquisition: 4 December 2024 and 20 December 2024
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observation configuration (100km x 20km) 26



Result: In-orbit data validation

Oln-orbit data validation experiment :
€ Selected area: 5kmx10km (including radiosonde)

Optical SAR
image images

Original aera SAR image of selected area



Result: In-orbit data validation

Olnversion grid: horizontal 625x1250m,vertical 1.5km

ORMSE of the inverted relative refractivity (2N) is less than 7
(compared with radiosonde, GFS and ECMWEF)
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Result: In-orbit data validation

OAbsolute refractivity inversion and accuracy analysis

€ Use ECMWEF as the prior coarse meteorological data
4 The RMSE of the inverted absolute refractivity (N) is 5-10
(compared with GFS and radiosonde)
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Conclusion

Current tropospheric atmospheric measurement techniques
remain insufficient in spatial resolution

Tropospheric atmospheric multi-parameter measurement
using distributed spaceborne multi-angle D-InSAR

3-D accurate atmospheric measurement under sparse
observation condition & absolute parameter inversion

Relative refractivity Absolute refractivity In-orbit data
Inversion Inversion validation

Addressing scientific
challenges in atmospheric
research

Enhances the accuracy of
meteorological prediction
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