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Horstman et al. 2005, GRL

High wind speeds are underestimated in the eyewall regions of tropical cyclones, due to the saturation of
VV-polarized radar backscattering when wind speeds approach to hurricane force. 



Zhang & Perrie 2012, BAMS

• Cross-polarized radar backscattering is not sensitive to incidence angle and wind direction, but 
increases with increasing wind speed, particularly for high winds.
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Zhang et al. 2014, JTECH

• TC surface wind vectors can be derived using co- and cross-polarized SAR images, but with wind 
direction ambiguity.

• The wind direction ambiguities are removed using a parametric two-dimensional sea surface inflow 
angle model.



Mouche & Zhang et al. 2017, IEEE TGRS
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• Cross-polarized GMF was updated by both considering both the dependence of incidence angle and
wind speed.

• The inner and outer core regions of TCs are both accurately retrieved when VV- and VH-polarized SAR
images are used.



• The wind speeds from dual-polarized SAR images are compared with collocated SFMR measurements,
showing a bias of 2 m/s and a RMSE of 5 m/s.



Zhang et al. 2023, IEEE TGRS

• The thermal noise exisinting in Sentinel-1 SAR images acquired in TOPSAR mode should be eliminated,
prior to wind speed retrieval.



Fan & Zhang et al. 2020, IEEE TGRS

• VH-polarized SAR imagery captures the structural features of storms well and shows prominent image 
gradients along the radial directions of the storm.

• The signal-to-noise ratios of VH-polarized images are small in low wind speed areas, but they are large 
in the same regions of VV-polarized images.



@NOAA
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• dual-polarization SAR is more suitable for the estimation of TC wind directions than VV- or VH-
polarization SAR.



@NOAA Hwang & Zhang et al. 2010, JGR

• Cross-polarized radar backscatterings simulated by the composite surface Bragg (CB) theory model 
are underestimated. This is because the second-order contributions of the Bragg wave were ignored.



@NOAA
Kudryavtsev and Zhang et al. 2019, TGRS

• For VV polarized measurements, the contribution of breaking waves decreased from 60% to 20% with increasing 
incidence angle, whereas for HH polarization and cross-polarization measurements, it can amount to about 60%–
70% for all incidence angles.



Zhang et al. 2020, JGR: Oceans

microwave scattering theoretical model for regular waves:

microwave scattering empirical model for breaking waves:

Zhang et al. 2020, JGR: Oceans

• Simulations of quad‐polarization radar backscatter are significantly improved when the effects of 
breaking waves are incorporated, especially for HH and VH polarizations.



Zhang et al. 2020, JGR: Oceans



Zhang et al. 2022, IEEE TGRS

• For the first time, quasi-synchronous wide-swath quad-polarization (HH+HV+VH+VV) observations 
over a hurricane are achieved trhough a virtual constellation.  



• NRCS values at HV- and VH-polarizations are more sensitive to wind speeds and less sensitive 
to incidence angles or wind directions than those at HH and VV for hurricane force winds.



• For large incidence angles and high wind speeds, the sensitivity of HH-polarized NRCS to wind 
speed is higher than that of VV.



• Co- (VV, HH) and Cross-polarized (HV, VH) NRCSs gradually lose wind direction dependency 
at high winds.



• Cross-polarization differences (HV-VH) within a short time interval have potential to reveal an 
asymmetric dynamic around the eye of Hurricane Epsilon.
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• Significant rain-induced NRCS attenuations are about 1.7 dB for HH and VV, and 2.2 dB for HV and 
VH, when the rain rate is 20 mm/h.

• These attenuations are associated with rain-induced turbulence and atmospheric absorption.

GPM rain rate



Tropical Cyclone Freddy
• Longest lifecycle: 37 days (5 February ~ 14 March) 
• Category 5-equivalent tropical cyclone 






• 31 images were acquired by RCM, RADARSAT-2, and Sentinel-1.
• SAR constellations significantly increase temporal resolution, enabling the monitoring of the evolution

of intensity and structure of TCs.



• TC intensity (Vmax) and structural parameters (34-, 50-, and 64-kt wind radii) are both estimated using
wind fields from SAR and radiometer. 



• A combination of the radiometer an SAR wind data acquired within a very short time interval has the
potential to simultaneously obtain reasonable measurements of the wind radii and intensity parameters.



Zhang et al. 2021, IEEE JSTARS

• The high-resolution and multitemporal synergistic observations from SAR and radiometer are valuable 
for studying fine-scale features of the wind field and characteristics of wind asymmetry associated with
intensity change, as well as the evolution of TC surface wind structure and intensity.



• The tracks and translation velocities of TCs can be determined from multi-temporal SAR images.



SAR：Sentinel-1、RADARSAT-2、RCM
Resolution：1 km

Period：2008-2023
Format：NETCDF

• We develop long time-series of tropical cyclone wind field and structure parameter products.



Zhang & Perrie, 2023



Mitarai & McWilliams, 2016

• Wave gliders can simultaneously observe surface winds and currents in the TC cores，but only 
provide measurements along the glider tracks.



wind current

• The collocations between near-surface currents from drifting buoys and wind fields from multi-mission 
satellites (SAR, radiometer, and scatterometer) provide an unique opportunity to investigate winds and 
currents under extreme weather conditions.



Satellite Payload Frequency Resolution

RADARSAT-2 SAR C 11 km

Sentinel-1A/B SAR C 11 km

SMAP radiometer L 2525 km
SMOS radiometer L 2525 km
ASCAT scatterometer L 2525 km

Depth Resolution Resource

drifter 15 m 1 hour Global Drifter 
Program (GDP)

near-surface currents from drifters

long time-series of wind fields from multi-mission satellites
2007~2022



The depth of mixed layer for fast-moving TCs： ℎ~𝑈𝑈10 )⁄𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 (𝑁𝑁𝑈𝑈ℎ ⁄1 2

Wind-driven current velocity in the mixed layer: )𝑈𝑈s~𝜏𝜏 ⁄𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 (ℎ𝑈𝑈ℎ
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Fan & Zhang et al. 2022 JGR: Oceans

• Observed near-surface current speeds increase linearly with wind speeds in the four tropical cyclone 
quadrants.



Fan & Zhang et al. 2022 JGR: Oceans

• Surface winds and currents both exhibit strong asymmetric features, with the largest wind speeds 
and currents on the TC right side.

• Wind directions are approximately aligned with current directions in the right-front quadrant; a difference
of about 90° occurs in the left-front and left-rear quadrants/



星载SAR及星座热带气旋遥感：过去，现在和将来

Fan & Zhang et al. 2022 JGR: Oceans

• In the eyewall region of Hurricane Igor, high winds (e.g., about 47 m/s) induce strong currents
(about 2 m/s).



Korty, 2022 Nature Wang et al. 2022 Nature



VV-pol SAR image Doppler shift

buoy wave spectra

SWH (WW3)SAR winds

• SAR-retrieved wind fields, along with characteristic parameters from WW3 can be used to estimate
Doppler shifts caused by wind-waves and swell, based on our recently developed Doppler velocity 
model (Fan & Zhang et al., 2023 TGRS).



Fan & Zhang et al. 2023 IEEE JSTARS
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• Sea-state-induced Doppler shifts need to be accurately estimated and removed in order to obtain 
reliable radial ocean surface current velocities from SAR measurements.



The conventional satellite altimeters only provide one-dimensional (1D) along-track SSH observations, and
the cross-track gap between two altimeter passes is large (200~300 km), especially in the tropics.

Level-3 SSHA

Level-4 SSHA



• SSH anomalies are found to be dependent on storm intensity and translation velocity.

• Larger sea surface troughs correspond to the stronger and slower moving TCs.



Can we estimate SSH anomalies using SAR-derived wind field parameters ?



Zhang et al. 2023 IEEE TGRS
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• The indirect calculations of SSH anomalies may serve as an important complement for TC inner-core areas, 
when altimeter observations are not available.



 Next-generation SAR constellation: “CHORUS” (multi-frequency & multi-polarization SAR)

• 700 km accessible swath width and the ability to look in left- and right-looking modes. 
• With both C-band and X-band sensors oper-ating in a mid-inclination orbit. 
• Near Real Time (NRT) downlink and processing from CHORUS-C, and fast tasking to CHORUS-X. 

Improved access, better revisit, broader coverage, lower noise, faster data rates, and finer resolution !



 提供准确的同化源，提高热带气旋强度预报的准确度。

 4R concept: real-time acquisition, real-time processing, real-time analysis, and real-time service.

 Integrated Tropical Cylone and Ocean Observation Network (ITCOON). 
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