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Introduction
e



Global Navigation Satellite Systems (GNSS)

«  American GPS

— 31 Satellites

* Russian GLONASS
— 24 Satellites

« European Galileo
— 24 Satellites

« Chinese BeiDou
— 49 Satellites

- Japanese QZSS
— 4 Satellites

« |Indian IRNSS
— 7 Satellites

*Number of current satellites in orbit are
retrieved from: www.gnssplanning.com




GNSS applications
« Surveying & Mapping * Mining Industry

+ Navigation « Geodynamics
« Timing « Marine
« Agriculture » Disaster management

'_ G ¥ , \ i -
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GNSS for Remote Sensing

« Earth Observations
« Space Weather

« Environmental Monitoring
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Geometry of the Signals

v

sateliregage|_|BB% sggﬁﬁ%
GNSS remote sensing N N
PR NTNU iy
measurements can be made [} N memee
. . /| n,\Smallsatr,,,»'nf/’/'/
based on two different geometries
of the signals: \ ; o
- Direct signals \
* Reflected signals e
LN
Drifter
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o R g T
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A Measuring Tool Beyond Expectations

High precision

High temporal resolution

All-weather, day and night operation
Low-demanding instrumentation
Everywhere on or near Earth’s surface

Long data archive for some applications
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Motivation
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Different Classes of

GNSS Remote
Sensing Data

Traditional
Demonstrating GNSS-Derived

. Data Products
New applications Developing
GNSS-Derived Example:
Measurements Precipitable

@ Example: Water Vapor
Ground-based Time series Promoting

GNSS-R the exploitation

Quality
Enhancement

GNSS Remote Sensing Data for
Climate and Environmental Monitoring
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Conceptual Foundation
e



B GNSS Signals

data message
|
S B
d(t): 50 bps

ranging code
1
B B

c(t): 1.023 Mbps

carrier frequency

AAAAAAAAAAAAAAAAAAAAR

f,,: 1575.42 MHz

Reused from:
Hofmann-Wellenhof et al. (2008)

13

multiplier bi-phase modulated

signal

AP

~19 cm

GPS L1 signal at the satellite antenna:
s(t) = asd(t)c(t) cos(2m fr1t)

%!
,0.0‘0. =

.= Right-Handed
’*‘*\{{\f‘t\}\\\\‘\\?\'

Circular
Polarization
(RHCP)

O i "W///;‘}
“\\\\ tl\}\\\\\}\?'
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M Delay-Doppler Map (DDM)
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3 DDM for Reflected Signals

Airborne setting Spaceborne setting

Small ' A Satellite
Satellite

b

s

Google Earth

e
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o
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B Primary Observables

I 16

Delay of the signal
Doppler frequency
Carrier phase

Estimate of signhal strength

Remote Sensing
Observations
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Research Approach
& Results
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" Research
Approach

NEWE
Generation
Measurements

- Traditional
GNSS-Derived

Data Products

Developing
GNSS-Derived @

Example:
Measurements Precipitable

@ Example: Water Vapor

Ground-based Time series .
GNSS-R Promoting

the exploitation

GNSS Remote Sensing Data for
Climate and Environmental Monitoring
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GNSS-derived Tropospheric

Data Products
(Precipitable Water Vapor)



@ GNSS-derived
Precipitable Water Vapor

(PWV)

A traditional data product W\ % ONsS
for the remote sensing of ' 1 -
the troposphere using *
direct GNSS signals : 2 4
7 BT R
© F. Alshawaf . \
20 @NTNU =




PWV for
Climate Studies

Model* data (1991-2015)
214 stations
Positive water vapor trends

Regional PWV patterns

*ERA-Interim:;

A global atmospheric data product

21
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@] The Issue of Data Homogeneity

Pricipitable Water Vapor (PWV) time series of the station HOBU (Lat: 10.4763, Long: 53. 0506)

H
o

m
w
a

o

7~ GNSS time
—ERA-Interim L rend
~=GNSS Linear trend

ERA-Inte mtm

o

-1.1 mm/decade

T I ] =1

— N N w
[$]
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o

Pricipitable Water Vapor (mm)
=

[&;]
]

PWV Difference (mm)
J':- r'v o m A

2000

22

0.2 mm/decade

Data Homogenelty — prerequisite for detectmg cllmatlc trends

ot =

2002

mhomogenelty

2008 2010 2012 2014 2016
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@] Impact of Homogenization

1 M +ERA Interlm

©

qC>A 75 [“GNSS-before homogenization

=5 ~GNSS-after homogenization

g 5 ‘

GJ\ ‘

e

25 st Lo e i

= o ’"’ ' \ m il
'.25 T f ' &

TR FRBR L @ A0 R
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Standard
error
(@]

l\)

'

1 20 40 60 80 100

Summary for 214 GNSS stations over Germany

Number of detected inhomogeneities

120

Difference
168

140

ERA-Interim

160 Station index

GNSS
117

Detected undocumented changes

58

36
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" Research
Approach

(NEWE
Generation
Measurements

- Traditional
GNSS-Derived

Data Products

Developing @
GNSS-Derived :
Example:
Measurements Precipitable
@ Example: Water Vapor
Ground-based Time series
GNSS-R
Quality
Enhancement

GNSS Remote Sensing Data for
Climate and Environmental Monitoring
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Ground-based GNSS-Reflectometry

Measurements
(Sea Surface Characterization)



@] A Dedicated
GNSS-R Station

Installed and operated by:

German Research Center for Geosciences (GFZ)
Hosted by:

Onsala Space Observatory (0S0), Sweden

Google Earth

Google Earth

57.395°

57.390°

57.385° 1

11.905° 11.910° 11.915° 11.920°
N 27 e @ NTNU- e



@] GNSS-R Dataset Specifications

= From Jan. to Dec. 2016

= Raw output at In-phase and Quadrature (1/Q) levels
= 200 Hz converted to 0.1 Hz

» Two sea-looking antennas with RHCP and LHCP
About 3 m above sea level

GNSS-R
Receiver

s 8 < o)
o - Qno
g 4 60° ®
7 c
5 2hfe ML\ 0 _?’
= o/ N\ % N7 LHCP antenna output o0° 2
-2 —In-phase —Quadrature T
O | I I l 0 e

11:06 11:10 11:14 11:00 12:00 13:00 14:00 15:00 16:00 May 02 2016
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Sea Surface Characterization using
Ground-based GNSS-Reflectometry (GNSS-R)

Estimation of sea surface roughness (sea state)
Effect of rainfall on the sea surface

-+ Sea-level monitoring

29 @ NTNU



@) Sea Surface Roughness

Hoseini et al. (2021)

25 I | —_
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= o
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@) Sea Surface Roughness

Hoseini et al. (2021)
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GNSS-R Response to Precipitation

Impact on the

power of reflected

signals

Asgarimehr M.,
Hoseini M., et al. (2021)

32

Sea-looking
RHCP Antenna

std (no rain)
——mean (no rain)

i std (during rainfall)
——mean (during rainfall)

10 20 30 40 50
Elevation angle ¢ (degree)

Sea-looking
LHCP Antenna

std (no rain)
[——mean (no rain)
I std (during rainfall)
——mean (during rainfall)

10 20 30 40 50
Elevation angle 6 (degree)
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@) GNSS-R Response to Precipitation

Impact on the
Sea Surface Roughness (o) and Sea Surface Salinity (SSS)

0.08 p——==

800

—D=
----D=6h
~-D=12h 600
0.06 600 . ~—~D=18h | -
= | —bD=24n =
Eom g ' 400 8
= 0. 400 T P
[\ ©
()] (]
0.02 200 200
O o . . . A O 15 ¥ M L N Pl 0
0 5 10 15 20 0 5 10 15 20 25
Rain rate (mm/h) Rain rate (mm/h)

Asgarimehr M.,
Hoseini M., et al. (2021)
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©] GNSS-R Sea Level Monitoring

Performance
assessment
under different
scenarios

1

m——

I 34

Rajabi M., Hoseini M., et al. (2021)

0.5 w (A) Up-looking antenna (RHCP)
-0.5 }|

0.5 B) Sea-locking antenna (RHCP)
-0.5

Sea level (m)

C) Sea- Iooklng antenna (LHCP)

MW**
T WM

WWWMW

0.2

o

0.5 (D) 'Sea- -looking antenna (RHCP and LHCP)
N‘MW" "‘VP{MMM 0
-0.5

0.2

Jan JuI
Time (month)

2016

Jun 26
Time 2016
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©] GNSS-R Sea Level Monitoring

Combination of L1 and L2 = improvement up to about 25% and 40% w.r.t L1 and L2

Combined L1 & L2 results 1 _'U (A) Up-looking antenna 1 " (C) Sea-ooking antenna (LHCP) |
: . e
w.r.t the nearby tide gauge: 1w |i=53, 10 1
RMSE Corr 5T S H
m Ol - Oﬂﬂ IIH H (i mln MR II
A 4.1 96.9 U 15 : 15
= (B) Sea-looking antenna (RHCP) (D) Sea-looking antenna (RHCP and LHCP)
B 3.1 098.2 10} 10t
Cc 2.4 99.0 5| II H 5l II IIH ,
D 23 99.0 . II|_| H ) il |I|_| H
6h 3h 1h 15 min 6h 3h 1h 15 min
Window size o o Window size
Rajabi M., Hoseini M., et al. (2021)
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©] GNSS-R Sea Level Monitoring

Performance under different sea states

Up-looking Sea-looking Sea-looking
RHCP Antenna RHCP Antenna LHCP Antenna

25 - ‘ . : : . i 10°

B Sea level bias N Sea level bias BN Sea level bias

Il Sea IeveI‘RMSE B Sea level RMSE Bl Sea level RMSE
=20 -® Observation count | |-® Observation count ~ ® Observation count "
Qo [
I ® ® ® ® ® ® ® ® 4 42
7} iy 10'S
=15 I I o
-~ 0
7] o
3 _ _ 5
3" 033
& :
(% 5r I J [ <
o d ] “ 11l

6-8 9-11 11-14 1430 01 12 23 45 6-8 911 11-14 1430 01 1-2 23 45 6-8 9-11 11-14 14-30
Wlnd speed range (m/s) Wind speed range (m/s) Wind speed range (m/s)

0-1

Rajabi M., Hoseini M., et al. (2021)
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" Research
Approach

New-
Generation
Measurements

- Traditional
GNSS-Derived

Data Products

Demonstrating

New applications Developing 0
GNSS-Derived

Example:
Measurements Precipitable

@ Example: Water Vapor

Ground-based Time series
GNSS-R

GNSS Remote Sensing Data for
Climate and Environmental Monitoring
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Spaceborne GNSS-Reflectometry

Observations
(Mesoscale Ocean Eddies, Floods)



©) Spaceborne GNSS-R Dataset
NASA Cyclone GNSS (CYGNSS)

» Constellation of 8 micro-satellites
- Altitude: ~520 km (LEO)

* Revisit time: ~7 hours o ,‘ <
- Coverage: 38°S - 38°N latitudes . ,* ..... .... 3

..........

NI e e " ..... > images: Umversﬂ of MIChI an, NASA
; ! Ry firs] g Ny ““‘*“"“g




Spaceborne GNSS-R Observations of
Mesoscale ocean eddies

@ NTNU




© GNSS-R Response
to the Ocean Eddies

For the first time, we p-...
reported on the feasibility 290 292 290 s

. _ Longitude (°) Longitude (°)
of observing the oceanic

Instantaneous SHF(W m'2)

NI’“ <+ GNSS-R ¢° —Surface current —Instantaneous SHF | 8 = ZN’“
. . = —Wlnd speed —Surface stress 'E
eddies in spaceborne z 9 % 0=
GNSS-R observati g8® "3 8
observations <% AP
S— U) -—
275 45 5
® |5 E 48
w6 O 3 S
S 28 gt
© 5 29| S16m
= T B
= =

Hoseini M. et al. (2020) @ 4 i e O Wi e T s S U)
-200 -100 0 100 Along track (km)

Kl O NS

1
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Spaceborne GNSS-R Observations of
Flooding Events
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Corrected SNR

© GNSS-R Response -

27.5
to Floods ;
5 27
3265
10
26
25.5
5
Longitude
Published in Water (2020)
Corrected and gridded SNR
28.5
27 598 20
28 20
“ 15 275
8265 § 27 15
o -1 26.5 v
10
; 26
255
25.5
25 0 - 5
58 59 60 61 62 SNR 57 58 59 60 61 62 63 dB
Longitude (dB) Longitude

Rajabi M., Nahavandchi H., Hoseini M. (2020)
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Concluding
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B Concluding Remarks
Ground-based GNSS-derived tropospheric time series, a traditional data product

= Robust homogenization is essential for climatic applications of GNSS-derived

time series

= Towards having a robust approach, we developed a novel approach that:
- avoids miscorrection of climate-related changes
- handles possible data gaps

- addresses inhomogeneities without any documentation in stations log files

= A significant quality improvement was observed in an exemplary GNSS
dataset over Germany after homogenization

45 s @ NTNU e



B Concluding Remarks

Ground-based GNSS-Reflectometry measurements, a developing data product

= Sea surface characterization results using coastal GNSS-R data show that:
- a dedicated GNSS-R setup can make high-quality measurements of sea level
and sea state
- the measurements can reveal the effect of the coastlines on wind intensity
- the signature of rain in GNSS-R data can be discerned under certain conditions
- usage of dedicated seaward antennas enhances the quality of measurements
- fully polarimetric observations can noticeably add to this enhancement

- combination of dual-frequency observations increases the robustness

46 I @ NTNU e



B Concluding Remarks

Spaceborne GNSS-Reflectometry observations, a new-generation data product

= GNSS-R can observe the changes in the ocean surface roughness due to the
interaction of mesoscale ocean eddies with atmosphere

= The observations show strong negative correlation with surface heat flux

= GNSS-R surface reflectivity observations can detect flooding events and
retrieve the associated inundated areas

L 47 s @ NTNU e



Outlook for
Future Research
e



W Outlook for Future Research

= New-generation of permanent GNSS stations with real-time GNSS-R
measurements

= Spaceborne GNSS-R with multi-frequency polarimetric observations

= Addressing the issue of topography on spaceborne GNSS-R soil moisture
retrieval and flood detection

49 = @ NTNU e



Thank you for your attention!
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A Novel Approach based on Singular Spectrum Analysis (SSA)
Zero-Difference Homogenization

contributing i-th

window— columns ~ anti-diagonal
PWV time series: | f1,/>, -« . f7 bSis15S1420 -+ oSN o o
i o o
- . . . . - 2,//
h L 6 fk X = .
. . trend : .
Lo B fa o Sk : :
LK 7
X= (xf_f)i.j:l = f3 f4 fS fK+2 L-11 o o o o
: ; S ; LLSE ¥ b
L ' ' ' i+1  i+L-2 i+L-1 N
o fier fie2 o0 N

Synthetic change
at time index 400

X=UuxV"!

Yy
X:X1+X2+"'+Xd, szo-.!'UiVi Ly

2\ Estimation
- % L/error 200
300 ‘ 300
Xirena= X1 + X5 + - + X 200 400

e 500 .. .
Ant|—d|agonals100 0 600 Time index
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©l SSA-based Change Detection

Xyrena= X; + X X, =(&;)" g 10f
trend= A1 + Xy + o + I_(xij)ij:1 %
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) @
| i 2 0
A~ . [
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@] GNSS-R Dataset Specifications

«  From Jan. to Dec. 2016 s E1x1o“ ....... RN — i . 1042”04 ........ skt AT —— ;.\1__1..04_
= Raw output at In-phase éti = M ’
and Quadrature (I/Q) levels g % Or ; L l 0
= 200 Hz converted to 0.1 Hz 78; €41 Quadrature —In-Phase or
= Two sea-looking antennas = = ' : : : : 14 ' : - 1
with RHCP and LHCP |
polarization

About 3 m above sea level

GNSS-R

~ Sea-looking RHCP
Correlation Sum

; 1 1 1 1 1 _1 _1 1 1 1 1 1 _1
Recelver 0800 0900 1000 1100 1200 1300 1400 0800 0900 1000 1100 1200 1300 1400 |
Time (hour) Time (hour)  Dec 05, 2016
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o
©) Sea Surface Roughness g
@ 5
A A Q
Pyir = Gair Po Pt = Gret |RI* S* Py 5
-10
Effect of surface roughness S 1(27r)2 2 sin? §
ect of sur : = —— 2
g exp SE o~ sIn” e -§_15
P2 G 2
co: co-polarization: AL . ref ch(,'z g2 3-20
(RHCP) P Ga 2
o 3 25| | == Co-polarization (RHCP) reflection
ls Cross G X Ll‘: E = Cross-polarization (LHCP) reflection
cross: cross-polarization: LY = ==L — = Vgl ol 1 10 20 30 40 50
(LHCP) Ji(; G gir Elevation angle (degree)
< 8 < ()
% 6 10 80° 5
E 4 60° ©
@ =
§ 21 fn ) 40° .8
£ 0/ Y LHCP antenna output ) ©
() 20 ()}
e _2 1_ = ~
= —In-phase —Quadrature go L
O N s . | | | I |
11:.06 1110 11:14 11:00 12:00 13:00 14:00 15:00 16:00 May 02, 2016
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@) Sea Surface Roughness

Zenith-looking
RHCP

Master
channel

Receiver | Antenna

Sea-looking Sea-looking
RHCP LHCP
Slave Slave

channel-1 channel-2

1/Q correlation
sums

I/Q correlation

1/Q correlation

Co-pol.
power ratio

sums sums
Cross-pol. Cross-to-co pol.
power ratio power ratio

Data Levels

Standard deviation of sea surface height
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©] GNSS-R Sea Level Monitoring
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@) GNSS-R Response to Precipitation

An exemplary case

12 16:18 16:30 16:41 16:53 17:04 17:15 17:26 17:37 time
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©] GNSS-R Sea Level Monltorlng

59

0.2

(A) Up- Iookmg antenna (RHCP)

(C) Sea-looking antenna (LHCP)

L
L2

(B) Sea-looking antenna (RHCP)

10 15 20 25
PRN

30

(D) Sea-looking antenna (RHCP and LHCP)

5 10 15 20 25

PRN
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GNSS-R Response to the Ocean Eddies

Image: google earth

300 Al
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©] GNSS-R Response to the Ocean Eddies
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Normalized Bistatic Cross Section (NBRCS)
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Observation of Land Surface Reflectivity
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