Ifremer

A short course on Altimetry

Paolo Cipollini!, Helen Snaith?

1 National Oceanography Centre, Southampton, U.K.
2 British Oceanographic Data Centre, Southampton, U.K.

with contributions by Peter Challenor, lan Robinson, R. Keith Raney + some
other friends...

4@8%% National

8WWPQ Oceanography Centre

NATURAL ENVIRONMENT RESEARCH COUNCIL

Oceanography Centre

NATURAL ENVIRONMENT RESEARCH COUNCIL

7-11 September 2015 | IFREMER | Brest, France

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING @ National



- T g Y

o=

_ : }oﬁ\-{—:““ ‘” .»-~-,, S <‘
“Ifremer Outline

« Rationale
* why we need altimetry

* A1 — Principles of altimetry
* how it works in principle
* New techniques
« A2 — Altimeter Data Processing
* From satellite height to surface height: corrections
* (or how it is made accurate)
« A3 — Altimetry and Oceanography: applications of
altimetry over the ocean and coastal zone
* what quantities we measure
* how we use them!
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Ifremer 'bceans

« Climate change
e oceans are a very important
component of the climate system
 Altimeters monitor currents /
ocean circulation...

« ...that can be used to
estimate heat storage and
transport

e ... and to assess the
Interaction between ocean
and atmosphere

 and also sea level, a global
indicator of climate change

* We also get interesting by-
products:

Oceanography Centre
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SEA LEVEL ANOMALY

Sea surface height anomlaly (m), Envisat cycleI 50




ABSOLUTE DYN TOPO

Absolute dynamic topographyl(m), Envisat cycle 50|+ R1005
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SURFACE CURRENTS

Geostrophic currents (m/s), Envisat cycle 50 + RIO05




SEA LEVEL RISE - global

40 - TOPEX Remko Scharroo, Eumetsat 5

1 Jason-1 I
1 Jason-2 !

= 301 GFO -

E A

5 20 - ERS-2

> 1 Envisat

p ] CryoSat-2

o 107

n ]

S :

o)) 0

& ]

}g ]

9 —10 ]

Q)

Overall trend: 2.7 mm/yr
No GIA correction (add 0.3 mm/yr) |
Seasonal tides removed -

B\

—30_"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012



SEA LEVEL TRENDS - map

- Sea Level component on dedicated ESA programme, the “Climate Change Initiative”
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P. Cipollini, H. Snaith — A short course on Altimetry
Altimetry 1 —
principles & instruments

Oceanography Centre
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» The altimeter is a radar at
vertical incidence

* The signal returning to the

satellite is from quasi- 1 f Satrelﬂltte
specular reflection Orbit Altimeter

. height | measurement (range)
« Measure distance between
satellite and sea (range)  Geoid /

* Determine position of \

satellite (precise orbit)
 Hence determine height

of sea surface Geoid undulation ))
« Oceanographers require

height relative to geoid

Sea Surface

Ocean dynamic surface topography (DT)

DT= Orbit - Range - Geoid

Oceanography Centre
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"lfremer radar

 Measure travel time, T,
from emit to return

orbit
* h =@(c = 3x108 m/s) Al
Nadir view
* Resuoidftion to ~5 cm
would need a single very
narrow pulse of 3x10-10s h
(0.3 nanoseconds) (ranee)
* 0.3ns... and we would still need to
pack in this pulse enough energy sea surface
to give a discernible return...
« ...technically impossible! Quasi-Specular reflection
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« SO0 we have to use two tricks:
1. chirp pulse compression

A
Frequency

320 MHz

 0.1ms .
13.6GHz >

Time
2. average many pulses (typically ~1000 )

* It is also necessary to apply a number of corrections for
atmospheric and surface effects

4
N

Oceanography Centre
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o Beam=-and-Pulse- Cimited—=

lfremer Ajtimeters

In principle here are two types of altimeter:
* beam-limited
* pulse-limited
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Pfremer Beam

* Return pulse is dictated
by the width of the beam

 but...IMPRACTICAL IN
SPACE, for two reasons Q

1. Narrow beams require large
antennas: 5 m in Ku-band
(13.5 GHz) for a 5-km

footprint |
2. highly sensitive to
mispointing of the platform f—
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* A plot of return power versus time for a beam-
limited altimeter looks like the heights of the
specular points, i.e. the probability density
function (pdf) of the specular scatterers

Thedracking poind
(point taken for the range measurement)
Is the maximum of the curve

time
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Beametimited: technologieatess == =

“Ifremer problems

* Narrow beams require very large antennae and are
Impractical in space
* For a 5 km footprint a beam width of about 0.3° is required.
* For a 13.6 GHz altimeter this would imply a 5 m antenna.

* Even more important: highly sensitivity to
mispointing, which affects both amplitude and

measured range

« SAR-altimeter missions like ESA’s CryoSat
(launched Apr 2010) and Sentinel-3 use synthetic
aperture techniques (delay-Doppler Altimeter) that
“can be seen as” a beam-limited instrument in the
along-track direction.
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* In a pulse-limited
altimeter the shape of
the return is dictated by
the length (width) of the

pulse
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The *pulSelimited”

footprint ‘

I’fre mer

* Full ilumination when rear of
pulse reaches the sea — then
area illuminated stays

position of pulse
at time:

constant (=T
 Area illuminated has radius . 2r
= t=1+21
r=v (2hclr) - T2

« Measure interval between surface

mid-pulse emission and time
to reach half full height

Area illuminated
at time:

t=T
Emitted T
pulse t=T+27
received power t=T+37
2h/c ﬁ/
1 T T T >
2T+1 27 37T t
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* A plot of return power versus time (i.e. at
waveform) for a pulse-limited altimeter looks like
the integral of the heights of the specular points,
l.e. the cumulative distribution function (cdf) of
the specular scatterers

- The tracking point is the half
power point of the curve
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 All the microwave altimeters flown in space to date,
iIncluding the very successful TOPEX/Jason1/
Jason2 and ERS1/ERS2/Envisat series, are pulse-
limited except....

... laser altimeters to measure the ice topography
(like GLAS on ICESAT) are beam-limited

 ...and the newest SAR altimeters are beam-limited
In one direction (along-track) and pulse-limited in the

other (across-track)

« To understand the basics of altimetry we will focus
on the pulse-limited design
« BUT, we will see more on SAR altimetry later, as this is the

technology demonstrated by CryoSat and used by future
missions such as Sentinel-3
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 We send out a thin shell of radar energy which is
reflected back from the sea surface

 The power in the returned signal is detected by a

number of gates (bins) each at a slightly different
time
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Sea Surface

Yo
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we add waves ..

Sea Surface
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The-area-illuminated or ‘effec

“ifremer footprint’

 The total area illuminated is related to the
significant wave height noted as SWH [or Hs]
(SWH = 4 x std of the height distribution)

 The formulais
7R, (ct+2H )

1+R,/R,

Where
c is the speed of light
T IS the pulse length
H_ significant wave height
R_the altitude of the satellite
R_ the radius of the Earth
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Thener footprint

H, (m) ERS-1/2, ENVISAT TOPEX, Jason-1/2
Effective footprint (km)  Effective footprint (km)

(800 km altitude) (1335 km altitude)
0 1.6 2.0
1 2.9 3.6
3 4.4 9.9
3) 5.6 6.9
10 (7.7 9.6
15 94 11.7
20 10.8 13.4

From Chelton et al (1989)
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= e The Brown:Mode

« Assume that the sea surface is a perfectly
conducting rough mirror which reflects only at

specular points, i.e. those points where the radar
beam is reflected directly back to the satellite

7-11 September 2015 | IFREMER | Brest, France
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The Brown Mode

Ifremer

* Under these assumptions the return power is
given by a three fold convolution

P.(1)= Py (1)* Ppy (1)* Py (-2)
Where

P.(t) is the returned power

Pcs(1) is the flat surface response

Pp+(t) is the point target response

P.(-z) is the pdf of specular points on the sea surface
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“1fremer Fu nCtiOn

* The Flat surface response function is the

response you would get from reflecting the radar
pulse from a flat surface.

* |t looks like
Ps()=U(t—-1,)*G(1)

Where

U(t) is the Heaviside function
U(t) = 0 for t < 0; U(t) = 1 otherwise
G(1) is the two way antenna gain pattern

7-11 September 2015 | IFREMER | Brest, France
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“Ifremer Function

* The point target response (PTR) function is the
shape of the transmitted pulse

* |ts true shape is given by
n (Tt
sin( 7t/ )
[

P,.(t)= ﬂ/
T

+ For the Brown model we app-roximate this with a
Gaussian.

12
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(1-1))
P@)=P PN2m —E|1+er fort<t
FS( )77 f{ \/EO'C} 0
(1-1)
P(t)=P(t—t,)nP.N2m —L|1+er fort=t
FS( )77 f{ﬁﬁc}
s O =
o, \/a + 2 s 1
212
P (t)= GOARZCUO exp{—ism S—ECOSZ§} i/c—tsin2§
4(4m) LK y yh y \ h
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where
erf(t) = %fot e dx
T

(compare this with the Normal cumulative distribution
function)

2

(I)(t _de

1 t
v

1+erf(%)]

I, () iIs a modified Bessel function of the first kind

(I)(x)=%
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« SWH - significant wave height
* {, - the time for the radar signal to reach the
Earth and return to the satellite

* we then convert into range and finally into height —
see in the next slides
* 0, - the radar backscatter coefficient

* note this is set by the roughness at scales
comparable with radar wavelength, i.e. cm, therefore
it is (in some way) related to wind

« sometimes mispointing angle ¢ can be also
estimated from the waveforms
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| The Brown Model — measlUred——m = = =
» {Zesa
Ifremer parameters «

212
P (1) = Gy 4x€0, exp{—isin2 E - ﬂ(:os 25}10 (i\/gsin 2§)
” Y vh Y\ h
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e Ay Is the radar wavelength

* L, is the two way propagation loss

* his the satellite altitude (nominal)

* G, Is the antenna gain

e v is the antenna beam width

* ¢, Is the pulse width

e 11is the pulse compression ratio

e P is the peak power

e £ (as we said) is the mispointing angle
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/|| return pulse we can
4 measure wave hei ght!
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“Ifremer Noise on*the altimeter

* |f we simply use the altimeter as a detector we

will still have a signal - known as the thermal
noise.

* The noise on the signal is known as fading
noise

e |tis sometimes assumed to be constant,
sometimes its mean Is measured

* For most altimeters the noise on the signal is
independent in each gate and has a negative
exponential distribution.
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X

1 _Z
f(x)=ge 0 0<x<®

e« Mean =26
e Variance = 6?

Oceanography Centre
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* For a negative exponential distribution the
variance is equal to the square of the mean.
Thus the individual pulses are very noisy!

= We need a lot of averaging to achieve good
Signal to Noise Ratio

* The pulse repetition frequency is thousands per
second

* 1020 for ERS-1/2, 1800 for Jason & Envisat, 4500 for
Topex

« Usually data are transmitted to the ground at
~20Hz and then averaged to ~1 Hz
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= “ASingle pulse - :esa

Received Power

0 20 40 60 80 100 120

Time (gate number)
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Ifremer

* |t is very difficult (if not impossible) to generate a
single-frequency pulse of length 3 ns

* |t Is possible to do something very similar in the
frequency domain using a chirp: modulating the
frequency of the carrier wave in a linear way

Frequency
A

320 MHz

0.1 ms .
13.6GHz >

Time

* The equivalent pulse width = 1/chirp bandwidth

A
N

meters reallywork- =+ @ @ea
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Pfremer Full Ch”'p deramp -1

* A chirp is generated
* Two copies are taken
* The first is transmitted

 The second is delayed Delay
so it can be matched
with the reflected pulse

Generate

. Combine
chirp

A\

Transmit Receive

Oceanography Centre
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Full Chirp~Beramp = 2 -

Ifremer

* The two chirps are mixed.

* A point above the sea surface gives returns at
frequency lower than would be expected and

vice versa

« Soa ‘Brown’ return is received but with
frequency rather than time along the x axis

Oceanography Centre
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“liremer gjtimeter on ESA’ s Envisat €=esa

From averaging 100 individual echoes
Envisat (18Hz Ku) waveform

500
aso } 1
400t | | ’

350 [ 1A |
.' ¥ | A

150

100 {
How do we estimate the various parameters from this?

0 ] . S _»" A A A A A J

16 32 48 64 80 96 12 128
Ku band, 13.5 GHz, 2.1 cm wavelength Bin number
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Retracklng “of the waveforms- &@iesa

“Ifremer s

= fitting the waveforms with a waveform model (Brown or other),
therefore estimating the parameters

Maximum amplitude:
related to wind speed

IIQ # E b . 3 ko § l

- —— Altimeter Signal

oal- — Fitted Signal

o Traili
= i rgiling Edge
= .
=
5 .
> { “Epoch”: gives range
@© | (therefore helght)
S | — >
G osr
oy - Slope of leading edge: -
< - related to significant .
Dcz 0.21= wave height o

| Thermal Noise J

o M 2 L " 1 " 2 L 2 " L 2 M 2 1 2 PR L
0 20 4G 60 TP 100 120
G ate NU mber Figure from J Gomez-Enri et al. (2009)
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» o Altimeters«<lown in-space &= esa

GEOS-3 (04/75 — 12/78)

845 km 115 deg 0.5m -

Seasat (06/78 — 09/78)

800 km 108 deg 0.10 m 3 days

Geosat (03/85 — 09/89)

785.5 km 108.1 deg 0.10 m 17.5 days

ERS-1 (07/91 — 03/2000); ERS-2 (04/95 — 09/2011)

785 km 98.5 deg 0.05 m 35 days
TOPEX/Poseidon (09/92 — 10/2005); Jason-1 (12/01 — 06/2013); Jason-2 (06/08 — present)
1336 km 66 deg 0.02m 9.92 days

Geosat follow-on (GFO) (02/98 — 09/2008)

800 km 108 deg 0.10 m 17.5 days

Envisat (03/02 — 04/12)

785 km 98.5 deg 0.03 m 35 days

CryoSat-2 (04/10 — present) [delay-Doppler]

717 km 92 deg 0.05m 369 days (30d sub-cycle)

SARAL/AIltiKa (02/13 — present) [Ka-band]
I 785 km 98.5 deg 0.02 m 35 days I
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"lttearcie of a satellite altimeter

TOPEX/POSEIDON pass 029
20°N

10

10
20
30

40°S
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High-inclination orbit |
HY-2A china = HY-2B, -2C, -2D

- Saral/AltiKa India/France>
eweare oo oA e SSeringiaB, 36, 5~
- e e S GFO-FO US Navy >

Swath altimetry

SWOT/WaTER-HM uswes>
ESA EE9?

Jason-CS successor Europe/usk

High accuracy SSH (reference missions) from mid-inclination orbit
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Adapted from CNES, 2009, with acknowledgement SAR mode
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ESA mission:; launched 8
April 2010

LEQO, non sun-synchronous
» 369 days repeat (30d sub-cycle)
* Mean altitude: 717 km

* Inclination: 92°

Prime payload: SIRAL

« SAR/Interferometric Radar

Altimeter (delay/Doppler)
» Modes: Low-Res / SAR / SARIn

Ku-band only; no radiometer

Primary mission objective is
observing the cryosphere,
but very successful on
oceans too!

National
Oceanography Centre
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RA pulse-limited
footprint in effect is
dragged along the
surface pulse by pulse
as the satellite passes
overhead

Among other
consequences, the
effective footprint is
expanded beyond the
pulse-limited diameter

Oceanography Centre
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R K. Raney, IEEE

DDA spotlights each
along-track resolved
footprint as the satellite
passes overhead

Improved along-track
resolution, higher PRF,
better S/N, less sensitivity
to sea state,...
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Each surface
Tracker “reads” fl‘OICiatlor(lican. b?
waveforms only ollowed as 1t 18

from the center traversed by
(1, 2, or 3) Doppler bins )
Doppler bins

Result? Rejects
all reflections
from non-nadir
sources
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« Satellite: Indian Space Research Organization
(ISRO)

e carrying AltiKa altimeter by CNES
« Ka-band 0.84 cm (viz 2.2 cm at Ku-band)
« Bandwidth (480 MHz) => 0.31 p (viz 0.47)
« Otherwise “conventional” RA

* PRF ~ 4 kHz (viz 2 kHz at Ku-band)

* Full waveform mode
« payload includes dual-frequency radiometer

* Sun-synchronous, 35-day repeat cycle (same as
ERS/Envisat)

* Navigation and control: DEM and DORIS
 Launched February 2013
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GPS satellite

GPS satellite —@_

UK-DMC satellite
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