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P. Cipollini, H. Snaith - A short course on Altimetry

Altimetry 3 —
Geophysical parameters and applications

Oceanography Centre
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What canwe get

R s =

from Altimetry? @=esa

« Sea Surface Height Anomaly

~ Varying part of ocean circulation, eddies, gyres, tides,
long waves, El Nino, etc

@ Variable currents
~ Sea Level Change

* In near future (with accurate geoid), or using
'synthetic’ mean sea surface: absolute SSH

~ Absolute currents
* From shape of return: wave height

* From radar backscattering o,: wind

Oceanography Centre
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« Assume geostrophic balance

 geostrophy: balance between pressure gradient and
Coriolis force

for unit mass: OH f =2Qsin(latitude) “Coriolis parameter” in s!
g—|= fV (€2 is the Earth rotation rate)
ox g = gravity acceleration (m/s?) v = current velocity (m/s)

Pressure Coriolis g oH

gradient force v

f ox

« Unavoidable limitations
* Measures only cross-track component of current
« Cannot recover currents near the equator (geostrophy
does not hold there)
* Only variable (non-steady) currents are detectable

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING National
Oceanography Centre

7-11 September 2015 | IFREMER | Brest, France



“Ifremer

« Geostrophy only affects scales larger than the
‘Rossby Radius of Deformation’

« a typical length scale in the ocean
e ranges from ~10 Km in polar seas to ~200Km near)

« At smaller scales, other (ageostrophic)
components, such as due to the local wind, will
be present.

« With ssh profiles from altimetry we can estimate
the geostrophic currents and subtract them from
local total current measurements (for instance
from a current meter) — and estimate the
ageostropic component

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING @ National
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o BUT very |mportant \\““‘“esa

« Geostrophy dominates the meso- and large
scale ocean circulation

» eddies and major current systems are essentially
geostrophic

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING @ National
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» Kuroshio Current - important current system in
North Pacific

* We will see a model animation first, in SST
* Model data from OCCAM model at NOCS, courtesy of
Andrew Coward

* Then we will see the combination of all Altimeter
mission available subtracting a geoid derived

from the GRACE mission
» Courtesy of Doug McNeall, NOCS (now at MetOffice)
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KUroshio Curcent from Altlmetry a movie @ s

|’freme [
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Surface Currents and Sea Surface Dynamlc Topography from altlmetry and GGMO1C geoud

-0.5 0 0.5 1 1.5
SSDT (m)

1 full map every 7 days, from a combination of all available satellite altimeters

Movie by Doug McNeall, NOC (now UK MetOffice)
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» Detect large scale SSH anomalies
 e.g. El Nino, Antarctic Circumpolar Wave, etc.
* |dentify global connections

* |solate seasonal current variability
* .g. Monsoon dynamics

» Detect and follow mesoscale (50-200 Km) eddies
» Use transect time series

* |dentify planetary waves
» Use longitude/time (Hovmuller) plots
* Measure phase speed from gradients of wave signatures

» Global and regional Sea Level Rise

Oceanography Centre
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- Ocean meso-scale varlablllty & esa
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Eddiestand Planetary (Rossbyjs=—="—
Ifremer Waves \\\&\\’é‘esa

Sea Surface Height from TOPEX/POSEIDON Hovm ller diagram at 25{S
cycle 60 (1-11 May 1994) -
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Planetary waves-in the oceans Q“{‘:esa

Large-scale internal waves
with small surface signature

(not to scale

D:Legioart‘i 8:1 * Due to shape and rotation of
propag earth
S « Travel E to W at speeds of 1

(5 cm to 20 cm/s
’  Main mechanism of ocean
adjustment to forcing

« Maintain western boundary
currents

« Transmit information across
ocean basins, on multi-
annual time scales

* Also known as Rossby
waves (after C.-G. Rossby)

Oceanography Centre
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o mer ERO- based observatlons \\\&\*
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North Atl 34°N

Jul 86

. TOPEX/POSEIDON SSH Julgs
ERS-1 ATSR SST

\. r.;«‘oﬁ

"b’;‘ é

Zonal SST gradient (millidegC/km) Zonal Sea Surface Slope (microradians) Zonal Sea Surface Slope (microradians)

Cipollini et al 1997 (North Atlantic): Hughes et al 1998 ( Southern Ocean)
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Used in global westward
propagation study by
Chelton et al 2007

Made possible by both
remarkable improvement in
ERS orbits (Scharroo et al
1998, 2000), and careful
intercalibration + optimal
interpolation techniques (Le
Traon et al 1998, Ducet et
al 2000)

Good example of synergy

Westward Phase Speed (cm/s)

. Westward
phase speed
- Cp cm/s

XBT and MBT Observations
A White (1977)

A Meyers (1979)

Y% Bernstein and White (1981)
% White (1982)

O White (1983)

O White et al. (1985)

® Kessler (1990)

O Shriver et al. (1991), 40°N
A Miller et al. (1997), 37.5°N
B Jacobsen and Spiesberger (1998)
¥ Mitchum and Lukas (1990)

< Yu and McPhaden (1999)

| GEOSAT Observations

O White (1990)

® Van Woert and Price (1993)

O Tokmakian and Challenor (1993)
B Le Traon and Minster (1993)

A Aoki et al. (1995)

bet diff t alt tri observéd ¢, | ray A' . TOPEX/POSEIDON Observations
etween ailirerent altimetric 2 CIaSSIaC theory c, 8 ® Pacific
mISS|OnS § § § 2r R 025.20 ° e .fg ° f '_ O Atlantic and Indian

1 B AN PR .

Theory had to be extended
to account for the ‘faster’ speeds
(see work by P. Killworth and collaborators)



Ifremer LOOkmg

« Sometimes In our images
we are looking for lines,

T plot ofT/P SSHA @ 34° N
: ~Sea Surface

that is alignments of high § Anooaly
values or low values | ““’0 e
» One typical example is a ol
longitude/time plot of \ i : P~
SSHA data where diagonal ‘°°,.'!\f,' |
e S ¥
alignments may indicate T 0.25

planetary waves

The slope of the line is inversely
proportional to the wave propagation
3 ith ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING Speed, so we would like to measure it!

7-11 September 2015 | IFREMER | Brest, France
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* One intuitive method to measure slope would be
to take a ruler and try to visually match the
alignments by moving it over the image, then
measure the angle - but this is not very objective!

* A nice, objective method to find lines in an image
and measure their angle is the Radon
Transform

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

7-11 September 2015 | IFREMER | Brest, France Oceanography Centre
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Radon Transform of an image fixy)
at an angle 0 = projected sum

(or integral) of the image at that
angle

I

RT definition formula s> p(z6) jf( x)
in MATLAB: radon

du

X =z cosO — usmb
y =z sinb + u cosH
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ROSSBY WAVES AND EDDIES

Cipollini et al, 2001; Uz et al, 2001; Siegel, 2001; Charria et al., 2003; Killworth et al, 2004;
Dandonneau et al., 2004; Charria et al, 2006, various papers by Chelton and co-authors

Chlorophyll Sea Surface Height
filtered log10(chl) at 22°S filtered SSHA at 22°S (m)
2002.5 - 2002.5 {55 L g 0©°
2002 = 2002 {5 0.04
_ "Rl e
2001.5 s 2001.5 0.03
2001 =L Mg 2001 0.02
= -E_:_— - -
2000.5 PR m S e 2000.5 0.01
- -i\hk_ -: N .h:—r 0
2000 Fse A e S 2000
— _:-__ g a .___ -0.01
. -
1999.5 el oo z 1999.5
1999 fe- o e g 1999 e
e e e iy MY -0.03
1998.5 s '_“'ﬁ-':‘ 1998.5
!:—__ - H:‘::_ - - : == — =y SNy ‘0.04
1998 P i mieteed il 1998
e N . : -0.05
130°W 125° 120° 115° 110°W 130°W 125° 120° 115° 110°W

longitude longitude

Great synergy possible in all studies of bio-phys interactions
when altimetry is combined with SST, ocean colour



SEA LEVEL RISE - global

40 - TOPEX Remko Scharroo, NOAA/Altimetrics LLC

1 Jason-1 (now at EUMETSAT)

1 Jason-2 d
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Overall trend: 2.7 mm/yr
No GIA correction (add 0.3 mm/yr) |
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SEA LEVEL TRENDS - regional

- Sea Level component on dedicated ESA programme, the “Climate Change Initiative”
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Satellites trace sea level change

Scientists have reviewed almost two decades of satellite data to build a new map showing the trend in sea levels. Globally, the oceans are rising, but there
have been major regional differences over the period.

Annual average sea-level rise, 1993-2010
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»= .. Coastal Allimetry dtes

Standard altimetry does not quite go
all the way to the coast!

w\f corrupted Traditionally, data in the coastal zone
- ‘w waveform are flagged as bad and left unused
¢ A / (coastal zone: as a rule of thumb 0-50
= km from coastline, but in practice, any
place where standard altimetry gets
1‘_%/ into trouble as radar waveforms are

7 non-standard and/or corrections
________ ¢ , become inaccurate)

footprint

20+ years of )
in the coastal str||o
can be recovered!

In recent years a vibrant community of researchers has started to believe
that most of those coastal data can be recovered and that coastal
altimetry can be a legitimate component of coastal observing systems!

7-11 September 2015 | IFREMER | Brest, France Oceanography Centre
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o Example of K oastal altlmetry &““‘“esa

Ifremer

Jason-1 Sea Level Anomaly cycle 130 (31 Jan 2006)

01 | | | | | — S ]
vy noooe S o from standard processing

—_ NV SUUTTUUUIR SERT recomputed with optimized 10° 4

£ echnlque

<

J

7y

5°N 5 7 8 9 10 1 12°N

Oceanography Centre

7-11 September 2015 | IFREMER | Brest, France
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»remercan-We reeaver these?

70
Standard Product

We believe so. with dedicated rep
7-11 September 2015 | IFREMER | Brest, France
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A. Specialized retracking

B. Improved Corrections
* Use new waveform

 Most crucial is the
models, accounting for correction of path delay
change of shape in due to water vapour
coastal environment (“wet tropospheric”
» Use specialized correction)

retracking techniques * Some applications

6= = = =t~ coeRomN TGS awergimsd require correction of

tidal and high-

frequency signals,

which are also difficult
| Both validation and applications

require exploitation of coastal
models & in situ measurements

National
Oceanography Centre

amplitude




..the history bit...

Some early studies
Manzella et al. 1997 — custom wet tropospheric correction
Crout 1998 - could recover data when coastal topography is flat
Anzenhofer et al. 1999 — retracking coastal waveforms
Vignudelli et al. 2000 - Signal recovered consistent with in situ data

ALBICOCCA KICORE 'z
France-Italy-UK 2001/04 ALTICORE-EU AR N
Feasibility EU/INTAS 2006/08 e S vad
Capacity building s
MAP/XTRACK/MARINA ALT,CORE_,nd;;e'e” |
‘ DATA AL TICORE-Afncqﬁ}‘iﬁ’ﬁi3 '
|available [~.. ¥ o _g
sémination | .. & 7
‘\ \\\\ . Z\v/

PRODUC'@E(ELOPMENT STUDIES ‘lNCLUDING WAVEFGRM

PISTACH
CNES 2007-present
For Jason-2

T e I Ty
——| |(COASTALT - following with -eSurge
—=)| | ESA 2008-201 (multimission, 2011-2015)
——=3|| | For Envisat COASTALT |

...plus several OSTST Projects funded by NASA and CNES



Mrremer Retrackmg of the waveforms\g\ “

= fitting the waveforms with a waveform model,
therefore estimating the parameters

Maximum amplitude:
related to wind speed

e e e T T T
- —— Altimeter Signal
05'_ — Fitted Signal
o Traili
= i rgiling Edge
= .
=
5 5
> { “Epoch”: gives range
© | (therefore helght)
S | — >
G osr
@ - Slope of leading edge: -
< - related to significant 1
&O 0.21r= wave height o

Thermal Noise J
A " 2 1 o 2 o | 2 2 1 2 ™ o 1 2 o 2 1 2 o 2 1

4] 20 &0 &0 ac 10C 120
Gate Number

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING National

Figure from J Gomez-Enri et al.
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o Retra’a?l?]g Eoasial wavelnmme: Boe

- waveforms in coastal zone and island passes have been
extensively studied

- effects of land and effects of calm waters in the
coastal strip are observed
« Land normally gives ‘dark’ features (less signal)

« Calm water cause quasi-specular reflections - bright features or
“bright targets”

» These features migrate in the waveform/gate number space
following hyperbolae (a parabolic shape is usually a good

approximation)
» Features are reproduced by a simple model of the land/
ocean/calm waters response

* The idea is that this should allow removal of the land/calm waters
contamination prior to retracking

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING lll“l“ National

N
7-11 September 2015 | IFREMER | Brest, France ~!!j Oceanography Centre



“Ifremer

Class 1
[\
/
1

Brown

Class 7

[~

Brown
+ Peak

Class 13

7

Brown

waveforms

« Standard ‘open-ocean’ model (Brown 1977)
* modified models: “reduced waveform”, Brown+peaks

Rercentage of waveforms in each class
(6]
(=)

..._.

= co- SRS

s

{cesa
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/

——Class 1
——~Class 13/

Class 7 ||
— Other

Halimi et al, TGARS,
2012

A
e A A v Mg Mon
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30
Kilometers from coast

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN



Example — Pianosa Island

Envisat.
pass 0257

Power
(arbit. units)

In cycle 49, bright target due to wave
sheltering in NW bay (Golfo della Botte

Vaveform Gate number

J. Gomez-Enri et al., IEEE GRSL 2010 |,
A. Scozzari et al, GRL, 2012 simulated

4251 Latitude N 42,65
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Jason-2 Example

Distance from coast: 3.6163 Km

? —dJason 2
= E2757°"NSE2y, 9= NE2 5] E2&33 72 E28.5 BGP
R¥ T - - -Brown
' o - --0OceanCS
et
Jason-2 pass 096 over the coast E
of South Africa and example o S
coastal waveform for cycle 83 £ 0.4 .
and its retracking with various ~ \ 2
models: BGP (Halimi et al., |
2013), Brown (1977), OceanCS$S :
(Yang et al., 2012) ‘ ‘ !
60 80 100 120

Gate number

2 4th ESA ADVANCED TRAINING ON OCEAN REMOTE SENSING NiEr
7-11 September 2015 | IFREMER | Brest, France Oceanography Centre
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With specialized retrackers we get much closer to
the coast!

Envisat example, 20 cycles of pass 0543 over Northern Adriatic

consecutive 18Hz measurements (median)

11111111111111

SSH differences of consecutive 18Hz measurements (median) SWH di
11111111111111111111 7,

46°N

—_
(o]

Venice

Il OceanCS |-

QUALITY HIGH RATE
DATAUPTO 2.5 KM !

—

»
|

O
|

o
proxy for noise

proxy for noise
N

45°N

m
o
fo ) -

0.6

0.4

44°N n " " -
12°E 12 24 36 48 130

0.2

0

0.511522533544555566.577.588.599.510 0511522533544555566.577.588.599.510
Distance from coast (Km) Distance from coast (Km)

The specialized coastal retrackers display encouraging performance — with several pros:

BGP: Better trailing edge fitting (useful to retrieve sigma0 or mispointing with greater
precision)

OceanCsS: “Open ocean” precision in SSH and SWH UP TO 2.5 KM FROM THE COAST;
Precise leading edge fitting, better than classic schemes also far from the coast

LATEST DEVELOPMENT: ALES retracker (Passaro et al. 2014) — a sub-waveform retracker

that works well both over open ocean and coastal zone - can be applied everywhere
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= e Passaro etal 2014 -~ (esa

Contents lists available at ScienceDirect Remote Scrsing
Ervirdoment

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

ALES: A multi-mission adaptive subwaveform retracker for coastal and
open ocean altimetry

@ CrossMark

Marcello Passaro *, Paolo Cipollini °, Stefano Vignudelli ¢, Graham D. Quartly ¢, Helen M. Snaith ©

1.5 1.5 1.5

) —Jason 2 ) —Jason 2 ) —Jason 2
S ---ALES E ---ALES S - --ALES
S 4 g 4 [
© @ © i
3 3 3 :
N N N
© 0.5 w 0.5 ® 0.5
£ E £
O [} [®]
pd z pd

0 0 0

0 50 100 0 50 100 0 50 100
Gate number Gate number Gate number
OPEN OCEAN, SWH=0.75m COASTAL OCEAN, SWH=1.65m OPEN OCEAN, SWH=9.48 m
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Recent improvements.--.corrections

iny

N“‘;‘:
=€

I’fre mer

« Water Vapour path delay (‘wet tropospheric’
correction): crucial correction in coastal zone,

now much improved
» Mixed-Pixel Algorithm (S. Brown)
* Land Proportion Algorithm (PISTACH group)
 GPD: GNSS-derived Path Delay (J. Fernandes for COASTALT)

* CNN — Coastal Neural Network wet tropo for Envisat (CLS), from
Torightness: L@nd Proportion and sigma0

» Better global and regional tidal models

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

7-11 September 2015 | IFREMER | Brest, France Oceanography Centre
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HF radar velocny
{4-12h avg) =
\ 0smis (1Ksn) Loy 1\ G
o

0 E

[:1)
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O Argo
dnﬂers@ﬁh to
B, 27-May 002

Comparison of Cryosat with Sub-mesoscale currents
from HF-radar (D. Griffin)

X
WSV 200 1000m

J-1 geodetic and Cryosat
novel gravity data -
improved gravity maps (O.
Andersen)
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Successful identification of sub-

mesoscale Natal pulses in
comparison PISTACH 5Hz velocity
vs in situ (from ACT campaign) (M
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Inter-annual, seasonal

variability in Caspian Sea,
bay and lake levels (A.

Kostianoy)

Storm Surges: Hurricane
Ilgor storm surge and
ensuing free Coastally
Trapped Waves;
propagation and
dispersion agree with
CTW theory
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Cryosat-2 measures coastal water levels 10-17 May 2013

Example of water level profile
11 May 16:08 UTC
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 Significant wave height
* Altimeter winds
 Calibration/validation

* Wave climate

* Sea lce

* Rain
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P. Challenor/D. Cotton

Wave Height , Month 1
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Difference in Annual Cycle Max SWH (m) 91/96-85/89
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.

e Altlm”?‘fwmd speeds

* The radar backscatter coefficient can be related
theoretically to the mean square slope of the sea
surface at wavelengths comparable with that
of the radar

 Ku band is ~2 cm, so it will depend on capillary
waves

e ...these, in turn, depend on the wind!!
« Empirically we relate this to wind speed (U,,)
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« Scatterometers measure wind velocity over wide
swaths

« Passive microwave measures wind speed over
wide swaths

 Altimeters give us wind speed on a v. narrow
swath

« Wind speed information coincident with wave
height and sea surface height (e.g. sea state
bias)
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Pfremer Sea |

* Ice edge can be detected by a change in o,

» Re-tracking of the altimeter pulses over sea-ice
can give
« Sea surface topography in ice covered regions

* Sea ice thickness!

* the trick is that sea ice develops narrow cracks or ‘leads’, where
we can observe the surface of the liquid water- by analysing both
returns from the ice and from the leads we compute the
freeboard’ (the height of the ice surface above the water surface)
which allows computation of the thickness.

Oceanography Centre
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» Arclic Sea lce Thlckness from Cryosat

remer

Arctic sea-ice thickness Jan-Feb 2011

Il Extent of multi-year ice

Ice thickness, in metres

I

Source: CPOM/UCL/ESA/METNO
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Dual frequency altimeter (C and Ku band)

Ku band attenuated ?Aiii‘?éeiir

C band is not
Ku/C difference gives information on rain rate\

Rain
CeH

G. Quartly
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AltimetrysQ summary.

I’fre mer

« Conceptually simple, but challenged by accuracy
requirements

* Observes directly the dynamics of the ocean

* Therefore: El Nifio, currents, eddies, planetary
waves — but also wind waves and wind!!

* One of the most successful remote sensing
techniques ever...

« ...but still with plenty of room (new applications/
new instruments) for exciting improvements!!

Oceanography Centre
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Thanks for your interest &
attention!

cipo@noc.ac.uk
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