Nat. Hazards Earth Syst. Sci., 9, 113947 2009 y -K
www.nat-hazards-earth-syst-sci.net/9/1135/2009/ G Natural HdazEarrdtﬁ
an a

© Author(s) 2009. This work is distributed under A
the Creative Commons Attribution 3.0 License. System Sciences

Variations in sea surface roughness induced by the 2004
Sumatra-Andaman tsunami

0. A. Godin'?, V. G. Irisov?3, R. R. Leberf, B. D. Hamlington?, and G. A. Wick?

ICooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO 80309, USA
2NOAA/Earth System Research Laboratory, Boulder, CO 80305-3328, USA

3ZelTechnology LLC, Boulder, CO 80305, USA

4Colorado Center for Astrodynamics Research, University of Colorado, Boulder, CO 80309, USA

Received: 19 March 2009 — Revised: 20 June 2009 — Accepted: 28 June 2009 — Published: 16 July 2009

Abstract. Observations of tsunamis away from shore arel Introduction
critically important for improving early warning systems

and und.erstandllng of tsunami generation and propagatlonrhe need for a reliable system for early tsunami detection
Tsunamis are difficult to detect_ and measure in the open, 4 warning was made painfully clear by the hundreds of
ocean because the wave amplitude there is much smallgp,, . sands of lives lost to the tsunami generated by the 9.3
than it is close to shore. Currently, tsunami observations 'nmagnitude Sumatra-Andaman earthquake that swept the In-
deep water rely on measurements of variations in the sea SUfian Ocean on 26 December 2004 (Stein and Okal, 2005; Lay
face height or bottom pressure. Here we demonstrate thaét al., 2005; Titov et al., 2005). An early and dependable as-
there exists a different observable, specifically, ocean Surfac‘§essment of a tsunami threat requires detection of the tsunami

roughness, which can be used to reveal tsunamis away from,, e i the open ocean away from the shore (Lautenbacher,
shore. The first detailed measurements of the tsunami effec}y55. | avin and Nosov. 2005: Bernard et al.. 2006: Schin-
on sea surface height and radar backscattering strength in tht?elé etal., 2008). By complementing traditional seismic data
open ocean were obtained from satellite altimeters during, 4 point measurements as provided by the Deep-ocean As-
passage of the 2004 Sumatra-Andgman tsunam|.' ThrougBessment and Reporting of Tsunamis (DART) buoys network
statistical analyses of satellite altimeter observations, W& Gonzlez et al., 2005; Bernard et al., 2006), wide-area satel-
ZhOW thsllt thﬁ Sumat_ra-Andam?n tsunarrrl]l eﬁeCtedhd'Sthtli_te observations of tsunami manifestations can potentially
efectable changes in sea surface roughness. The magr?hﬁprove the accuracy and timeliness of tsunami forecasts

tude and spatial structure of the observed variations in rada(Levin and Nosov, 2005; Synolakis and Bernard, 2006; Geist
backscattering strength are consistent with hydrodynamicet al., 2007 Wei et al., 2008; Behrens et al., 2008), increase

models predicting variations in the near-surface wind acros$ha |ead time of tsunami warnings, decrease the probability

the tsunami wave front. Tsunami-induced changes in sea SUE false alarms (Walker, 1996; Dudley and Lee, 1998; Godin,

face roughness can be potentially used for early tsunami de,2004; Nagai et al., 2007), and help to avoid unnecessary
tection by orbiting microwave radars and radiometers, WhiChevacuations (Dudley and Lee, 1998; Bernard et al., 2006).

have broad surface coverage across the satellite groungf the tsunami manifestations in the deep ocean, variations

track. in ocean surface roughness are most relevant to tsunami de-
tection from space provided that these can be revealed by or-
biting active (scatterometers) and passive (radiometers) scan-
ning microwave sensors, which have broad surface coverage
of hundreds of kilometers across the satellite ground track.

Tsunami-induced variations in surface roughness away
from the shore were first observed in visible light (Walker,

Correspondence tdD. A. Godin 1996; Dudley and Lee, 1998) as “tsunami shadows,” i.e. ex-
BY (oleg.godin@noaa.gov) tended darker strips on the ocean surface along a tsunami
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satellite SSH records is discussed by Okal et al. (1999) and
Zaichenko et al. (2005).

In this study, we concurrently empleyp data, which are
a measure of the ocean surface roughness (Fu and Cazenave,
2001), and SSH data obtained by Jason-1 on 26 Decem-
ber 2004 to determine the tsunami effect on surface rough-
ness. Considerable uncertainty remains regarding the mag-
nitude of tsunami-induced roughness variations and the pos-
sibility of their detection against the background of poten-
tially stronger roughness variations due to other geophysi-
cal processes. Through statistical analyses of multiple years
of satellite altimeter observations, here we demonstrate that
the Sumatra-Andaman tsunami induced distinctive variations
in ocean surface roughness, which are measurable with mi-
crowave sensors already in orbit. Previousty, data ob-
tained by Jason-1 during the Sumatra-Andaman tsunami
passage were discussed by Troitskaya and Ermakov (2005,
2008), but without comparison to analogous data in the ab-
Fig. 1. Jason-1 satellite altimeter overflight of the Sumatra- sence of a tsunami.
Andaman tsunami. The Jason-1 ground track and C-hand The remainder of this paper is organized as follows. Sec-

data for pass 129 encountering the Sumatra-Andaman tsunami 'lon 2 describes the satellite altimeter data utilized in this re-
superimposed on contours of the tsunami leading wave front at

hourly intervals after the earthquake. Thg data are shown for search. In Sect. 3, we employ earlier theoretical predictions
of tsunami-induced surface roughness variations to model the

the portion of the ground track where the tsunami wave had ar- b i )
rived. White stars show location of the tsunami wave sources.effect of these variations on satellite altimeter measurements.
(Tsunami wave front graphic is courtesy of the National Geophys-Section 4 presents results of statistical analyses of various at-
ical Data Center/NOAA, adopted frohitp://www.ngdc.noaa.gov/  tributes of the satellite altimeter observations, with technical
hazard/img/2004L226.jpg. details of our data processing techniques being delegated to
Appendices A and B. In Sect. 5, we present conclusions of
this work and discuss their implications for early tsunami de-
front. Formation of the “shadows” as areas with a differ- tection by orbiting microwave radars and radiometers.
ent root mean square (RMS) surface slope has been tenta-
tively explained theoretically as a result of air-sea interaction;
specifically, of tsunami-induced perturbations in the wind ve-2  Jason-1 data
locity close to the ocean surface, which are predicted to be
much larger than currents in the tsunami wave (Godin, 20030f all the satellite altimeters, Jason-1 provides the earli-
2004; Rowan, 2004). Later theoretical studies (Godin, 2005gst observations of the Sumatra-Andaman tsunami and has
Troitskaya and Ermakov, 2008) corroborated these concluthe most extensive data records. Jason-1 encountered the
sions. tsunami 1 h 53 min after the earthquake (Ablain et al., 2006;
The Sumatra-Andaman tsunami is the first for which de-Gower, 2007) at about®® heading northeast on ascending
tailed concurrent measurements of the sea surface heightath 129 for cycle 109 (Fig. 1). Since the satellite launch in
(SSH) and radar backscattering strength at nadjy in deep ~ December 2001, an extensive set of high-quality SSHeand
water are available. These measurements were made wittlata (Fig. 2) has been accumulated, which allows one to char-
microwave radars onboard the Jason-1, Topex/Poseidoracterize the variability of the radar backscattering strength
Envisat, and Geosat Follow-on (GFO) altimetric satellitesunder various atmospheric conditions when no tsunami is
(Smith et al., 2005; Ablain et al., 2006; Gower, 2007). The present. Of primary interest in the Jason-1 data set pertaining
SSH measurements were used by a number of authors ttw the Sumatra-Andaman tsunami overflight is a segment of
study the properties of the Sumatra-Andaman tsunami, itsecords between°6s and 2 S latitudes (Fig. 3), which con-
propagation and scattering from the coastline as well as tdains the leading front of the tsunami. The spatial extent of
improve characterization of the seismic source of the tsunamihis segment is of the order of the tsunami wavelength. Un-
and to verify numerical tsunami models (Fine et al., 2005;derstanding of the physical processes on the leading front of
Kulikov et al., 2005; Smith et al., 2005; Song et al., 2005; a tsunami is of particular importance for tsunami early de-
Titov et al., 2005; Ablain et al., 2006; Hirata et al., 2006; tection and warning. The tsunami signal is unambiguously
Kumar et al., 2006; Fujii and Satake, 2007; Gower, 2007;present in this segment and is well above the noise level in
Hayashi, 2008; Hoechner et al., 2008; Sladen agéthédt, the SSH records (Fig. 4), which allows for retrieval of in-
2008). Detection of earlier, weaker tsunamis in less extensivéormation on the spectral content of the tsunami wave. Data
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Fig. 2. Radar backscattering strengtty, data from the Jason-1 altimetéa) Ku-bando g values for 10 day repeat cycles 1 through 174 from
ascending path 129 from 8@ to landfall in the Bay of Benga(b) An expanded view of the white frame in pamelThe data corresponding
to the Sumatra-Andaman tsunami overflight are distinguished by the white f(ep8ame as in panel but for C-band g values.(d) Same

as in paneb but for C-bandr g values.

quality is high and there are few data points excluded by in- The Jason-1 records obtained on ascending path 129 for
trinsic quality controls. Results obtained using this segmentycle 109 outside the vicinity of the tsunami leading front,
of the Jason-1 records are presented in Sect. 4.1. i.e. to the south of abouP@ and to the north of2S (Fig. 1),
Radar backscattering strengths measured in the Ku and @lso contain valuable information regarding surface manifes-
microwave frequency bands in the vicinity of the tsunami tations of the Sumatra-Andaman tsunami. If the exceptional
leading front show pronounced, up taldB, variations characteristics of o variations observed in the vicinity of the
which are not present in measurements along the same tradkunami leading front are indeed caused by the tsunami wave,
on the last passage before and the first passage after th@® such exceptional features should be observed to the south
tsunami (Fig. 3b, ¢). The magnitude and the spatial structure®f about 6 S, where the wave had not arrived by the time of
of the o variations are consistent with theoretical estimatesthe Jason-1 overflight. On the other hand, tsunami manifes-
discussed in the next section. However, in and of itself sucHations in the radar backscattering strength should extend to
an agreement does not necessarily mean that the observége north of 2 S as long as the tsunami amplitude remains
oo variations were caused by the tsunami. To positively at-strong. Analysis of this segment of the record is complicated
tribute the observed variations to the Sumatra-Andaman by increased frequency of data points being excluded by in-
tsunami, we show in Sect. 4.1 that these variations have ceitrinsic quality controls (Fig. 4). Results obtained using the
tain exceptional characteristics which distinguish them fromJason-1 records outside the vicinity of the tsunami leading
the oo variations observed with the same instrument whenfront are presented in Sect. 4.2.
no tsunami is present.
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Fig. 3. Jason-1 data for pass 129 froh$to 2 S obtained days At present, there is no universally accepted model of air

before (Cycle 108) (1), coincident with (Cycle 109) (2), and 10 days flow over fast, as compared to the background wind, sea
after (Cycle 110) (3) the Sumatra-Andaman tsun@apbea surface  waves. Under assumptions made in (Godin, 2005), in the
height.(b) Ku-band radar backscattering strendit).C-band radar presence of a monochromatic tsunami wave, the wind speed

backscattering strength. relative to the ocean surface retains a logarithmic profile up
to a few tens of meters above the surface. The effective wind
3 Tsunami-induced wind velocity perturbations speed depends on the tsunami parameters and, to a first ap-

proximation, differs from the background wind speed by the
Long surface gravity waves in the ocean modulate short gravfactor
ity and gravity-capillary waves and change ocean surface Kac
roughness through the interaction of short waves with nearM =1- Hu,Ing’ @)
surface currents and variations of near-surface wind induced . 3 ) .
by long waves (Hara and Plant, 1994; Troitskaya, 1994;Wherex~0.4 is the von Krman constanty, is the fric-
Kudryavtsev et al., 1997; Cohen and Belcher, 1999; Godintion velocity, H is the height of the ba_ckground logarithmic
and Irisov, 2003). For a tsunami wave in a deep ocean, mogPoundary Iaye.ra. Is the sea surface height (SSH) change due
ulation due to currents is on the order of the ratio of the ©© the tsunamic is tsunami phase speed,
speed of the surface currents due to the tsunarhiom/s) to uyT
the group speed of the tsunamiZ00 m/s) and is negligible B = 2770 (2)
(Godin, 2003, 2004). Tsunami-induced variations in ocean 0
surface roughness away from the shore result from variationgg is the roughness length, arfd is the tsunami period.
in wind velocity, which accompany tsunami waves and areThese predictions are illustrated in Fig. 5a assuming that the
theoretically predicted to be much larger than the currents irroughness length is given by Charnock’s formula (Charnock,
the tsunami wave (Godin, 2003, 2004, 2005). Godin (2003,1955)zg=0.01u§/g, whereg is the acceleration due to grav-
2004, 2005) investigated interaction of a tsunami wave withity. Under this assumption, the background wind speed at a
turbulent wind under various parameterizations for Reynoldsheight 10 m above the sea surfdég~25u..
stresses. It was found that significant variations in the mean In a monochromatic tsunami wave, the effective wind
(over an ensemble of turbulence realizations) wind velocityspeed varies periodically in time with the SSH changés
stem from generation of viscous waves in the atmosphere bjong as the relaxation time of wind waves is much smaller
large scale, coherent motion of the ocean surface in a tsunantihan the tsunami period, the time dependence of the effec-
wave. The magnitude of surface roughness modulations antive wind speed can be disregarded when determining sta-
the position of areas with increased and decreased roughnetistical characteristics of the sea surface roughness which
relative to the maxima and minima of sea surface elevationgorrespond to a given instant value of the wind modulation
are sensitive to the choice of a closure hypothesis for turbu. Variations in the radar backscattering strength at nadir,
lence in the atmospheric boundary layer. Conversely, meas g, resulting from the tsunami-induced wind variations can
surements of tsunami-induced surface roughness variationse found from the Modified Chelton-Wentz algorithm (Wit-
can provide crucially important insights into the physics of ter and Chelton, 1991) or the Freilich-Challenor algorithm
the interaction of fast surface waves with turbulent wind, (Freilich and Challenor, 1994) by comparing thg val-
which are difficult to obtain by other means. ues which correspond to the background and effective wind

Nat. Hazards Earth Syst. Sci., 9, 113947 2009 www.nat-hazards-earth-syst-sci.net/9/1135/2009/



O. A. Godin et al.: Variations in sea surface roughness induced by Sumatra-Andaman tsunami 1139

2 m/s 14 b
- 0.4 a |
=] \‘-‘
: N — 12
& — 0.2m \ \
= - |
'; 0.3 3 mis a 1.0 \ \\
= - 503
s =
2 025w/ £ \ \\
g0 0651
= 10 m/s 0.4 \
= 01— \\ NG 0.4m
> 02—\

N
20 m/s 0. 05\
10 20 30 40 50 60 0 5 10 15
Tsunami period (minutes) Background wind speed Uyg (m/s)

Fig. 5. Theoretically predicted tsunami-induced variations in near-surface wind and radar backscattering stegrigghnami-induced

relative change in wind velocity (Godin, 2005). The relative chaWgéeq. 1) in effective wind speed is shown as a function of the tsunami

wave period for various values of the background wind speeds from 2m/s to 20 m/s at a height 10 m above the ocean surface. Tsunami
amplitude is 0.3 m, thickness of the logarithmic boundary lafe®60 m, ocean depth is 4000 nfb) Amplitude of the tsunami-induced
variations in the radar backscattering strengthat nadir. One half of the peak-to-trougty difference is shown as a function of the
background wind speeds at a height 10 m above the ocean surface for sinusoidal tsunami waves with amplitudes ranging from 0.05 to 0.60 m
Tsunami period is 40 min, thickness of the logarithmic boundary 1&80 m, ocean depth is 4000 m.

speeds. With the background wind speédg=2—-4m/s at The figure has been produced using the Freilich-Challenor
the time of the Jason-1 overflight of the Sumatra-Andamanalgorithm (Freilich and Challenor, 1994) for radar backscat-
tsunami leading front, the Modified Chelton-Wentz and tering strength as a function of the wind speed and Eq. (1)
Freilich-Challenor algorithms give values betweef.0dB  for the modulation of the effective wind speed by a tsunami
and —1.7dB and between-3.0dB and—1.7dB, respec- wave. If the Modified Chelton-Wentz algorithm (Witter and
tively, for the quantityV = Ulodao/dulo. The background Chelton, 1991) is used instead of the Freilich-Challenor al-
wind speed was derived from QuikSCAT satellite measure-gorithm, the results (not shown) are similar except for pre-
ments made around the time of the tsunami event fromdiction of a slow increase oAog with Uig at U10>8 m/s.

the nearest swath about 100km from the Jason-1 groundlote a rapid decrease afog with the background wind
track. Assuming the height of the background logarith- speed at/;0<6 m/s in Fig. 5b. Thus, the combined model of
mic boundary layer to bé7=50-70m (Garratt, 1994), the wind perturbation by a tsunami (Godin, 2005) and the radar
tsunami periodl’'=35-45 min (Gower, 2007), and a maxi- backscattering at near-nadir directions (Witter and Chelton,
mum and minimum SSH anomaly of 0.6—0.7 m and — (0.4—1991; Freilich and Challenor, 1994) indicates that manifesta-
0.5 m) due to the tsunami (Ablain et al., 2006), from Egs. (1) tions of tsunami-induced changes in ocean surface roughness
and (2), we obtain values of abotitl dB for the maximum  are most pronounced in the satellite altimetgidata at calm

and minimum of the radar backscattering strength variationto moderate winds and become smaller and insensitive to the
Aocp=N (M—1). These estimates are consistent with the background wind speed whéno>7 m/s.

Jason-1 observations (Figs. 3b, c¢) of the tsunami leading Equation (1) and the above estimates suggest that the
front. A detailed comparison of the observed and predictedsunami-induced changes in ocean surface roughness are de-
tsunami-induced o variations is not possible because of an tectable but typically small compared to routinely observed
uncertainty in knowledge of the local meteorological param-changes caused by other geophysical processes, as seen in
eters and the tsunami spectrum and the high sensitivity of théheo ¢ values measured by Jason-1 (Fig. 2).

tsunami-induced changes in the surface roughness to poorly

known environmental parameters, such as the background

wind speed. The dependence of the tsunami-indueedri-

ations on the background wind speed is illustrated in Fig. 5b.
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5 ; ; ; ; ; ; ; ; Retrieval of a tsunami signal from “noise” due to other geo-
SO physical processes is facilitated by tsunamis having distinc-
l 8 tive spatio-temporal characteristics. Regardless of a spe-
l cific physical mechanism leading to tsunami-induced surface
1 8 roughness variations, linear interactions result in roughness
l variations propagating with the tsunami wave fronts and hav-
o 8 ing the same horizontal spatial scales as the surface eleva-
: .
i

30

25

20

Zeros

tions and the surface currents in the tsunami wave (Godin,
8 2004). Arguably, the most distinctive attribute of tsunami-
induced roughness variations is their propagation speed rel-
] ative to the ocean bottom. Unlike sensors in geostationary
orbits, satellite altimeters provide a “snapshot” of the ocean
] surface. The propagation speed criterion cannot be used
R o o to identify tsunami-induced features in such data. Instead,
5 o8 . s y Y s Pye . w5 we systematically utilize spatial filtering (Powell and Leben,
- ‘ ‘ ‘ 2004) to suppressg variations unrelated to the tsunami.

] 4.1 Leading front of the tsunami
- , Figure 6 shows the results of randomization tests (Edgington,

- b 1995) performed to determine whetheg variations dur-

il ing the Sumatra-Andaman tsunami passage are significantly
different from historical Jason-1 measurements accumulated
] over a nearly 5-year period. (For a detailed description of
the method see Appendix A). One thousand®3hdows

, centered between 2@ and 10N were randomly selected

in the tropical Indian Ocean from cycles 1-174. Mean

] values were subtracted in each window to calculateotfe
anomaly. The RMS values and the number of zero cross-
ings were calculated for theg anomaly in each window and
compared to the respective values in the window covering
5.6°S to 2.4 S along pass 129 in cycle 109 (segment 1 in
Fig. 6. Randomization tests of the radar backscattering strengthFig. 4), which contained the leading front of the Sumatra-
data. (a) Ku-bandog data. (b) C-bandog data. The RMSrq Andaman tsunami. The RM&y anomaly characterizes the
anomaly values and the number of zero crossings within‘avgir2 strength of surface roughness variations, while the number of
dow are calculated for the vicinity of the tsunami leading front (data zero crossings serves as a measure of a representative spatial
segment 1 on Fig. 4) and compared to the results from 1000 randongcale of the variations. The randomizations tests show that
windows with midpoints between 2@ to 10 N along track 129 ne tsunami event is atypical in manifesting a considerable

from Jason-1 cycles 1 through 174. Statistical significance of the(70 anomaly of 0.45-0.57 dB with nine zero crossings within

hypothesis that surface roughness variations with and without th . )
tsunami are not substantially different is found to be 3.15% and%he 3.2 window. Only a few percent of the randomly se

0.93% for Ku- and C-band measurements, respectively. lected windows simultaneously have equal or larger vaIL_Jes of
both the RMSs g anomaly and the number of zero crossings.
The statistical significance of the hypothesis that the surface
4 Statistical tests of theop and SSH data roughness variations with and without the tsunami are not
substantially different is rather low: 3.15% and 0.93% when
Ocean surface roughness is influenced by diverse phenonestimated using the Ku- and C-bamg data, respectively.
ena in the ocean and atmosphere including wind gusts, A more accurate separation of variations having distinct
currents, internal gravity waves, and oceanographic frontsspatial scales is achieved with a spectral approach. In each
The resultingog variability can far exceed the expected new 3.2-window, theoo and SSH data were detrended by
tsunami-induced o variations as evidenced by observations removing the best linear fit. Windows with unphysically
(Fig. 2). Whether theyg variations observed during pas- large SSH variations of more than 150 cm from the median
sage of the Sumatra-Andaman tsunami were indeed causeslere excluded from consideration. The Fourier spectrum of
by the tsunami, and whether tsunami signals can be relithe detrended data was normalized to account for the high
ably extracted fronv g data, cannot be ascertained without variability of the high-frequency part of the spectrum. (For a
comparing data obtained with and without a tsunami presentdetailed description of the method see Appendix B). Spatial
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The spectral measures are calculated in the range of spatial scale
characteristic of the tsunami.
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filtering was implemented by summing up the powers of the

Fourier components with spatial scales from about 90 km toFig. 8. Randomization tests of spectral measures of radar backscat-
300 km. To quantify the correlation between thgand SSH  tering strength anomaly and its correlation with sea surface height
anomalies, the power of the co-spectrum, i.e. the Fourie@nomaly as observed by Jason-1in the vicinity of the tsunami lead-
spectrum of their cross-correlation function, was calculatedNd front. (&) Randomization tests of the spatially filtered C-band
in the range of spatial scales from about 90 km to 300 km.cO anomaly. (b) Randomization tests of the co-spectrum of the

spatially filtered C-band g and sea surface height anomalies. The

The data processing algorithm was applied to windows COV_anomaly and the co-spectrum are calculated for the tsunami event

er!ng 5.6 Sto 2.4 S along pass 12_9 In Jasqn-l cycles 1_1,74(red line) as observed between 5% and 2.4 S along track 129
(Fig. 7). As 'expected, SSH data give the highest peak duringy, jason-1 cycle 109 and compared to the results from 999 3.2
the tsunami passage (cycle 109). In each of the Ku and Gandom windows. Statistical significance of the hypotheses that the
bands, the power af variations also peaks at this cycle, al- correlation between spatially filtered surface roughness variations
though it has higher peaks at a few other cycles. The tsunamind sea surface height anomaly with and without the tsunami are
event is unique in providing a very strong peak in the corre-not substantially different is found to be less than 0.1%.

lation between spatially filtered SSH asig data obtained in

both the Ku- and C-bands (Fig. 7).

Randomization tests (Fig. 8) were performed by randomlythe ocean surface. The probability distributions densities of
selecting 999 3.2windows centered between 38 to 8 N the spatially filteredso anomaly, as measured in C band,
in the Indian Ocean from Jason-1 cycles 1-174. (For a de{Fig. 8a) and the g — SSH correlation (Fig. 8b) show that the
tailed description of the method see Appendices A and B.)og variability equalled or exceeded its level in the tsunami
The tsunami event and windows meeting the excessive SSldvent in 1.7% of cases, while the correlation level in the
variability criterion were excluded from the set. The num- tsunami event was uniquely large. For thedata obtained
ber of independent random windows within the chosen ge-in Ku band (not shown), the corresponding figure is 6.8% for
ographic area is limited by the number of Jason-1 cyclestheo g variability; theo o — SSH correlation remains uniquely
recorded since the satellite launch. The set of random winiarge in the tsunami event. Thus, the randomization tests pro-
dows was used to evaluate probability distributions of pa-vide very strong evidence that the variations and, hence,
rameters characterizing radar backscattering strength fromnderlying surface roughness variations observed by Jason-1
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Radar backscattering strength in windows 2 and 3, where
the tsunami is unambiguously present in SSH records and
| has significant amplitude (Fig. 4), were found to be atypical
l as compared to the data obtained on the other Jason-1 cy-

| cles. In the window 2, the Ku- and C-bamg) anomalies
| | have 3—4 zero crossings and considerable RMS amplitude of
.l 0.48-0.66 dB. Only 9.1% and 9.7% percent of the randomly

40
st -

30f - -
25f

20+

selected windows simultaneously have equal or larger values
of both the RMSs g anomaly and the number of zero cross-
ings in the Ku- and C-bands, respectively. In the window 3
(Fig. 9), the Ku- and C-bandg anomalies have eight zero
crossings in both Ku- and C-bands and considerable RMS
amplitude of 0.35-0.50dB. Among the randomly selected
windows, only 6.4% and 2.2% simultaneously have equal
or larger values of both the RM&, anomaly and the num-
ber of zero crossings in the Ku- and C-bands, respectively.
On the other hand, radar backscattering strength anomaly in
the windows to the south of 5.&, where the tsunami wave
had not arrived by the time of the Jason-1 overflight, does
not appear substantially different from that in the randomly
selected windows with respect to the criterion of simultane-
ously having a large number of zero crossings and a large
RMS magnitude.

Figure 10 presents results of application of the spectral
approach. In both Ku- and C-bands, the spectral measure
of cross-correlation between sea surface height and radar
backscattering strength is small in the windows which lie
to the south of 5.6S (Fig. 10a). The spectral measure of
the cross-correlation increases sharply when the tsunami ar-
rives and returns to small values after passage of the bulk of
T T T e e TS the tsunami energy (Figs. 4 and 10a). Data gaps did not al-

RMS low spectral processing of the radar backscattering strength
in the window 3 (Fig. 4) as well as in two other windows
Fig. 9. Randomization tests of the radar backscattering strengtthetween approximately 18.6-15.2 S and 4.0N —7.2 N.
data obtained away from the tsunami leading fr¢ajKu-bandoo  The spectral measure of the radar backscattering strength
data. (b) C-bandog data. The RMSyq anomaly values and the  , shown) in the six windows to the south of 5%is close
number of zero crossings within the window betweerf Bi&nd to median values in the probability distribution evaluated

4.0° N (data segment 3 on Fig. 4) are compared to the results fro . : .
1000 3.2 random windows with midpoints between28to 10 N "rom one thousand random windows. For window 2 (Fig. 4),

along track 129 from Jason-1 cycles 1 through 174. Statistical sig{n€ Spectral measure of the radar backscattering strength is
nificance of the hypothesis that surface roughness variations witharger than in 96.4% or 97.8% of the random windows in the

and without the tsunami are not substantially different is found to C- and Ku-band, respectively. Randomization tests show that
be 6.43% and 2.16% for Ku- and C-band measurements, respedhe values of therg — SSH cross-correlation on the Jason-1
tively. path 129 for cycle 109 remain rather typical for the windows
which lie to the south of 5%S. On the other hand, in the
during the Sumatra-Andaman tsunami passage were indegffindow 2 the correlation values in both Ku- and C-bands
caused by the tsunami. are far larger than in any of 1000 randomly selected win-
dows. These values exceed even the correlation values in the
4.2 Observations away from the tsunami leading front ~ window 1 (Fig. 4), which contains the leading front of the
tsunami (Fig. 10b, c).
The same data processing techniques were applied to 3.2 These additional randomization tests strongly reinforce
non-overlapping windows, which extend from the segment 1the evidence of exceptional features in the radar backscatter-
in Fig. 4 to the south and to the north along the Jason-1ling strength in the presence of a tsunami, which was obtained
path 129 for cycle 109. The windows which contained datain Sect. 4.1 from data in the vicinity of the leading front
gaps too extensive to apply a particular technique had to bef the Sumatra-Andaman tsunami. Moreover, the results
excluded from consideration. demonstrate that our data processing algorithms, without any
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Fig. 10. Cross-correlation between spatially filtered radar backscattering strength and sea surface height af@n@iepectra of SSH
ando g measured in either Ku- or C-band for consecutive 3vihdows along track 129 for Jason-1 cycle 109 as a function of latitude of the
southern end of the window. Breaks in graphs reflect gaps in the available SSH@gdlata. (b) Randomization tests of the co-spectrum
of the spatially filtered Ku-bane g and sea surface height anomaliés) Same as in panél for the co-spectrum of the spatially filtered
C-bando g and sea surface height anomalies. Results fot ®ifdows along track 129 for cycle 109 are shown by symbols: triangles for
windows to the south of 5%5, X’s for windows to the north of 792N, and circles for the windows 1 and 2 in Fig. 4.

modifications or “tuning”, allow detection of tsunami man- 5 Discussion

ifestations in the radar backscattering strength for various

tsunami waveforms and can successfully discriminate beSatellite altimeters afford a unique opportunity to study the

tween regions where the tsunami is and is not present. Deteceffects of a tsunami wave on the ocean surface through con-

tion of tsunami manifestations in the Jason-drecords on  current measurements of the surface height and the radar

path 129 for cycle 109 was simplified by the extraordinary backscattering strength. Availability of the surface height

strength of the Sumatra-Andaman tsunami. data allows one to compare statistical properties of the radar
backscattering strength when there is and there is no tsunami
wave present, without employing tsunami source and propa-
gation models. Using observations of the Sumatra-Andaman
tsunami from the Jason-1 satellite, we have demonstrated
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experimentally for the first time that tsunamis in the openwith these kinds of sensors to distinguish any tsunami sig-
ocean cause distinct, measurable changes in ocean surfanal from noise due to other sources of the roughness change.
roughness. The much broader surface coverage of these sensors sug-
The same conclusion has been reached from statistigests that they are more promising for early tsunami detec-
cal analyses of several different attributes of the radartion than satellite altimeters and may be an important ele-
backscattering data: (I) magnitude of the radar backscattermment in a future global system for tsunami detection and
ing strength anomaly and its representative spatial scale, asarning. Further research is required to demonstrate tsunami
given by the number of zero crossings in a data segment of detection with side-looking radars and scanning microwave
fixed spatial extent; (II) magnitude of the radar backscatter-radiometers. We anticipate our study to be a starting point
ing strength anomaly filtered to the range of spatial scaledor development of advanced data processing algorithms and
representative of a tsunami wave; and (lll) correlation of satellite- and airborne microwave sensors for identification of
the radar backscattering strength and the sea surface heigtgunami-induced surface roughness changes to enhance ex-
anomalies filtered to the range of spatial scales representasting regional tsunami detection and early warning systems
tive of a tsunami wave. One or another form of spatial fil- and contribute to a future global system.
tering is necessary to distinguish a tsunami signal from po-
tentially stronger variations induced by other geophysical
processes with different spatial scales. The strongest eviAppendix A
dence of tsunami manifestations in ocean surface roughness
comes from the correlation of theg and SSH variations. Randomization tests
Given the size of the set of random windows utilized in our
analysis, uniquely high values of the correlation during the A randomization test is a permutation test based on random-
tsunami event translate into a statistical confidence of betteization (random assignment) to test a null hypothesis about
than 99.9% of the conclusion that tsunamis in deep water ar¢ghe outcome of an experiment or observation under investi-
accompanied by substantial changes in ocean surface rouglyation (Edgington, 1995). The significance level of such a
ness away from shore. With tla data alone, the statistical test can be interpreted in the same way as for conventional
confidence is not as high but is still better than 98%. Thesestatistical tests: if it is less than 5% there is some evidence
results are in agreement with theoretical predictions (Godinthat the null hypothesis is not true; if it is less than 1% it
2003, 2004, 2005) and provide important insights into theprovides strong evidence that the null hypothesis is not true;
physics of wave-wind interaction. The robustness of the staand if it is less that 0.1% it provides very strong evidence
tistical analysis has been demonstrated by applying the samidat the null hypothesis is not true (Manly, 1997). Scientific
data processing techniques to different data segments withypotheses of interest are evaluated as alternatives to the null
and without the tsunami present. hypothesis of randomness. In this study, the null hypothe-
While our research establishes unambiguously existenceis is that the surface roughness variation associated with the
of significant tsunami-induced variations in sea surfacetsunami is not significantly different from the ocean surface
roughness, the critically important practical issues of optimalroughness variations typically observed. Several randomiza-
retrieval of a tsunami signal from various measures of sedion tests were performed to test this hypothesis using the
surface roughness and of potential applications of these medaadar backscattering strength at nadip), measured by the
sures to tsunami detection and characterization are beyondiason-1 microwave altimeter instrument in Ku- and C-bands
the scope of this paper. Our analysis relied on satellite al{Figs. 6 and 8-10). Random windows were chosen indepen-
timeter data records. Use of the radar backscattering strengttiently for each test.
component of these records would be of little use for tsunami In the randomization tests, data metrics were calculated in
detection and early warning purposes because of a limitedlata segments containing 65 (including both endpoints) 1-
number of operational satellite altimeters and availability of Hz subsatellite points in the Jason-1 geophysical data record,
the collocated sea surface height data, which are easier tahich gives a window width of approximately 3.2No at-
interpret. However, the tsunami-induced surface roughnestempt was made to optimize the window width. Qualita-
variations are likely to be observable with other types oftively, results appear to be insensitive to the width as long
space- and airborne sensors. Unlike the sea surface heighis windows contain O(%9 data points. The first statistical
which is measured at nadir points along the satellite groundmetric evaluated was the root mean square (RMS) anomaly.
track, tsunami-induced variations in sea surface roughnesa total of 1000 trials were performed for the Jason-1 Ku- and
can be potentially measured over wider swaths with space€-band RMSso anomaly values to test the null hypothesis.
borne and airborne side-looking radars and scanning miSignificance levels of 17% and 15% were found for the Ku-
crowave radiometers. Instead of a correlation between surand C-band o anomalies, respectively, which are not signif-
face elevation and radar backscattering strength, spatial aveieant. This null result based on RMS backscattering strength
aging of radar backscattering strength or brightness temperanomaly, however, is attributed to the lack of spatial scale
ature along hypothetical tsunami wave fronts would be usedifferentiation in the RMS statistics. A considerable number
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of outcomes (about 3%) had high RMS values, but only  retrieve a signal due to a tsunami, if there is any, by using a
exhibited a linear trend over the data windows. SSH recordsange of possible tsunami spatial scales as the only a priori
and the physical considerations outlined in Sect. 3 indicaténformation. The algorithm is designed for processing satel-
that tsunami-relatedo anomalies should change sign within lite altimeter data in segments of equal length on the order
a 3.2-window at least several times. of several hundred km, which contain SSH angdmeasure-

A second statistical metric, zero crossings, was com-ments at O(19 discrete points. The algorithm was applied
puted with the RMS o anomaly statistic to perform a two- to approximately 3.2 windows of the Jason-1 data. Each
parameter randomization test to evaluate both the spatialvindow contains 64 data points as obtained from the Jason-1
scale and the magnitude of) anomaly. The results of the geophysical data records.
two-parameter randomization tests for Ku- and C- bagd The initial stage of data processing consists of detrending
anomalies in the data segment 1 (Fig. 4) are shown in Fig. 6the data in each window by removing the best linear fit in
Both the Ku- and C-band tests were significant at the 5%order to suppress the effects of variations with scales larger
level. The C-band test reached the 1% level, which is goodhan the window length. The SSH amg data with the trends
evidence that the null hypothesis is not true. removed are referred to as the SSH andanomalies. Oc-

To analyze and represent the results of the singlecasionally, the SSH anomaly takes unphysically large values.
parameter randomization tests shown in Figs. 8 and 10bPata segments with absolute value of the SSH anomaly ex-
c, we used a kernel smoothing process. The aim of kerceeding 150 cm were excluded from consideration.
nel smoothing is to non-parametrically estimate a probability - The next step includes multiplication of each 64-point data
density function. In contrast to a histogram, kernel smooth-segment by a window function, formed by a combination of
ing provides a smooth-curve estimation to the probability two error functions with smoothly decreasing wings. The
density function. The kernel smoothing process replaces tha&vindow function eliminates the difference between data val-
histogram “box” as the basic building block with a kernel ues at the segment end points, while leaving intact about 90%
function. Several different kernels exist, each with varying of data. This step suppresses artificial high-frequency noise
levels of efficiency (Wand and Jones, 1995). One of the mosin the signal spectrum as well as sensitivity to data segment
common choices of kernel function, and indeed the one use&election.
in this study, is the normal or Gaussian kernel. The use ofthis Power spectra were found as squared ab-
kernel is particularly desirable largely due to the ease of calsolute  values of the discrete Fourier trans-
culation of the optimal bandwidth (Wand and Jones, 1995)form  of  the  windowed signal  anomalies:
There are several ways to determine the optimal bandwidttSs (K)= [FFT[o0] |2, SssH(K)= IFFT[SSH |2, while
for the kernel smoothing process. The method used to calcuthe correlation between the two signals was char-
late the bandwidth in this study is based on the Generalizedcterized by the absolute value of the co-spectrum:
Cross Entropy estimator presented by Botev (2006). C(K)= |FFT[og] -FFT*[SSH|. Here, the asterisk denotes

complex conjugation. Correlation between the SSH and
oo anomalies was considered as a proxy for a causal

Appendix B relationship between a tsunami wave and spatially filtered
oo variations.

Spectral approach to radar backscattering strength It was found that the spectf (K) andSssH(K) display

and sea surface height data processing very high variability of several orders of magnitude at large

wave numberg (i.e. at small spatial scales) (Fig. Bla). One
Satellite altimeter measurements of sea surface height angbason for this variability lies in the nature of microwave
roughness are intrinsically noisy because the processes of mbackscattering at nadir, which exhibits very strong and abrupt
crowave propagation in the atmosphere and scattering fronvariations at light wind conditions due to the appearance and
the sea surface do not allow a deterministic description andlisappearance of specular points on the sea surface and in-
lead to strong fluctuations in the amplitude and phase of theerference between reflections from distinct specular points.
backscattered signal. The magnitude of geophysically releTo account for the higls variability at light winds, the
vant signals in the measured microwave time of flight andFourier spectra of the anomaly were normalized (Fig. B1b)
oo are comparable to fluctuations of these quantities. Reby their root mean square value in the high-frequency band
trieval of tsunami-related information from the satellite al- (21/32kmax, kmax), Wherekmay is the maximum wave num-
timeter data is further complicated by the effects of otherber in the Fourier spectrum. The normalized spectra were
geophysical processes which can overshadow the tsunamaiveraged over the low-frequency band (3¢32x, 5/16kmax)
signal, especially its effect on surface roughness. Some of thé~ig. B1b). We refer to the resulting value as the spectral
interfering processes have spatial extent larger than a tsunamieasure of the respective signal (spatially filtered SSH and
wavelength while others have correlation length that is mucho g anomalies or their correlation). Effectively, for any sig-
smaller than a tsunami wavelength. We have developed aal such processing quantifies the contrast between the en-
spectral data processing algorithm to suppress the noise aretgy of the spectral components with large spatial scales
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