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ABSTRACT

Atmospheric phenomena often leave fingerprintshen t
sea surface, which are detectable by synthetictaper
radar (SAR). Here we present some representative
examples of SAR images acquired by the Advanced
Synthetic Aperture Radar (ASAR) onboard the Envisat
satellite over the South China Sea (SCS) which show
radar signatures of atmospheric gravity waves (ABGWs
and of coastal wind fields. On SAR images of thesSC
also often radar signatures of oceanic internal esav
(OIWs) are visible which have similar spatial scads

the ones originating from AGWSs. Therefore we first
present criteria how to distinguish between them by
analyzing the structure of the radar signaturegnmile
present two examples of ASAR images which show
radar signatures of AGWs over the SCS. Furthermore,

we present a SAR image showing radar signatures of

Emadmouche@cls.fr

northerly Winter Monsoon surge event over the alast
area south of Hong Kong and compare it with a cloud
image and a weather radar image. From the ASAR
image we retrieve the near-surface wind field and
compare it with the wind field simulated by the AIR
model of the Hong Kong Observatory. The comparison
shows that the AIR model can simulate quite wedl th
wind speed as well as the position and shape of the

frontal line measured by ASAR.

1. INTRODUCTION

Synthetic aperture radar (SAR) images acquired over
the ocean often show radar signatures of oceanic
waves (OIWs),

oceanic fronts, underwater sand banks or oil slibks

phenomena, like oceanic internal
also radar signatures of atmospheric phenomena, lik

atmospheric gravity waves (AGWSs), atmospheric ont



cyclones or coastal wind fields. Often the radar
signatures of oceanic and atmospheric phenomera loo
quite similar and it is not always easy to decidetler
they originate from oceanic or atmospheric phen@nen
This applies in particular to wave-like patternsiath
can be radar signatures of AGWs or OIWs. In Seion
we present criteria how to distinguish betweendhes
types of waves and in Section 3 we present two
examples of ASAR images acquired over the South
China Sea (SCS) showing typical radar signatures of
AGWs. In Section 4 we present a SAR image acquired
by the Advanced Synthetic Aperture Radar (ASAR)
onboard the Envisat satellite over the South Cldiea
(SCS) off the coast of Hong Kong on which radar
signatures of a coastal wind field are visible Whare
associated with a northerly Winter Monsoon surgengv
(cold air outbreak).

We compare this ASAR

simultaneously acquired cloud image and a weather

image with a quasi-

radar image from the Hong Kong Observatory. From
this ASAR image the near-surface wind field is dedi
and compared with the wind field predicted by tlesvn
numerical weather prediction model operated by the
called AIR. The high

resolution ASAR image reveals fine-scale detailshef

Hong Kong Observatory,

coastal wind field, including rain cells and AGWs

propagating along the frontal line.

2. DISCRIMINATION BETWEEN
ATMOSPHERIC GRAVITY WAVESAND
OCEANIC INTERNAL WAVES

AGWs and OIWs are ubiquitous phenomena in the
atmosphere and in the ocean, respectively. But most
often they have small amplitudes which makes it
difficult to identify them in data records. Howeyer

exceptions are large amplitude nonlinear OIWs and

AGWs which appear in wave groups and which are

often described in terms of solitary wave (soliton)
theory.

Both types of waves become visible on SAR images of
the sea surface because they modify the sea surface
roughness and thus the backscattered radar povtiee or
normalized radar cross section (NRCS). In the cdse
AGWs, the variation in surface roughness is caulsed
variation in wind speed at the sea surface (or more
precisely: of the surface stress) and in the casa\Ws

by the variation of the surface current.

Often the fingerprints of AGWs and OIWs visible on
SAR images have the same spatial scales and dtis n
always easy to determine whether the wave patterns
result from AGWSs or OIWs. In Fig. 1 an ASAR image
is depicted which shows at the same time radar

signatures of both type of waves:

Figure 1. Envisat ASAR WSM image acquired over the
South China Sea around the Dongsha coral reef on 11
January 2008 at 0210 UTC showing radar signatures
of atmospheric gravity waves and of oceanic interna

waves. Imaged area: 400 km x180 km. © ESA

(1) in the left box radar signatures of a solité&x@W

and (2) in the right box of a nonlinear OIW packgtis
ASAR image was acquired on 11 January 2008 at 0210
UTC in the Wide Swath Mode (WSM) over the SCS
near the Dongsha coral reef. A zoom of both areas
marked by boxes on the ASAR image is depicted gn Fi

2. It can clearly be seen that the structures efrédar

signatures of both types of waves are quite differe



How radar signatures of AGWs are formed is shown
schematically in Fig. 3. They result from the vioa

of the wind speed at the sea surface. This plotvsho
that the direction of the airflow is alternatingthe sea
surface. If the ambient wind is directed anti-plataio

the wave propagation direction (as it is most ofttes

case), then the wind speed at the sea surfacelised

amplitudes. If the moisture content of the airuststhat
it allows the formation of clouds, then the cloume
positioned over the wave crests.

How radar signatures of OIWs are formed is shown

schematically in Fig. 4. They result from the vtoa

of the surface current as described in [1]. Nomline

OIW packets usually consist of solitary waves of

under the wave crests and enhanced under the wavedepression. In Fig. 4, line (a) shows the shapgbef

troughs yielding an alternating roughness patterthe

pycnocline (boundary separating two water layers of

sea surface and thus an alternating image intensity different densities) in a 2-layer model, line (bgt

pattern on the SAR image. Under the wave crests the variation of the short-scale sea surface roughreess,

image intensity is reduced relative to the backgdou

and under the wave troughs it is enhanced.

Figure 2 Zoom of the boxes inserted in the ASAR image
of 11 January 2008 at 0210 UTC depicted in Figlt1.
shows in the right box the Dongsha coral reef blésas

a half circle) and radar signatures of an OIW packe

and in the left box radar signatures of a solit&@W.

Since nonlinear AGWs are usually waves of elevation
the bright bands are much broader than the darétshan
Thus a nonlinear AGW packet shows up on a SAR
image as a weak narrow dark band in front followgd

a broad bright band, which is then followed agajnab
weak narrow dark band. This feature is repeated, bu
with reduced modulation strength, for the otheitan)

waves in the wave packet which have smaller

line (c) the variation of the NRCS or

Wind direction

Wave propagation direction
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Figure 3. Schematic diagram illustrating the
generation of the radar signature of a strongly
nonlinear atmospheric wave packet consisting oéehr
solitons of elevation: (a) Shape of an isoline atemtial
temperature. The arrows below the isoline denote th
direction and the magnitude of the surface wind
associated with the waves. The wind direction fandd
here as the direction into which the wind is blogvifb)
Variation of the NRCS (or equivalently: of the SAR
image intensity) caused by the solitary waves.
denotes the background NRCS. Clouds are located ove

the low NRCS areas.
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Figure 4 Schematic diagram illustrating the generation
of the radar signature of a nonlinear oceanic imizir
wave packet consisting of three solitons of depvass
(a) shape of the pycnocline in a 2-layer model, (b)
variation of the short scale sea surface roughness,

(c) variation of the SAR
brightness).

image intensity (image

radar image intensity (image brightness) as a fonaif
distance. The distances B-C and C-D give the widths
the bands with decreased and increased image
brightness, respectively, and A-B the width of band
with background image brightness. Thus an OIW packe
consisting of solitary waves of depression showsmup
SAR images as a bright band in front followed by a
narrow dark band. Then a much wider band of average
(background) image brightness follows. This featigre
repeated, but with reduced modulation strengthttier
following waves in the wave packet.

Typical examples of radar signatures of nonlinear
AGWs and OIWs are shown in Fig. 5. Radar signatures
of nonlinear AGWSs look smoother than the ones of
nonlinear OIWs, which look more “crisp”. However,
when the AGWs or OIWs are quasi-linear, then it is
often not easy to decide from the structure ofrdmear
signature alone whether the wave pattern originates
from AGWs or OIWs. In these cases one has to reeour
to other criteria [2]. For example, if the wavdtpen is
located on the downwind side of a coastal mourdaia

mountainous island (see Fig. 6) or in a sea arearavh

the ocean is not stratified, then it must be of

atmospheric origin.

Figure 5 Typical examples of SAR images showing
radar signatures of nonlinear atmospheric gravity
waves (left) and nonlinear oceanic internal waves
(right). The

atmospheric gravity wave consists of a wide brigdnd

radar signature and of a solitary
bordered by two narrow dark bands and the radar
signature of a solitary oceanic internal wave caeisiof

a bright band in front followed by a narrow darkrzh

3. ATMOSPHERIC GRAVITY WAVES OVER
THE SOUTH CHINA SEA

3.1 Leewaves off the southwest coast of Taiwan

In Fig. 6 an ASAR image is depicted which was
acquired in the Alternating Polarization (AP) mamler

the sea area southwest of Taiwan on 21 Nov 2005 at
1402 UTC. It shows radar signatures of trapped AGWSs
in the lee of a mountain range in southern Taiwgin [
Such AGWs are also called lee waves. They exterd ov
a distance of more than 100 km and have a wavéiengt
of about 5 km. A strong northeasterly wind of abaat
ms* was blowing over Taiwan and the adjacent seas as
measured by QuikSCAT on 21 November 2005 at 1030
UTC (not shown here), see

http://www.remss.com/gscat/gscat_browse.html
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Figure 6.Envisat ASAR AP image acquired on 21 Nov
2005 at 1402 UTC (swath width: 100 km) over thaiStr
of Taiwan. Radar signatures of a 100 km long
atmospheric gravity wave train are discernible et
wind shadow of a mountain range in southern Tai®an

ESA.

At the southern tip of Taiwan the airflow from the
northeast is blocked by the mountain range forndng
wind shadow southwest of Taiwan. In Fig. 7 the near
surface wind field is depicted which was retrieyexm

this ASAR image by using the CMOD 4 model [4] and
by inferring the wind direction from the linear faees
visible on the ASAR image [5]. It reveals that imet
very southern tip of Taiwan the airflow passed ozer
gap in the mountain range resulting in enhanced gap
wind. Farther to the south, the wind blew around th
southern tip of Taiwan unimpeded by mountains.

Thus a narrow wind-shadowed area was formed which
was bordered on the northwest side by the gap amul

on the southeast side by the synoptic-scale witdisT
this low wind speed area was bordered in the hot&o

direction by two strong wind shear planes.
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Figure 7. Near-surface wind field derived from the

ASAR image depicted in Fig. 8 using the CMOD4 wind
scatterometer model and the wind direction from the
linear features visible on the ASAR image. Spatial

resolution of the wind field is 500 m.

These horizontal wind shear boundaries formed the
horizontal walls for the wave duct or wave guidetie
vertical direction, the lower boundary of the waligct
was the water surface and the upper boundary veas th
strong temperature inversion layer located at ghiedf
about 1500 m as evidenced by radiosonde data aciquir
at Xiamen on 21 November 2005 at 1200 UTC. Thus,
during this event, a wave duct with strong horiabnt
and vertical boundaries was present through witieh t
AGWs could propagate over large horizontal distance
with little attenuation.

The wind field map shows that the AGW caused a
variation of the near-surface wind speed rangimgnfr
12 to 18 m 8.



3.2 Upstream atmospheric gravity waves off the

east coast of Hainan

Fig. 8 shows an ASAR image which was acquired én th
Image Mode (IM) on 13 March 2006 at 0236 UTC over
the sea area east of Hainan. It shows radar sigsatd
upstream AGWs [6] off the southeast and northeast
coasts of Hainan. Also here strong horizontal wind
shear provided the lateral boundaries for the whue.
Evidence that the wave patterns visible on this RSA
image are indeed radar signatures of AGWs is peavid

Figure 8. Envisat ASAR image acquired on 13 March
2006 at 0236 UTC in the Image Mode (IM) (swath
width: 100 km) over the South China Sea near Hainan
Radar
discernible north east and south east of Hainare SA

signatures of upstream AGWs trains are

by a cloud image acquired by the MODIS sensor
onboard the Terra satellite on 13 March 2006 at1053
UTC (not reproduced here) which shows wave patterns
in the cloud distribution in the same location as t
ASAR image. The wavelength of the AGWs is about 6
km.
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Figure 9. Wind field retrieved from Quikscat data
acquired on 13 March 2006 at 1030 UTC. It shows a
northeasterly wind of about 20 thélowing from the

Strait of Taiwan against the east coast of Hainan.

The near-surface wind field retrieved from QuikSCAT
data acquired on 12 March 2006 at 2142 UTC (4 hours
and 54 minutes before the SAR data acquisition) is
depicted in Fig. 9. It shows that a northeasteiitydnof
about 20 m3 was blowing against the east coast of the
Chinese island of Hainan. Also the weather map3f 1
March 2006 at 00 UTC shows northeasterly winds
behind a trough of low pressure over the norther p
of the South China Sea

4. COASTAL WIND FIELDS

Coastal wind fields at the northern coast of theSSC
have often been observed on Envisat ASAR images,
see, e.g., [7]. Here we present an ASAR image shgpwi
radar signatures of a northerly Winter Monsoon surg
event over the SCS south of Hong Kong and compare i
with quasi-simultaneously acquired other sateléited

weather radar data as well as with model data.



4.1 Observational data of a northerly Winter

M onsoon sur ge event

In Fig. 10 an ASAR image is depicted which was
acquired in the Wide Swath Mode (WSM) at VV

polarization on 15 December 2009 at 1430 UTC over
the northern coast of the SCS near Hong Kong (HK).
This ASAR image was acquired during a cold air
outbreak or a northerly Winter Monsoon surge event
associated with the passage of a cold front, which

carried cold air from a high pressure region over

o Envisat ASAR WSM V/V ASCENDING
Ayl 15-DEC-2009 14:30:04

@esa

Figure 1Q Envisat ASAR WSM image (VV polarization)

acquired on 15 December 2009 at 1430 UTC over the

in the atmospheric front and of AGWs propagating
along the front are visible.

While the radar signatures of the rain cells rebeite
from radar backscattering at rain drops in the
atmosphere (volume scattering), the radar signatofe
AGWs result from radar backscattering at the sea
surface (surface scattering) [8], [9]. Evidencet ttiee
bright spots located at the frontal line are indeadiar

the

simultaneously acquired weather radar image (8014

signatures of rain cells is provided by

UTC) depicted in Fig. 12. It shows a map of thearad

reflectivity converted into rainfall rate. Note thhe

Figure 11. Zoom of the ASAR image depicted in Hg.
on the sea area south of Hong Kong showing radar

signatures of rain cells embedded in the atmospheri

north coast of the South China Sea near Hong Kong front and radar signatures of atmospheric gravigves

(HK). The imaged area is 400 km x 660 km. © ESA,
Visible are wind jets caused by airflow throughlegs.

Mongolia-Northern China to the SCS.

(AGWs) propagating along the front.

bright spots on the ASAR image, which denote high

radar reflectivity, are located at the same pasits on

Fig. 11 shows a zoom on the sea area south of Hong the ASAR image (Fig. 11)

Kong on which radar signatures of rain cells emieedd



The AGW train was very likely generated by the
downdraft associated with a rain cell, probablyhwitie
large rain cell located furthest east. It is welblwn that
strong rain events associated with thunderstornms ca
generate AGWs (see, e.g., [10], [11]). Peculiatuiess
visible in the AGW pattern are the two small bright
spots which are located in the dark sections ofithee
pattern. Here the wave crests are located, wheremwa
air is uplifted from the sea surface. At these tioces
condensation can take place generating cloudstarsd t
we suppose that the bright spots are radar siggmtfr
small rain cells induced by the AGW. Such brighttsp

in the dark sections of AGW patterns have been
observed occasionally also on other SAR images.

In Fig. 13 the near-surface wind field is depictetich
was retrieved from this ASAR image by using the
CMOD 4 model [4] and by inferring the wind direatio

from linear features visible on the ASAR image [5].

This wind field shows that near the coast a nolyher

Figure 12.Reflectivity image converted into rain rate
acquired by the Hong Kong weather radar on 15
December 2009 at 1430 UTC (2230 Hong Kong Time)
showing the distribution of rain cells around Hong
Kong. In particular, the strong rain cells embedded
the atmospheric front visible on the ASAR image

depicted in Fig. 11 are also visible on this image.

wind with a speed between 5 and 15’mgas blowing
from a northerly direction. It formed a sharp boand
with the easterly ambient wind field. The off-shore
distance of the frontal line varied between 110 458
km. Embedded in the coastal wind field are windg jet
which were generated by airflow funneled through

coastal valleys and which have speeds of up tod5 m

15-DEC—2009 14:30:43.9 (UTC)
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Figure 13. Near-surface wind field derived from the

ASAR image depicted in Fig. 10 using the CMOD4 wind
scatterometer model and the wind direction from the
linear features visible on the ASAR image. Spatial

resolution of the wind field is 500 m.

Noteworthy are the black regions on the south sifle
the front visible in the western section of the ABA
image (Fig. 10). We interpret them as radar sigeatu
of oil slicks which accumulate in regions of sudac
flow convergence. This surface flow convergence is
caused by two opposing wind drifts meeting at the
frontal line.

After the passage of the cold front, the tempeeatir

the Hong Kong Observatory headquarters dropped from



21 degrees C to a minimum of 13 degrees. The water 4.2 Comparison with model data

temperature was 19 degrees C. When the cold air The high-resolution wind fields retrieved from ASAR

reached the coastline and advanced over the wanase
large amount of heat and water vapor was suppbed t
the air. This destabilized the lower tropospheeatng

a thick convective layer and a strong moisture flux
upward leading to the formation of stratocumuluee T
tops of these clouds have a lower temperature tiran
water surface. Thus the boundary between in thedelo
covered coastal region and the cloud-free regiothéu
south can be delineated on satellite images aatjiire
the thermal infrared band. In Fig. 14 a MODIS Tharm

Composite image is depicted which was acquired on

Figure 14 MODIS Thermal Composite image acquired

15 December 2008t 1435 UTC over the South China
Sea and China showing cloud cover via temperature
distribution. The yellow and green colors denote lo
temperatures associated with clouds. © NASA GSFC

15 December at 1435 UTC, i.e., only 5 minutes dfter
ASAR data acquisition. The yellow colors denote low
temperature (clouds) and the blue colors warm
temperature (water). Note that the position of ¢dge

of the clouds correlates well with the position tbé
frontal line visible on the ASAR image depictedFig.

10 and also with the position of rain band visibiethe

weather radar image depicted in Fig. 12.

images can be used to validate numerical meso-scale
atmospheric models. We have compared the wind field
(Fig. 13) retrieved from the ASAR image depicted in
Fig. 10 with the wind field predicted by the nuncati
weather prediction model operated by the Hong Kong
Observatory, called Atmospheric Integrated Rapidey
(AIR) forecast system [12]. It provides rapidly @bed
analysis and numerical predictions from 1-12 hdar8
days ahead. Figure 15 shows the forecast wind field
calculated at 1500 UTC for the lowest model heayid
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Figure 15. Near-surface wind field forecasted by the

AIR model with a horizontal resolution of 10 km.

with a horizontal resolution of 10 km. (Since thedal
outputs are available only at full hours, a conmgaari
with model data at 1530 UTC was not possible).The
comparison of the simulated wind field (Fig. 15)ttwi
the one retrieved from the ASAR image (Fig. 13)veho
that both wind fields agree quite well. This agreem
applies to wind speed as well as to the positiod an

shape of the frontal line.



5.  CONCLUSIONS
SAR images acquired over the ocean yield unique
information on the fine-scale structure of coastaid

fields and atmospheric gravity waves in the lower
that cannot

troposphere be obtained by other

instruments. In particular, near-surface wind feld

associated with these atmospheric phenomena can be

retrieved from these SAR images with a resolutibn o

few hundred meters. The SAR images constitute an

excellent means to test and validate meso-scale

atmospheric models.
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