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Mesoscale coherent structures in the surface wind field during cold

air outbreaks over the Far Eastern seas from the satellite
side looking radar

Leonid M. MITNIK *

Abstract: Winter monsoon over the Far Eastern seas is followed by regular cold air out-
breaks from Asia. Convection developed in the process manifests itself in a form of cloudi-
ness on the satellite optical images and often shows the diverse mesoscale coherent
structures: rolls, open and closed cells, vortex and chains of vortices. In such situations a
peak appears between turbulent and synoptic peaks in a horizontal wind speed power spec-
trum. The mesoscale organized structures are also revealed in the sea surface wind W (sur-
face roughness) field, which is observed from analysis of the images, obtained by the side
looking radar from “Okean” series satellites. In the present paper the normalized radar
cross section (NRCS) is calculated for two-scale model of W distribution in open and
closed cells with variations of synoptic and mesoscale wind, the angle between a radar
sensing plane and a synoptic wind vector, etc. The model distributions of the NRCS are in
good agreement with the brightness variations within the cells on the radar images. The
probable detection of the mesoscale organized structures in the subsurface layer of the
ocean as a reseponse to quasiperiodic atmosphieric forcing will have a special importance

in future experiments.

1. Introduction

During the winter monsoon, the cold air out-
breaks are the typical features of the meteoro-
logical regime of the Far Eastern seas. These
outbreaks are the most severe in the world. The
passage of cold, low-humidity air over the warm
waters induces strong latent, sensible, and
radiative heat fluxes at the air-sea interface
reaching 100012000 W/m? at high wind speeds
and clear skies (AGEE, 1987).

During such outbreaks characteristics of the
ocean and atmosphere change significantly: sur-
face waters cool down and become more saline
and the boundary layer of the atmosphere gets
warm and loses its stability (HUH et al., 1984).
As a result, the mesoscale organized convective
motions are formed in the atmosphere. They are
manifested, in particular, in the surface wind
field.
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It is known that mesoscale variabilities of the
surface wind and derived surface fluxes may be
important in predicting and explaining the rapid
development of marine cyclones and the associ-
ated large flux variations (NUss and BrowN,
1987). The mesoscale wind variations can
change a structure of the ocean upper layer sig-
nificantly. Using measurements from the sys-
tem of moored buoys, TRUMP et al. (1982)
found out that ocean temperature and current
fluctuations at a depth of 20 m are significantly
correlated with mesoscale atmospheric struc-
tures associated with the passage of well devel-
oped cells. As discussed by FEDOROV and
GINSBURRG (1984), it is impossible to explain
this correlation by using experimental meteoro-
logical data by TRUMP et al. (1982) and model
calculations. On the other hand, ORLANSKI and
PoLiNskY (1983), using their model, determined
that mesoscale atmospheric forcing is poten-
tially an important source for the observed 100
km-scale variability in the ocean. As suggested
by MONIN et al. (1987), coherent structures in
the atmospheric boundary layer may account



288 La mer 30, 1992

for the horizontal mesostructures in the main
thermocline. The necessity of considering the
mesoscale wind variability follows also from a
work by D’Asaro (1988).

Clouds are the obvious products of the large
fluxes from the ocean to the atmosphere during

cold air outbreaks. At first they have a shape of

cloud rolls and then they are converted gradu-
ally to cells. Cloud patterns on the visible and
infrared (IR) satellite images show synoptic,
subsynoptic and mesoscale structures, and, to-
gether with the brightness temperature of
cloudiness and cloudless regions of the ocean,
give a certain representation about conditions
on the upper boundary and inside the convective
marine boundary layer.

Since September 1983 when the first satellite
with a side-looking radar (SLR) was launched
(MrrNIK and VikTorov, 1990), the opportuni-
ties to investigate processes in the marine
boundary layer have broadened because the sur-
face wind field can be estimated from radar
data. Such radars were installed on the Okean
series satellites (Kosmos-1500, Kosmos-1766,
Okean and others). They operate at wavelength
of 3.15cm with vertical polarization. A ground
resolution is 2.1-2.8 km (in flight direction) by
0.8-3 km (normal to flight) at 650 km altitude.
A swath width is about 460 km. The angle of in-
cidence changes from 21° to 46° within the
swath.

The purpose of this study is to evaluate the
possibility of the satellite SLR images of the
ocean for representing the mesoscale structures
in the surface wind field. The main evidence on
horizontal wind variations during mesoscale cel-
lular convection is described in section 2. Cou-
pling of the brightness distribution within open
and closed cells on the radar images with the sea
surface wind characteristics is considered in sec-
tion 3. Conclusion and proposal on a special ex-
periment to study the mesoscale processes in the
air-sea system are presented in section 4.

2. Mesoscale horizontal wind variations

Fig. 1 shows visible and radar images of the
Sea of Okhotsk and an area south off the Kuril
Islands obtained by Kosmos-1766 satellite.
Cloud field (Fig. 1a) of Meteor-2 visible image
is an indicator of organized convection, which

takes the form of streaks (area 1), open cells
(area 2), chains of vortices (areas 3 and 4). Such
forms of the convection are typical in winter
monsoon period when cold air masses from Asia
move over the warmer Pacific Ocean surface
(TRUMP et al., 1982; AGEE, 1987; MITNIK and
VIKTOROV, 1990).

The radar sensing of the ocean (Fig. 1b) had
been carried out half an hour before the visible
survey (Fig. 1a). Swath boundaries of the SLR
are depicted in Fig. 1a by solid lines. The main
cause of changes in brightness is the sea surface
roughness (surface wind) variability. The in-
crease of the sea surface wind results in the
increase of the radar image brightness. Bright-
ness distribution suggests that there should be
a tight correlation between roughness and
cloudiness, between processes on lower and
upper boundaries of the boundary layer of the
atmosphere. For example, bands of alternating
brightness in area 1 (Fig.1b) have the same
orientation as cloud streaks in Fig.la. The
mesoscale brightness variations caused by air
circulation inside individual cells are well visible
in area 2. Similar formations are prominent in
zone 5 with weak winds. Bands join cyclonic vor-
tex of chain 3. Maximum wind speed (about
10-15 m/s in accordance with surface weather
map) is observed in the area where clouds are
denser and brighter. Zone with maximum wind
speed is located under the cloud spiral near its
internal boundary, and has a width of about
30-35 km. To the north of the cloud vortex wind
speed is markedly lower.

In the region of chain 4 speed of northwest
wind was 7-10 m/s by ship data. Dimensions of
individual vortices in the chain and distances be-
tween their centers are 30-35 km. The southwest
boundary of the vortices has prominent radar
contrast against the background (area 6 with
low wind speed located to the south). The
boundary of radar contrast corresponds to the
northeast edge of the cloud vortices. Their di-
mensions increase downwind. Thus, from the
analysis of this radar image it follows that the
diverse mesoscale organized structures are ob-
served in the sea surface wind.

Taking into account the spatial resolution of
the SLR, the primary attention will be given to
the domain of atmospheric motions with spatial
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Fig. 1. (a) Meteor-2 visible image and (b) Kosmos-1500 SLR image (3 Jan. 1985, about 0100 GMT) of
the Sea of Okhotsk and the Pacific Ocean south of Kuril Islands.

scales L between 1-3 and 100 km and time scales
T of minutes to hours. At higher frequencies f
(=1/T) Kolmogorov turbulence takes place,
and at lower ones the synoptic scale motions in-
cluding fronts and depressions take place. These
large-scale structures can be investigated by
both scatterometer and SLR.

Our ability to resolve the mesoscale wind
variability in the marine boundary layer re-
mains limited by the insufficient temporal and

spatial resolution and accuracy of data. A study
by Nuss and BrowN (1987) indicates that in
data-rich regions, routine surface observations
are separated by roughly 400 km on the average
and by even greater distances in data-sparse re-
gions. The major sources of the observations
are wind reports from ships of opportunity.
However, a comparison of wind data from ships
and buoys revealed the poor quality and unreli-
ability of wind reports by ships (PIERSON,
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1990). Eventually, satellite instruments such as
scatterometers and microwave radiometers may
provide an observational base for more detailed
and accurate surface data for scales larger than
20-50 km. The wind variations with smaller
scales will be spatially integrated in the foot-
print of a satellite sensor. As a result of
smoothing, additional errors in the surface wind
estimation can arise, which would, in turn, pro-
duce poor quality of weather and wave forecasts
(P1ERSON, 1983, 1990).

The spatial resolution of the satellite SLR
permits us to investigate the surface wind vari-
ability with scales of 2-50 km. It is of particular
importance because the characteristic scales of a
major part of coherent motions in the atmos-
phere are in these limits (AMBRozI et al., 1973;
VETLOV and VEL’'TISHCHEV, 1982; MiTNikand V
IKTOROV, 1990).

Let us summarize briefly the data on the hori-
zontal wind spectrum. As was first shown by
VAN der HoveN (1957), there is a so-called
“spectral gap” between turbulent and synoptic
peaks in the wind speed power spectrum over
land. Then the existence of the gap was revealed
in spectra of marine winds (ISHIDA et al., 1984;
Isatpa, 1989; CHAMPAGNE-PHILIPPE, 1989).
The existence of the low, flat energy area of
spectral gap denotes that energy sources in the
corresponding frequency range were lacking dur-
ing measurements.

A different situation arises when organized
convective mesoscale patterns such as rolls,
open and closed cells are observed in the atmos-
phere. Spectrum form changes: secondary peaks
may be observed in the gap region between 0.5
and 1.5 hours. In particular, such peaks were
found in the wind spectra, obtained from buoys
moored in the East-China Sea during the Air
Mass Transformation Experiment (AMTEX
’75) (Burrt and AGEE, 1977; TRUMP et al., 1982;
ISHIDA et al., 1984). The meteorological meas-
urements were performed at the height of 4.3 m.
Fig. 2 shows two wind spectra, averaged from
six buoys. The vertical axis is a frequency mul-
tiplied by energy density and the horizontal one
is a frequency in logarithmic scale. The lower
curve characterizes a typical situation with the
spectral gap and the upper one represents a spec-
trum in the passage of the closed mesoscale
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Fig. 2. The averaged spectra of wind speed for six
buoys for periods of the well organized MCC
(0840 GMT, 16 Feb. — 0555 GMT, 17 Feb. 1975)
(upper curve) and of dissipating MCC and with-
out cells, 1150 GMT 17 Feb. — 0955 GMT 18 Feb.
1975) (lower curve) (IsHiDA et al., 1984).

convective cells with average diameter of 24-30
km. A peak at T = 1 hr is marked well. Bars
correspond to 80 % confidence interval (ISHIDA
et al., 1982). Processing of data from buoys lo-
cated in the triangle apices showed the existence
of divergent and convergent air flows corre-
sponding to closed circulation system; down-
ward motion and clear skies in the cell periphery
with upward motion and clouds at its center
(IsHIDA et al., 1984). A model of the represen-
tative closed cell based on the data for 30 hrs pe-
riod of strong cellular development was
characterized by fluctuations in air temperature
(£0.2°C), humidity (£0.2 g/kg), and horizon-
tal wind speed (0.5 m/s relative to the average
value of 8 m/s) (TRUMP et al., 1982).

High coherence (0.9) between wind speed and
air temperature with the phase difference of
about 170° was also revealed by Isuipa (1989)
when significant peaks in their spectra occurred
simultaneously in the mesoscale range at a pe-
riod of 30-40 min (Fig. 3). The data were ob-
tained from an array of buoys during the
JASIN-1978 field experiment in the northwest of
Scotland. The coherence and phase shift may
have been caused by some form of mesoscale
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Fig. 3. Spectra of wind speed (solid line) and air
temperature (dotted curve) from buoy B3 for 14
21.5 GMT on Aug. 1978 (IsHipa, 1989).

convective structures.

The spectrum of the horizontal wind measured
on the coast during cold air outbreak also
showed a somewhat significant peak of energy
centered around 0.5—1hr. Wind had been ob-
served for 53 hrs when cumulus and cumulo-
nimbus clouds were numerous and, most of the
time, were organized in open mesoscale cells
(CHAMPAGNE-PHILIPPE, 1989).

The mesoscale convective cells (MCC) have
typical diameters of 10~100 km. Magnitude of
the sea surface wind variations may be much
larger than the average value reported by
TRUMP et al. (1982). For example, wind fluc-
tuations up to =3-4 m/s were registered by on-
board sensors, when an aircraft crossed a
cellular convection area over the Pacific Ocean
at low levels (50 and 90m) (OVERLAND and
WILSON, 1984). Wind speed of mesoscale circu-
lation within the large open convective cells may
reach 10 m/s and more at their formation
(AmBRrozi et al., 1973). The average wind speed
during mesoscale convection over the Pacific
Ocean obtained from the analysis of the satel-
lite cloud images and ship reports was 8.6 m/s
at closed cells, 14.3 m/s at open cells, and 17.6
m/s in the case when the cells have crescent
shape (PokHIL, 1985).

3. Manifestation of mesoscale cellular convec-
tion on radar images of the ocean
The analysis of satellite optical and radar im-
ages shows that the mesoscale convective cells

Fig. 4. Okean SLR image of the Pacific Ocean
south of Kamchatka for 1940 GMT, 16 Nov. 1988.

are the most popular organized structures in the
atmosphere over the ocean in winter period. By
means of buoy, ship and aircraft measurements
it is difficult or impossible to study the
mesoscale spatial structures of wind field in de-
tail. At the same time, the sea surface wind dis-
tribution is reflected distinctly on the radar
images.

The individual convective cells are well seen in
the brightness (roughness) field on the radar
image in Fig. 4. During radar survey a synoptic
situation was characterized by a deep cyclone
with a minimum pressure of 985 mb. Its center
was located over the northeastern part of the
Sea of Okhotsk outside the swath. A northwest
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and west wind speed ranged between 5 and 17
m/s. The surface imprints of the individual cells
have mainly circular form. Their diameters
change from 10 to 40 km. At higher wind speed
these imprints take an stretched form. The ef-
fect of air circulation within the cell appears as
dark and light zones. A number of cells have
crescent brightness distribution: a dark patch
surrounded by light sickle. As a result, outlines
of the cell have positive, negative or close to
zero contrast against the background.

To explain these features the model calcula-
tions of the normalized radar cross section
(NRCS) ¢ ° of the sea surface have been carried
out for horizontal wind distributions in open
and closed cells. The brightness of the radar
image is proportional to ¢°. The value of
NRCS is a characteristics of scattered signal
power and related to the wind speed W by power
law (Moore and Funa, 1979; MASUKO et al.,
1986).

0°(A, p,0,¢) =10[G(A, p,0,¢)
+H(A, p,6,9)1g W1, (D

where A4 is radar wavelength, p polarization of
signal, 8 angle of incidence, ¢ azimuthal angle
(angle between the plane of radar signal propa-
gation and the direction opposite to the wind
vector), G coefficient and H wind speed expo-
nent. With the increase of 6 the values of
0° decrease.

Azimuthal relationship is approximated well
by the cosine expansion regression:

0°=Ac+Aicos¢+Azcos2¢. @

Empirical approximate coefficients G (8, ¢), H
(8,¢), Ay, Arand A; for 2 =3 cm obtained by
MASUKO et al. (1986) have been used in subse-
quent calculations of ¢° at vertical polariza-
tion.

The features of NRCS distribution within the
MCC are explained by using a simple two-
component model for horizntal wind pattern
(Mr1TNIK and VIKTOROV, 1990). There is a syn-
optic (background) flow with constant wind
speed W, and regular mesoscale cellular circula-
tion imposed on it. The circulation in cells is
axisymmetrical with magnitude W,. The func-
tion W (r) describing dependence of wind speed
on the distance r from the center of a cell is

Fig. 5. Distributions of NRCS (in dB) inside open
cell for W,;=15m/s, W, = 5m/s, 8 =30°: (a) 8=
0°, (b) B=90°, and (c) B =135°.

specified analytically or numerically. Resulting
wind speed W,(r) and the angle ¢ (r) in any
point within the cell are determined from given
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Fig. 6. Distributions of NRCS (in dB) inside open
cell for W,=5m/s, W,=5m/s, 8 =30°, B =270°.

values of W,, W.(r), and 8 (angle between W,
and the radar signal plane). Angle 0 is found
from the known position of the cell inside the
SLR swath. It allows us to use relationships (1)
and (2).

The model calculations of ¢ ° distribution
have been carried out at wavelength of 3 cm
with vertical polarization for W,=0—15 m/s,
B=0—-360°, 8 =30—40° and different W,(r)
functions.

For the open cell (upward motion in the cell
periphery with downward motion at the center)
horizontal wind speed is directed from the center
toward the periphery and given by a function

Url/HW,, 0<r<ro,
[(R=1rD/(R=r]W,, rn<r<R,

where W.=0.5—5 m/s, ro=5R/6, and R is the
radius of the cell. The origin is at the cell center.

For cell with R<10 km change of an angle 6
within the cell is small and can be neglected.
For such cells the values of ¢ °at the center and
the cell edge are equal to each other and deter-
mined by parameters of W, 8 and 6.

Radar patterns of the open MCC are shown in
Figs. 5 and 6. The extremes of the NRCS are lo-
cated at a distance of r=r.. Here the resulting
wind approaches the extremal values W, in
those points where a mesoscale flow is added
with synoptic one or subtracted from it, as
shown for A-B section in Fig. 5a. A position of
the NRCS extremes may, however, differ from
the points of W, due to the impact of
azimuthal dependence (2) (Fig. 5). Amplifica-

Wc(r):{

tion of mesoscale circulation (growth of
W, at W, =const. will increase the radar con-
trast between different parts of the cell.

The radar patterns of the MCC significantly
depend on the orientation of the radar sensing
plane relative to background flow (on angle 8).
In particular, isolines of ¢° are of a concave
shape when 8 is near =90° (Fig. 5b). In such
cases the radar images of the MCC take crescent
shape (KALMYKOV et el., 1985; MITNIK and
VIKTOROV, 1990). At other values of B the con-
cavity is small, if any (Figs. 5a and 5¢).

As the speed of synoptic flow decreases the
values of ¢° decrease, too, and the radar pat-
terns of the MCC are transformed. The edges of
sickles are twisted towards the wind (Fig. 6). In
real conditions differencies in the brightness in-
side the cell may be even greater, when the re-
sulting wind speed will be lower than a threshold
value W, (which depends on the sea surface tem-
perature). At W,<W, capillary-gravity waves
on which the radar signals are scattered are not
formed (DONELAN and PIERSON, 1987) and ap-
propriate parts of the cells become dark. The
dark patches in windward parts of the open cells
give a higher radar contrast of leeward ones
where synoptic and mesoscale flows are added
(Fig. 4).

The mesoscale circulation in the closed cell
was described by a harmonic function (TRUMP
et al., 1982)

W.(r)=—W,sin(zr/R).

Horizontal wind speed is directed from the cell
periphery toward its center. The origin is again
at the cell center.

Distributions of NRCS for the closed MCC
with W,=5 m/s are presented in Fig. 7. Vector
diagrams give an indication of resulting hori-
zontal wind vector for four points located at a
distance of r=R/2 where W.(r) has a maxi-
mum. Inside the closed cell there are areas hav-
ing positive and negative radar contrast against
the background. The contrast magnitude and
radar patterns of the cell depend significantly
on the relationship between W, W_and B, and
also on a number of other parameters.

For large MCC (R>>10 km) the change of an
angle 6 within the cell must be allowed for in
model calculations. To illustrate, the additional
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Fig. 7. Distributions of NRCS (in dB) inside
closed cell for W,=15m/s, W,=5 m/s, 6 =30°:
(a) B=45°, (b) B=90°.

decrease of ¢° value of remote (from the SLR)
portion of the cell relative to near one will be
1.0-1.6 dB for cells with R=20 km at 8 =30-
40° (MrTNIK and VIKTOROV, 1990).

Let us correlate the results of model calcula-
tion with the features of the brightness (surface
wind) distribution in areas of cell convection on
the radar images. An algorithm of wind speed
determination by radar image was described by
MiTnNIK and VikTorov (1990). This algorithm

. 1515
Fig. 8. Okean SLR image of the central part of the
Sea of Okhotsk for 1245 GMT, 14 Oct. 1988, and
the retrieved average and extremal values of the

surface wind vector in a cell area (Bukharov et
al., 1991).

takes into account the information on radar sys-
tem, calibration of a transmitter power, alti-
tude of the satellite, wind direction (from
surface weather maps), values of an angle of in-
cidence for the ocean area under investigation,
etc. Let us analyze the radar image of the south
part of the Sea of Okhotsk obtained by “Okean”
satellite (Fig. 8a, BUKHAROV et al., 1991). By
the time of the radar survey this area had been
influenced by the secondary cold front which
was formed in the rear of the occluded cyclone.
This front moved rapidly to the east with a



Mesoscale coherent structures in the surface wind field 295

speed of 6 m/s in the northern part and 11 m/s
in more active southern one. The air tempera-
ture near the sea surface behind the cold front
was 1.5-2°C lower than before it.

The larger part of the cells is organized in a
form of chains stretched northeastward (lower
part of the image) and northward (upper one)
along the front line. The cells form is nearly cir-
cular, but their dimensions are distinguished
significantly (from 12 to 70 km) even for adja-
cent cells. The light parts of the cells (with the
higher wind speed) are noticeably brighter than
the surrounding sea surface (background) and
have a form of patches, narrow bands along the
cell edges, patches coupled with bands, or sick-
les. Their width is about 20-50 % of the cell size.
The radar contrasts are about 3.5-5.5 dB be-
tween light and dark parts of the cells, and 2-3.5
dB between light parts and background. These
estimations are in good agreement with calcula-
tions for W,=10-15 m/s and W.=3-5 m/s (Fig.
5). BUKHAROV et al. (1991) carried out model
calculations of the radar contrasts between
various areas of the cell to estimate values of
W./W, and angle B. The results of wind re-
trieval are given in Fig. 8. The wind characteris-
tics on the other radar images were estimated in
a similar way.

As noted above, the enhanced heat fluxes in
the areas with the MCC favour to the
cyclogenesis. During the radar survey cloudi-
ness field reflected the origin stage of the
cyclonic vortex on the secondary cold front. The
vortex reached the stage of maximum develop-
ment in 7 hrs.

4. Conclusion

The analysis of the radar images obtained by
the satellite SLR during winter monsoon over
the Far Eastern seas confirmed that there are di-
verse organized structures in horizontal wind
field. The most popular structures are con-
nected with the MCC.

Brightness (NRCS) variations of the radar
images of the sea surface areas over which the
MCC are observed can be explained by means of
a simple model of W distribution containing
constant synoptic and variable mesoscale com-
ponents. The mesoscale circulation inside the
cells is axisymmetrical; wind is directed to the

center from the cell periphery for the closed cell
and vice versa for the open cell.

The model patterns of NRCS are consistent
with the brightness distribution of areas with
the MCC on the radar images. It follows from
calculations that the patterns of the NRCS are
governed by the relation between mesoscale and
synoptic flows by an angle between synoptic
wind direction and a radar sensing plane. It can
be used to estimate the sea surface wind charac-
teristics (MITNIK and VIKTOROV, 1990; BUKHA-
ROV et al., 1991).

The combination of visible, infrared and
radar images with contact measurements pro-
vides new opportunities to study processes in the
boundary layers of the atmosphere and ocean
during cold air outbreaks from Asia. These lay-
ers play an important part in formation of the
daily and seasonal patterns of weather and cli-
mate of the Far Eastern seas. Special experi-
ments are necessary to study the air-sea system
behavior during these processes. The compre-
hensive investigation of the response of the sub-
surface layer of the ocean to the quasiperiodic
atmospheric disturbances is of primary impor-
tance.
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