
1. Introduction

Turbulent meso-scale processes at the marine
atmospheric boundary layer (MABL) play an
important role in the exchange of heat, moisture and
momentum between the atmosphere and the ocean.
These processes also contribute to the sea surface
roughness, which is of critical importance to the

interpretation of atmospheric and oceanic features from
remote sensing. Thus, understanding the spatial and
temporal variability of the MABL is essential in
evaluating the uncertainty of weather forecasts since
processes in the MABL cannot be resolved by large-
scale atmospheric models. Organized structures in the
MABL can cause coherent spatial variations on the
wind at the sea surface. This wind energy input will
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excite, through stress, high frequency waves that are to
first-order responsible for scattering of radar waves
through Bragg resonance (Gade and Alpers, 1999). The
result is a striking image delineating roll-like and
cellular modulations of radar backscatter, which can
extended for a few hundred kilometers (see Sikora and
Ufermann, 2004 figures 14.1 and 14.3). Significant
understanding of the spatial distribution of these
features is owed to the use of high resolution
spaceborne synthetic aperture radar (SAR) images,
particularly during cold-air outbreaks.

The exact necessary conditions for the formation of
these coherent structures are still not well known.
Previous studies have shown that roll and cell formation
is related to thermodynamic instability and wind shear
(Woodcock, 1975; Thompson et al., 1983; Khalsa and
Greenhut, 1985; Alpers and Brummer, 1994; Mourad,
1996; Mourad and Walter, 1996; Zecchetto et al., 1998;
Vandmark et al., 2001). These two dynamic structures
may transition into one another depending on the
buoyancy to wind shear ratio (Young et al., 2002), and
numerous structures may be detected in a SAR image
nominal swath of 100 km. Recent studies have focused
on the use of similarity theories and SAR wind speed
spectra extraction to estimate turbulence statistics on
the rolls (Young et al., 2002) and cells (Sikora et al.,
1997). Ocean surface stress, which controls the radar
backscatter, depends not only on wind but also on
oceanic parameters (Liu et al., 2007), which can
contaminate analysis of atmospheric phenomena.
These processes are sometimes distinguished by their
different scales and may be decomposed by alternative
statistical techniques.

The Empirical Mode Decomposition (EMD) intro -
duced by Huang et al. (1998) is based on expansion of
the data in terms of Intrinsic Mode Functions (IMF)
and adaptively represents the signal as a sum of
amplitude/frequency modulated components. For this
study, we applied EMD method to longitudinal and
latitudinal spatial signals of a SAR image and obtain

reconstructed IMFs. Thus, two-dimensional spatial
IMFs enable us to extract significant features from SAR
imagery and it is very well suited for the whitening part
of the compression scheme.

Fig. 1 shows a RADARSAT - SAR image in Stan -
dard Mode over the NE coast of the U.S. which reveals
two-dimensional rolls and three-dimensional cellular
convective cells. One can also notice larger scale
surface gravity waves with crests running parallel to
the New Jersey coast. This image shows that several
atmospheric features can be presented on the SAR
imagery. We will therefore demonstrate that our EMD
method is capable of extracting individual spatial
features. The success of this method can open the path
to an objective analysis of atmospheric phenomena on
SAR imagery in place of a subjective approach.

We chose a smaller area within the main SAR image
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Fig. 1.  RADARSAT SAR image over the NE coast of the U.S.
with Delaware Bay, USA on the upper left. The
Delaware (New Jersey) coast is seen south (north) of
the bay’s mouth. The left inset shows wind direction
(coming from WNW), wind speed (6.7 m/s) and air-sea
temperature difference (-6.8°C) obtained from NOAA
Buoy 44009 (marked by the white asterisk) at the time
of the image. Image taken at 22:55 GMT, November 2,
2002. ©CSA . The white box shows the study area and
thus is the same region, which is used for EMD analysis
(shown with Fig. 3).



(Fig. 1 – white box) which we considered suitable to
test our method. NOAA Buoy data indicated thermal
instability around the time of the image acquisition. The
temperature difference (∆T) reached a minimum of 
-10.2°C at 15:00 GMT and gradually increased to 
-6.8°C at 22:55 GMT indicating that high thermody -
namic instability is present. The wind direction
remained constant for 3 hours before the image
acquisition time and the wind speed slightly increased
from 5m/s at 15:00 GMT to 6.7 m/s at 22:55 GMT
(Fig. 2). Furthermore, the sea surface temperature is
higher than air temperature (Fig. 2b) so that there are
high sensible heat flux, leading to the thermal
convections in the marine atmospheric boundary layer.

Thus, this study aims to decompose SAR imagery
for longitudinal rolls, convective cells and atmospheric
gravity waves using EMD. Following section introduces
the EMD methods. Main analysis are discusses in
Section3 and conclusions are summarized in Section 4.

2. Empirical Mode Decomposition

The EMD is an adaptive decomposition technique
with which any complicated signal can be decomposed
into a finite number of frequency components by means
of a process called Sifting (Huang et al., 1998). These
IMFs have well-behaved Hilbert transforms and are
defined as functions which (1) have the same number
of zero-crossings and extremes and (2) the mean value
of the upper and the lower envelops is equal to zero.
We extended the EMD to two dimensions in order to
obtain the IMFs of spatially variable gray levels from
the image sub-area. The method is organized as
follows:

1. Identify the local maxima and local minima of the
original signal shown with solid line (Fig. 3). The
signal of local maxima and minima are called the
upper and the upper envelops shown with a dash-
line (Fig. 3).

2. Compute the mean values (m1) by averaging the
upper envelop and the lower envelop.

3. Subtract m1 from the original (X(s)) to obtain the
first step for the first IMF (IMF-1) (Eq. 1). This
procedure is similar to Sifting the finest local
mode from the data based on the characteristic
space scale. The Sifting process itself, however,
has two effects: to eliminate riding waves, and to
smooth uneven amplitudes.
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Fig. 2.  (a) Wind vector and (b) temperature differences in
November 2, 2002.

Fig. 3.  The EMD applied to a part of NRCS signal of the SAR
image.



                                 h1 = X(s)-m1                                   (1)

The EMD process makes each IMF acquire zero
crossing by removing the mean gray level of the
SAR image.

4. Calculate the first residual component by subtrac -
ting IMF-1 (h1k) from the original signal, where k
is the number of Sifting process until h1 becomes
IMF. This residual component is treated as new
data and is subjected to the same processes
described above to calculate the next IMF. Once
the first set of Siftings results in an IMF, define

                                    h1k = C1,                                      (2)

Generate the residue, r1, of the data by subtracting
out C1

                                r1 = X(s0–s1).                                  (3)

5. Repeat the steps above until the final residual
component becomes a monotonic function and no
more IMFs can be extracted.

6. In order to obtain two-dimensional IMFs, each
zonal and meridional spatial signal over the study
area is calculated and averaged at each location.
The two-dimensional IMFs are also used to
compute marginal HHT for image spectral
analysis.

3. Results

The following descriptive analysis is based on the
spatial scales of the features appearing on each two-
dimensional IMFs (Fig. 4). We obtained three IMFs
and identify three different phenomena: longitudinal
two-dimensional convective rolls, three-dimensional
cellular convective cells and AGW. As mentioned
before the image spectrum was computed from the
marginal Hilbert-Huang Transform (HHT) to the three
IMFs. The image HHT spectrum was plotted relative
to the local spectral maxima with corresponding

wavenumbers (Fig. 6) for both along- and cross-
diagonal wind directions. The different IMFs are
interpreted in the following sub-sections. We used
known values of aspect ratios (λD/zi) and computed
dominant wavenumbers (λD) to estimate the MABL
depth (zi).

Korean Journal of Remote Sensing, Vol.33, No.4, 2017

–354–

Fig. 4.  IMFs of the image sub-area. The first IMF shows (a) the
two-dimensional roll convection at the upper half of the
study area shown with red lines, (b) the second IMF
shows the three-dimensional cellular convective cells at
the lower half of the study area shown with red circles
and (c) the third IMF shows atmospheric gravity waves
at the left hand side shown with red lines of the study
area (c).



1) Interpretation of IMFs
Longitudinal Convective Rolls: the first IMF

shows parts of typical longitudinal convective rolls with
approximately 3.5 km spacing throughout the upper
half portion of the sub-area. The features characterized
by rolls extend from the image sub-area to the north-
east corner of the main image (Fig. 1) with individual
length increasing with distance from the continental
shelf which is roughly aligned with the coastline (Fig.
4a). The orientation of the rolls featured in IMF-1 is
somewhat parallel to the wind direction (Fig. 1). We
speculate that the rolls are not perfectly aligned with
the wind direction because of spatial variability of the
direction of rolls (and therefore the wind) outside the
sub-area where the buoy is located. Inspection of the
image area around the buoy shows a better alignment
between roll and wind direction. Horizontal convective
rolls are one of the most common forms of MABL
convection. Laboratory and theoretical work has shown
that two dimensional rolls are the first steady-state
solution of the flow field as the Rayleigh number
increases beyond a critical value (e.g., Rayleigh, 1916 ;
Schlüter et al., 1965 ; Krishnamurti, 1970 ; Agee,
1987). Observations, numerical models, and theoretical
analyses have shown that an optimal combination of
buoyancy and vertical wind shear is important for the
existence of rolls. In order to illustrate how SAR can

be observed the rongitudianlal roll convections, Fig. 5a
was made. It shows the strong downwelling air flow
makes some disturbances on sea surface which could
be strong back scattering measured by SAR.

According to Brummer (1999), the typical rolls can
be spaced less than 5 km apart and the aspect ratio (AR)
is between 2.6 and 6.5 in wintertime arctic cold-air
outbreaks. Similarly, Young et al. (2002) reported that
the AR ranges from 1.8 to 12.1 for cold air outbreaks
and 3.15±0.7 for non-cold-air outbreaks, which is
relatively close to the 2.83 predicted by linear theory
(Brown, 1980). We obtained two significant wavenum -
bers over cross-diagonal wind direction indicated by
R1 and R2 in Fig. 5. The corresponding wavelengths
are 3.8 km and 3.0 km, respectively. The wavelength,
12.5 km, is apparently the parallel part of the AGW
feature which is included in cross-wind direction. If we
use the AR as 3.15, the MABL depth is from 0.95 km
to 1.2 km.

Cellular Convective Cells: the second IMF shows
convective cell structures resulting from instabilities
embeded in the mean flow (Fig. 4b). The cell-induced
flow pattern in the lower half of the study area can be
observed by the resulting sea surface roughness pattern.
According to Sikora and Ufermann (2004), the sea
surface roughness is increased (decreased) when the
cell winds and mean surface wind are in the same
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Fig. 5.  Schematic diagram for (a) two dimensional roll and (b) cellular convective cells.



(opposite) direction, respectively. In order to illustrate
how SAR can be observed the cellular convective cells,
Fig. 5b was made. It shows the strong downwelling air
flow makes some disturbances on sea surface which
could be strong back scattering measured by SAR. It is
also reported that the wavelength spacing is related to
the thickness of the planetary boundary layer and has
adjacent periodic bands of bright and dark radar returns
with wavelengths between 1 and 5 km which may
broaden up to 10 to 15 km (Mourad and Walter, 1996).
According Sikora et al.(1997) and Kaimal (1976), the
AR for three-dimensional cells is approximately 1.5.
From Fig. 6, we obtained wavelength from 5.3 km to
7.1 km as indicated by C2 and C1, respectively. If we
use an AR of 1.5, the MABL depth ranges from 3.5 km
to 4.7 km.

Atmospheric Gravity Wave (AGW): since AGW
has large spatial signals compared to other phenomena,
the features of AGW are seen at all IMFs in north-west
corner in Fig. 4c. It has over 10 km wavelength and is
generally not dispersive. The orientation of wave crests
is almost perpendicular to the wind direction and they
propagate in the wind direction. According to

Worthington (2001), its orientation has an additional
clockwise offset in the northern hemisphere of about
18° against wind direction, which is a slightly larger
bias than for longitudinal rolls. Although the AGW
signatures are similar to convective rolls (Winstead et
al., 2002), their characteristic spatial scales are so
different that we can identify two different spatial
features as shown in Figs. 4a and 4c and we, thus,
obtain different spectra signal as shown in Fig. 6. The
AGW has maximum spectrum at 14.3 km (Fig. 6).

4. Conclusion

Mesoscale and sub-mesoscale atmospheric
phenomena become visible on SAR images due to
variations of the wind stress at the sea surface on which
the radar scattering is dependent upon. However, due
to the complexity of imprints of MABL phenomena on
SAR imagery, it is hard to identify each individual
spatial feature. We have therefore applied a two-
dimensional Empirical Mode Decomposition for the
image wavenumber spectral analysis. We found three
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Fig. 6.  Marginal Hilbert Huang Spectrum of the image sub-area. The corresponding wavelengths
of longitudinal roll convection (R1, R2), convective cells (C1, C2), and atmospheric gravity
wave (Gw) are 3.8 km, 3.0 km, 7.1 km, 5.3 km, and 14.3 km, respectively.



different spatial scales of phenomena in our study area.
They are in increasing order of spatial scale: two-
dimensional rolls, three-dimensional cells and AGW.
The rolls have spatial scales between 3.0 km to 3.8 km
and the cells have spatial scales between 5.3 km to 7.1
km. Based on observations and the mixed-layer
similarity theory, we obtained MABL depth varies
from 0.95 km to 1.2 km over rolls and from 3.0 km to
3.8 km over cells. The AGW has maximum spectrum
at 14.3 km. Although our method of SAR imagery
decomposition can be further improved and applied to
other scenarios, we feel confident that it is a fast and
objective way of decomposing MABL footprints into
individual features through characteristic spatial scales.
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