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Mean square slope (MSS) of sea surface is a parameter describing the sea surface rough-
ness and plays a key role in understanding the sea surface dynamics. Although MSS is
influenced by many factors such as wind speed and sea surface waves, it has been tra-
ditionally parameterized by wind speed only. In this study, the surface wave impact on
MSS is investigated using a collocated data set of altimeter and buoy measurements. It is
found that the MSS detected by Ku-band altimeter is closely related to the wind wave
components and increases with the degree of wind wave development; however, it is
almost independent of the swell. The wave effect on MSS is mainly ascribed to the con-
tribution of longer waves rather than shorter waves. An analytical spectral MSS model
is proposed, and it is shown that the MSS calculated from the model agrees well with
the altimeter-measured MSS when the pseudo-wave age is adjusted to the wave age cor-
responding to wind waves. This model is applied to derive wind speeds from altimeter
data including the normalized radar cross section and the significant wave height of sea
surface waves. With the collocated data set, it is shown that this new algorithm performs
better than previous empirical algorithms.

1. Introduction

The mean square slope (MSS) of sea surface is defined as the variance of surface slope,
which is a key parameter in understanding the air—sea interactions and ocean remote sens-
ing. Air—sea fluxes of mass, momentum, and heat as well as radar scattering are believed to
be significantly correlated with MSS. Many factors including wind speed, wave state, air—
sea temperature difference, and intensity of sea surfactant films have impacts on the MSS.
Since the pioneer work of Cox and Munk (1954), many studies have suggested that the
wind speed, which is associated with the short wind waves, dominates the MSS (Jackson
et al. 1992; Walsh et al. 1998; Vandemark et al. 2004; Hauser et al. 2009). In addition to
wind speed, it has also been shown that the wave state plays an important role in the MSS
due to the tilting effect of long waves. However, this effect still remains ambiguous, both
qualitatively and quantitatively. In the case of wind waves, Vandemark et al. (2004) found
that long-wave (wavelength larger than 2 m) slope variance increases as fetch increases and
is largely responsible for the variation of MSS at a given wind speed. It is well known that
long waves in the ocean are commonly composed of swells and wind waves. Considering
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the different dynamics between them and their distinct features, it is necessary to take into
account their contributions to MSS separately.

According to the quasi-specular theory, the normalized radar cross section (NRCS)
measured by altimeter is inversely proportional to the MSS, so it can be regarded as a
function of wind speed. In application, researchers usually correlate NRCS with the wind
speed directly and have proposed many empirical algorithms for wind retrieval for decades
(Chen et al. 2002). Compared with in situ measurements, it is shown that the scatter of wind
speeds can be improved if the wave state effect is properly considered in the algorithms
(Glazman and Greysukh 1993; Lefevre, Barckicke, and Menard 1994; Gourrion et al. 2002;
Zhao and Toba 2003; Cheng et al. 2008).

In this article, the wave state effect on the MSS is investigated using a large collocated
data set of altimeter and buoy measurements. An analytical MSS model based on wind wave
spectrum is developed and validated by the observations. Based on this model, a retrieval
algorithm of altimeter wind speed that depends on the NRCS and significant wave height
(SWH) is proposed.

2. Collocated data set

The TOPEX/POSEIDON (T/P) altimeter provides the global oceanographic parameters
including NRCS, which is related to the sea surface roughness (i.e. MSS). Generally, a
lower NRCS value corresponds to a rougher sea surface. The in situ observations used in
this study are obtained from moored buoys operated by the US National Data Buoy Center
(NDBC). To exclude the coastal sheltering and shallow water effects, only the buoys located
in deep water and at least 200 km from the land are chosen. A total of 19 NDBC buoys are
selected and their locations are shown in Figure 1. Some of the buoys measure the winds
at a height of 5 m, and these winds are converted to the winds at 10 m by multiplying by a
factor of 1.07, which is determined by the drag coefficient proposed by Wu (1988).

Wind speeds and SWHs measured by buoys, as well as the sea surface roughness in
terms of MSS derived from the NRCS of altimeter, can be considered as true observation
of the ocean. Therefore, a collocated data set of altimeter and buoy measurements will
provide a useful way to analyse the dependence of MSS on the wind speed and SWH.

70
60, °
F4e035 460846001 3
50 - 46003
?eo
F +46004°082
o 40 oM
()
5 30 -
§ 20l +54901
+5%1o 51004
10 |
0 " 51028
-10 .1 L. | . L | L L | ) |
180 190 200 210 220 230 240 250 260 270 280 290 300

Longitude (°)

Figure 1. Locations of the 19 NDBC buoys used in the collocated data set.
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T/P parameters were extracted when the satellite footprint was within 100 km of the buoy
locations and the time difference between the satellite pass and the buoy was less than
30 min. Erroneous altimeter estimates are discarded using conventional data quality flag-
ging suggested by Glazman and Pilorz (1990). The data set has a total of 2623 groups
ranging from January 2003 to August 2005.

3. Wave effect on the MSS

At incidence angles less than 150°, the microwave backscattering is primarily due to quasi-
specular reflection (Barrick 1974; Holliday, St-Cyr, and Woods 1986; Brown 1990). For an
isotropic rough surface of Gaussian distribution, the NRCS due to specular reflection can
be expressed as (Valenzuela 1978)

2 a2
oy = <|R§2)| ) (sec0) exp[ tj;l 9i|, (1)

where oy is the NRCS in natural units, s? is the effective MSS, |R(0)|2 is an effective nadir
reflection coefficient characterizing the surface reflectivity, and 6 is the radar incidence
angle.

For an altimeter, 6 ~ 0°, and Equation (1) is simplified to

_ RO
-5

o0 )
It is obvious that the MSS can be determined from NRCS based on Equation (2) if |R(0)|?
is known. In previous studies, |R(0)|> has been regarded as a constant (Jackson et al. 1992;
Wu 1992; Apel 1994; Zhao and Toba 2003; Vandemark et al. 2004; Frew et al. 2007),
although the value varies in the range of 0.340—0.427 for the Ku-band of T/P (Table 1).
Recently, Freilich and Vanhoff (2003) showed the dependence of |R(0)|* on wind speed
in their Figure 6, in which |R(0)|* decreases with wind speed when the wind speed is greater
than 3.5 m s~!. This phenomenon can be ascribed to the reduction effect of microwave
reflection due to the occurrence of whitecaps (Zheng et al. 1983) and the refraction effect
by the short wind waves (Jackson et al. 1992). Both effects increase with increasing wind
speed, leading to an overall decrease of |[R(0)|>. On the other hand, Freilich and Vanhoff
(2003) also found that [R(0)|? increases with wind speed for speeds less than 3.5 m s~!, and
they suggested that this might be a result from the incorrect underestimation of winds by
the microwave imager. This part of their data will be excluded in the following discussion.

Table 1. |R(0)? for Ku-band of T/P proposed by different authors.

Authors IR(0)I”
Wu (1992) 0.38
Jackson et al. (1992) 0.38
Apel (1994) 0.34
Zhao and Toba (2003) 0.38
Vandemark et al. (2004) 0.34

Frew et al. (2007) 0.427
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Figure 2. Reflection coefficient of PR versus wind speed. The diamond symbols represent the
results of Freilich and Vanhoff (2003), and the dashed curve represents the fitted relationship by
Equation (3).

Based on the work of Freilich and Vanhoff (2003), the formula of |R(0)|* as a function
of wind speed for the precipitation radar (PR) with the least square method (Figure 2) is

|R(0)[25 = —0.11exp (0.035U)0) + 0.6335, (3)

where U is the wind speed at a height of 10 m and IR(O)IIZ,R is the reflection coefficient
corresponding to the PR. This formula is directly extrapolated to wind speed less than
3.5ms L

Tran et al. (2005) reported that there is a systematic offset of NRCS (about 1.29 dB)
between PR and T/P, which is independent of wind and wave state. Since the work frequen-
cies of PR (13.8 GHz) and T/P (13.6 GHz) are very close to each other, it seems reasonable
to assume that both of them detect almost the same MSS, i.e. 53, ~ s3;. So Equation (3)
can be converted into

IR(0))3p = —0.08 exp (0.035U30) + 0.47. ()

The values of IR(O)I%P vary between 0.28 and 0.41 for wind speeds in the range of
0—25 m s~!, which generally include the values listed in Table 1.

Using |R(0)|? expressed in Equation (4), the MSS can be obtained through Equation (2).
Figure 3 shows the MSS versus wind speed derived from buoy measurements of the
collocated data set; the formulae of MSS for a clean water surface (Wu 1990) and for a
sea surface covered by a dense artificial slick (Phillips 1977) are also illustrated as a refer-
ence. It can be seen from Figure 3 that most of the T/P MSS values fall into intermediate
values between the two formulae, especially for wind speeds higher than 5 m s~!. This is
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Figure 3. MSS as a function of wind speed.

because the MSS from a clean surface measured by the optical method is believed to be the
upper limit, and the result from a slick surface can be regarded as the lower limit since the
contribution of short waves is excluded. However, at the same time, the scatter of the MSS
indicates that other factors except wind speed affect the MSS. Many studies have shown
that the most important candidates are the ocean waves including wind waves and swells
(Zhao and Toba 2003; Vandemark et al. 2004).

The wave state can be denoted by the wave age, which is traditionally defined as the
ratio of the phase speed corresponding to the spectral peak to the wind speed Uyy. In deep
water, it is expressed as the following:

2 Ul() ’

B (6))

where T}, is the period corresponding to the spectral peak and g is the acceleration due to
gravity. For the altimeter, the wave period is unknown, so a parameter called pseudo-wave
age (B8'), proposed by Glazman and Pilorz (1990), has been used to characterize the wave
state, which is defined by the SWH, Hj, and wind speed:

0.62
gHs) _ ©)

p' =324 <U2

10

Figure 4 illustrates the bin-averaged MSS at the given wind speed range versus 8 and f’,
respectively. It can be seen that the MSS increases with both g and S’ at smaller wave ages
in general. This trend becomes obscure at larger wave ages. The MSS correlated better with
B’ than with 8. The enhancement of MSS with the wave age can also be seen from Figure 5,



Downloaded by [Ocean University of China] at 20:03 24 October 2012

International Journal of Remote Sensing 269

0.055 0.055
(@ * -o- Uy,=4ms” ®) . S0 U,=4ms
; ~#- U, =6ms” / * U, =6ms”
0045 [ v Ug=8ms” 0.045 7 Up=8ms’
8- U =10ms” * ® U =10ms”
2% i o U‘0:15m571 * - o U10=15m371
xy”l’ e Um=18ms’1 1) . * U1°=1Bms’1
@ 0.035 g 0.035 ’ e
t o v
o ® 0 o ° e -
o _ o = o ® o ° P . *
L AT A ] i kK
0.025 v . *e oy e — ] 0.025 L4 e e o B
*- * « .
* ’ a S O ' * K Ju o-—-0 ?
o g
0.015 0.015
0.0 05 1.0 15 20 25 3.0 35 4.0 45 50 0.0 05 1.0 15 20 25 3.0 35 4.0 45 50
B B

Figure 4. Bin-averaged MSS versus wave ages 8 (a) and 8’ (b) at given wind speed ranges.
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Figure 5.  MSS versus wind speed. The data are divided into four groups according to the wave age
B’, and the MSS is averaged within wind speed bins of 1 m s,

in which the wave ages are divided into four groups. At a given wind speed, MSS increases
roughly with the wave age f’.

In principle, the NRCS or MSS should closely correlate with wind waves, which are
directly forced by winds. Some studies found that the longer waves corresponding to swells
have little effect on the NRCS (Nghiem et al. 1995). Therefore, the contributions to MSS
from swells should be separated from those by wind waves. Based on the method proposed
by Earle (1984) and the buoy data from the collocated data set, the total SWH can be
partitioned into two parts, which correspond to wind waves and swells. It is found that the
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MSS increases with the increasing SWH of wind waves, with a correlation coefficient of
0.84, and that the MSS is almost independent of the SWH of swells, with a correlation
coefficient of —0.06. Thus, the wave effect on the MSS or NRCS is mainly ascribed to the
contribution of wind waves.

4. Spectral approach

Another method to obtain the MSS is the integration of wave spectrum, which is defined as
(Phillips 1977)

&= /O R (7() dk, 7

where <p(7c) is the wavenumber spectrum of ocean waves and k is the wavenumber vector.
With the dispersion relationship of surface wave, Equation (7) can be transformed into the
integration of the frequency spectrum of the surface wave, F(f'), which is usually measured
by the buoy. For gravity waves, it can be rewritten as

@ = / T by, ®)
0

g2

where 1 is the frequency. As for the NDBC buoys, the cut-off frequencies are in the range of
0.4-0.5 Hz. Thus, the calculated MSS from wave spectra measured by these buoys can be
considered as the MSS for long waves. Subtracting it from the MSS detected by altimeter
mentioned above, the residual is supposed to be the MSS for short waves.

Figure 6 shows the MSS versus wind speed for long and short waves. It is averaged in
bins of U, at different B’ ranges. It can be seen that the MSS for long waves increases
as the wave age increases, and the MSS for short waves is independent of wave age. The
magnitude of the former is significantly smaller than that of the latter, which suggests that
the short ocean waves play a more important role in the sea surface roughness.
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Figure 6. Averaged MSS in U, bins (1 m s~! wide) at different ranges of g’ for (a) long waves and
(b) short waves.
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5. A spectral model for MSS

As indicated by the preceding discussion, the wave state dependence of the total MSS is
mainly ascribed to that of the MSS for long waves, whereas short waves contribute signifi-
cantly to the magnitude of the total MSS. Thus, it is reasonable to divide the wave spectrum
into two parts, which correspond to long gravity waves and short gravity-capillary waves.
Equation (7) can be rewritten as

N R R ) )

P

where ¢ (I;, Uo, ﬂ) is the wave spectrum for long gravity waves, ¢p (7{, u*) is the wave

spectrum for short gravity-capillary waves, u, is the friction velocity of air, k, is the wave
number corresponding to the spectral peak, and k4 is the cut-off wave number. Many inves-
tigators have proposed various wave spectra based on measurements or theoretical analysis.
The wave spectra proposed by Elfouhaily et al. (1997) are chosen here because they satisfy
the ‘Plant limit’, i.e. an upper limit for the MSS (Plant 2002). In their spectrum for gravity-
capillary waves, an equilibrium range parameter, o, is included. They proposed two kinds
of expressions for it, one is the logarithmic relationship based on the works of Jihne and
Riemer (1990) and Hara, Bock, and Lyzenga (1994); the other is the linear relationship
consistent with Toba (1973), Kitaigorodskii (1983), and Phillips (1985). In our calculation,
uy is converted into U using the roughness length z, proposed by Donelan et al. (1993)
and the logarithmic law for wind speed profile in neutral stabilization conditions:

2 0.9
20 =37 % 10°° (ﬁ) (ﬂ) , (10)
g Cp
U
u* = —IOK 5 (11)
In(10/z0)

where ¢;, is the phase speed corresponding to the spectral peak of wind waves and ¥ = 0.4 is
the von Karman constant. Because the wave spectrum is for the wind waves, the wave age
cannot be greater than 1.2. The calculated MSS with a cut-off wave number of 100 rad m™!
(Brown 1990) and the altimeter-measured MSS are shown in Figure 7. The former is more
consistent with the latter at low (high) wind speeds by using o, in the logarithmic (lin-
ear) form. In order to improve this limitation, a new relationship for «, is proposed by
combining the logarithmic and linear forms:

L4+ 150 (%) uw <
an = 1072 x " , (12)
1.4 (’c‘—) U>Cm

where ¢, is the minimum phase speed of gravity capillary waves with a typical value of
0.23 m s~!. It can be seen that the calculated MSS by the modified o, agrees well with the
altimeter MSS in general, at either low or high wind speeds.

Although the calculated MSS and the altimeter MSS are in good agreement, the wave
ages B and B’ are different in magnitude. The former only indicates the degree of wind wave
development, and the latter includes the influence of both wind waves and swells. In order
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Figure 7. Comparison of the calculated MSS and the altimeter MSS. The symbols correspond to
the averaged altimeter MSS within wind speed bins of 1 m s~!.

to directly compare the two kinds of wave age, it is desirable to establish a relationship
between them. With the regression analysis, the following relationship is proposed:

ﬂ/

p= 05x 8" +12

(13)

With this relationship, a 8’ value less than 4.0 can be approximately compressed into the
range 0.0—1.1, and those values in the range of 4.0—20 are roughly equal to 1.2. After this
transition, a good agreement between the calculated MSS and altimeter MSS is obtained at
the same wave ages (Figure 8).

6. Application in altimeter wind speed retrieval

Based on Equation (2), Equation (4), and the well-compared calculated MSS proposed
above, an NCRS model can be constructed as a function of U}y and 8. With Equation (13),
the wave age 8 can be obtained from f’, which can be calculated from Uy and SWH using
Equation (6). Thus, the NRCS can be obtained given the value of U,y and SWH. With
a constant SWH, the NRCS changes with the different wind speeds. The retrieval wind
speed is obtained by choosing the one in which the calculated NRCS closely approaches
the satellite NRCS.

In order to make the analysis more objective, a new collocated data set is used for
validation of the algorithm. The in sifu data are derived from the same buoys mentioned
above, but cover from January 2001 to December 2002. The coincident time and space
separation criteria are chosen as 1 h and 50 km, respectively. A total of 914 pairs of data
are obtained.
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Figure 8. Comparisons of the calculated MSS and altimeter MSS with the converted wave ages.

The symbols correspond to the averaged altimeter MSS within wind speed bins of 1 m s™!.

Table 2. Summary of RMSE and bias for various algorithms.

Algorithm RMSE Bias

Witter and Chelton (1991) 1.38 —0.11
Lefevre et al. (1994) 2.37 —1.21
Chen et al. (2002) 1.35 —0.09
New algorithm 1.31 0.03

The root mean square error (RMSE) and bias of the wind speed retrieval are listed in
Table 2, and RMSEs and biases from three other algorithms are given for comparison. It is
clear that the new algorithm yields the best estimation of wind speed compared with other
empirical algorithms in terms of both RMSEs and biases.

7. Summary

Instead of being considered as a constant, the reflection coefficient is proposed as a function
of wind speed, which is then used to determine the MSS by the T/P NRCS of Ku-band.
It is shown that the MSS increases with the wave age, which is mainly ascribed to the effect
of wind waves. The MSS increases with the increasing SWH corresponding to wind waves
and is independent of the SWH of swell. The wave effect is mainly due to the contribution
of the longer waves rather than the shorter waves.

Based on the spectrum proposed by Elfouhaily et al. (1997), a spectral model for MSS
is proposed, which depends on wind speed and SWH. The calculated MSS agrees well with
the altimeter MSS when the pseudo-wave is adjusted to describe the development of wind
waves. This spectral model is utilized to derive wind speeds from the NRCS and SWH of
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T/P. Compared with previous empirical algorithms, the new algorithm performs better in
terms of both RMSE and bias.
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