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Abstract:



This paper reports Ku-band normalized radar cross section (NRCS) at low incidence angles ranging from 0° to 18° and in the wind speed range from 6 to 70 m/s. The precipitation radar onboard the tropical rainfall measuring mission and Jason-1 and 2 have provided 152 hurricanes observations between 2008 and 2013 that were collocated with stepped-frequency microwave radiometer measurements. It is found that the NRCS decreases with increasing incidence angle. The decrease is more dramatic in the 40–70 m/s range of wind speeds than in the 6–20 m/s range, indicating that the NRCS is very sensitive to low incidence angles under extreme wind conditions and insensitive to the extreme wind speed. Consequently, the sea surface appears relatively “smooth” to Ku-band electromagnetic microwaves. This phenomenon validates the observed drag coefficient reduction under extreme wind conditions, from a remote sensing viewpoint. Using the NRCS dependence on incidence angle under extreme wind conditions, we also present an empirical linear relationship between NRCS and incidence angles, which may assist future-satellites missions operating at small incidence angles to measure sea surface wind and wave field.
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1. Introduction


Tropical cyclones (also called hurricanes or typhoons) are always associated with high wind speeds. The wind speed plays a crucial role in air–sea interactions, numerical forecasting models, and tropical cyclone intensity. Active microwave remote sensors have advantages for estimating wind speeds because the normalized radar cross section (NRCS, [image: there is no content]) of the sea surface varies with the roughness and whitecaps or the foam effects that are driven by high wind speeds. The NRCS is a critical parameter for ocean remote sensors such as synthetic aperture radar (SAR) devices, scatterometers, and altimeters. Besides wind speeds at the sea surface, the NRCS can be used to detect ship targets at the sea surface [1], ocean surface currents [2], ocean wave spectra [3], and other ocean surface information.



However, most NRCS applications are limited to low or moderate wind conditions. Several researchers have analyzed the C-band NRCS saturation at wind speeds up to 35 m/s [4,5,6]. Donnelly et al. [7] and Carswell et al. [8] studied the Ku- and C-band NRCS up to wind speeds of 45 m/s. Thus far, only Fernandez et al. [9] have presented the Ku and C-band NRCS up to wind speeds of 65 m/s. In all of these reports, the co-polarization (VV) NRCS saturated at high wind speeds up to 25 m/s. Non-saturated cross-polarization (HV or VH) NRCS variation at high wind speeds has also been reported [10,11,12,13,14].



NRCS analyses at low incidence angles and low wind conditions have been frequently reported [15,16,17,18]. Some researchers consider that the NRCS under high wind conditions can be extrapolated from the NRCS characteristics in moderate wind conditions [19,20,21]. At high winds (up to 35 m/s), Quilfen et al. [22] empirically derived an inverse relationship between the sea surface roughness and altimeter backscatter. However, at wind speeds exceeding 35 m/s, the collocated data are too sparse to analyze the [image: there is no content] characteristics with statistical confidence.



The paper collocates the NRCS from the precipitation radar (PR) of the tropical rainfall measuring mission (TRMM) and the Jason-1 and 2 altimeter observations, and the stepped-frequency microwave radiometer (SFMR) wind speed measurements up to 70 m/s. Subsequently, we derive a new NRCS dependence on wind speed at small incidence angles. Section 2 introduces the datasets, and Section 3 presents the data acquisition methodology. Then Section 4 gives results of relatively common moderately intense wind conditions and the newly proposed NRCS characteristic. The relationship between NRCS and incidence angle is also presented in this section. Discussion and conclusions are given in Section 5 and Section 6, respectively.




2. Dataset


To acquire the NRCS at extremely high wind conditions, NRCS data at low incidence angles were collected from the standard products 2A21 (version-7) of PR and the geophysical data record (GDR) of Jason-1 and 2. The wind speeds were obtained from the National Oceanic Atmospheric Administration (NOAA) Hurricane Research Division (HRD) SFMR along-track measurements in hurricanes. The datasets are summarized and analyzed as follows.



2.1. TRMM PR


PR is a spaceborne Ku-band horizontal polarization radar onboard TRMM that has measured precipitation since 1997. The PR antenna is an electronically scanned phased array that scans a planar cross-track area through the nadir (in fact, as the satellite travels very quickly, the scanning track is not strictly vertical to the along-track direction). The nadir spatial resolution of the PR is 5.0 km (cross-track) × 4.1 km (along-track). Since the boost of the satellite orbit in 2001 to higher altitude, the swath width has been extended to 250 km. The 49 incidence angles vary from approximately −18° to 18°.



PR is the first instrument designed to measure the reflectivity of rain from space. The technique is that short pulses are transmitted at Ku-band, and the time delay and strength of the echo gives the distance and intensity of the rain. One of the key points with this technique is to determine the rain attenuation effect at a location. In order to solve this problem, one needs to know the strength of the sea surface reflectance, which varies according to the prevailing wind conditions [23]. Liao and Meneghini [24] compared the performances of the version-6 PR product before and after the satellite boost with a ground-based weather surveillance radar (WSR-88D) in Melbourne, FL. The PR product maintained its calibration accuracy of about 1 dB. Although the orbit boost reduced the NRCS by 0.67–0.88 dB, the accuracy of the PR [image: there is no content] remained within 1 dB [25].




2.2. Jason-1 and 2


Jason-1 and Jason-2 were launched in 2001 and 2008, respectively. Jason-1 has expired but Jason-2 remains in orbit. This study uses the 0° NRCS of Jason-1 and 2 from the Ku bands, acquired from 2008 to 2012. The temporal and spatial intervals during the matchup were required to be within 60 min and 100 km, respectively. The product GDR–c of Jason-1 contains 1-Hz measurements, so points with less than 10 valid NRCSs were eliminated. For Jason-2, the “qual_alt_1hz_sig0_ku” (a quality flag variable in the Ku-band NRCS product) of GDRs are flagged as “good” and these values are retained. Both GDRs flagged “no rain” are selected. In total, Jason-1 and Jason-2 were able to contribute 1209 and 3046 collocated pairs, respectively.




2.3. SFMR


The SFMR onboard NOAA WP-3D aircraft has been the prototype for a new generation of operational airborne remote sensing instruments designed for measuring the surface winds and rainfall in hurricanes since 1984 [26]. The SFMR operates at 4.6–7.2 GHz and measures meteorological parameters such as wind speed and rain rate [27]. The temporal and spatial resolutions of the measured wind speed are 1 s and 1.5 km, respectively. The wind speeds are estimated at 10 m above the sea surface by SFMR; they have been validated by the dropwindsonde measurements and the root-mean-square error (RMSE) is approximately 4 m/s, or 5%–25% [28]. Since 2007, the SFMR onboard the Air Force Reserve Command has measured the wind speed using the model developed by Uhlhorn and Black [28]. The SFMR-derived wind speeds in hurricanes have also been validated against those retrieved by cross-polarized SAR image, with a bias and RMSE of −0.89 m/s and 3.24 m/s, respectively [10]. Recently, the SFMR measurements of the surface winds in tropical cyclones with heavy precipitation have been further improved using a new relationship between microwave absorption and rain rate [29]. This relationship significantly decreased the surface-wind retrieval bias in the presence of rain at weak hurricane wind speeds.





3. Methodology


152 hurricanes observations were collected from the TRMM PR between 2008 and 2013, which were collocated with SFMR measurements. The temporal and spatial intervals for collocations were 30 min and 50 km, respectively. For each collocated data pair (denoting 1 s of SFMR data and one incidence angle of PR), the wind speed and rain rate from SFMR and the NRCS from the PR were recorded. The collocated dataset contains 29,798,600 points, of which 87.22% and 58.11% are below 5 mm/h and 2 mm/h, respectively. Only 140,795 points correspond to wind speeds above 40 m/s. The distribution of the wind speeds between 40 m/s and 70 m/s is shown in Figure 1. The numbers in each of the wind speed bin do not have large discrepancies among one another.


Figure 1. Wind speed histogram of collocated data pairs (140,795) between precipitation radar (PR)-observed normalized radar cross section (NRCS) and stepped-frequency microwave radiometer (SFMR)-measured wind speed ranging from 40 to 70 m/s.



[image: Remotesensing 09 00474 g001]






Typically, strong winds in intense storms bring intense rainfall. To reduce the rain impacts on the NRCS and obtain sufficient data pairs for our analysis at extremely high winds, we selected pairs with rain rates below 5 mm/h. These pairs are gridded by discretizing the wind speeds and incidence angles into 1 m/s bins and 1° bins, respectively. In the two-dimensional bins, data pairs whose NRCS deviates by more than one standard deviation (STD) from the NRCS average are discarded. This simple quality control criterion yields a new NRCS. Figure 2 and Figure 3 show the STD distributions of the old and new NRCSs, respectively. Panels a and b of each figure display the binned STDs in the wind speed ranges 6–20 m/s and 40–70 m/s, respectively.


Figure 2. (a) Distribution of NRCS standard deviations (STDs) in each bin before quality control at wind speed 6–20 m/s. The wind speed is from SFMR and NRCS is from PR. Each collocated data pair contains 1 s of SFMR data and one NRCS and incidence angle of PR. (b) Distribution of NRCS STDs in each bin after quality control at wind speed 6–20 m/s. The wind speed is from SFMR and NRCS is from PR. Each collocated data pair contains 1 s of SFMR data and one NRCS and incidence angle of PR.
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Figure 3. (a) Distribution of NRCS STDs in each bin before quality control at wind speed 40–70 m/s. The wind speed is from SFMR and NRCS is from PR. Each collocated data pair contains 1 s of SFMR data and one NRCS and incidence angle of PR. (b) Distribution of NRCS STD in each bin after quality control at wind speed 40–70 m/s. The wind speed is from SFMR and NRCS is from PR. Each collocated data pair contains 1 s of SFMR data and one NRCS and incidence angle of PR.
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As confirmed in Figure 2 and Figure 3, the simple quality control criterion drastically decreases the STDs. As wind speeds are between 6 and 20 m/s (Figure 2), the new STDs are constrained to be within 1.1 dB, whereas the non-controlled STDs are approximately within 3.5 dB. For high wind speeds ranging from 40 to 70 m/s (Figure 3), the NRCS is rendered noisier by the high wind and reduced number of points. In this case, the simple control criterion reduces the largest STDs from approximately 8 dB to 4.7 dB. Although 4.7 dB is still below the required accuracy, most of the STDs are within 1.5 dB (the largest errors occur at 0°). The data is acceptable for our analysis, as the PR is accurate to 1 dB.




4. Results


To show the results of NRCS from PR clearly, four figures are presented. Figure 4 and Figure 6 study the dependence of NRCS on incidence angle at different wind speeds. Figure 5 and Figure 7 study the dependence of NRCS on wind speed at different incidence angles. In this condition, Figure 4 and Figure 5 illustrate dependence of NRCS on moderate wind condition while Figure 6 and Figure 7 correspond to high wind condition.


Figure 4. Comparison between collocated NRCS and simulated NRCS, showing NRCS dependence on incidence angle. The squared colored dots are the NRCS collocated from PR and SFMR. The lines are plotted according to the geometrical optics model. The different colors denote different wind speeds.
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Figure 6. NRCS dependence on incidence angle at different wind speeds. The squared colored dots are the NRCS values collocated from PR and SFMR. The different colors denote different wind speeds.
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Figure 5. Comparison between collocated NRCS and simulated NRCS, showing NRCS dependence on wind speed. The squared colored dots are the NRCS collocated from PR and SFMR. The lines are plotted according to the geometrical optics model. The different colors denote different wind speeds.
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Figure 7. NRCS dependence on wind speed at different incidence angles. The squared colored dots are the NRCS values collocated from PR and SFMR. The different colors denote different incidence angles.
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4.1. PR NRCS at Small and Moderate Wind Speeds


At low incidence angles and wind speeds below 20 m/s, the NRCS is dominated by a quasi-specular reflection mechanism, and can be simulated by simple formulas [30,31]. Here we validate the NRCSs measured by the TRMM PR by using a geometrical optics model based on non-Gaussian probability density distribution [25]. This model was derived by the NRCS from PR and the wind speed from NDBC buoys, and is formulated as follows:


[image: there is no content]



(1)







In Equation (1), coefficients [image: there is no content] and [image: there is no content] are related to the kurtosis of the sea surface slopes. [image: there is no content] is effective nadir reflection coefficient. [image: there is no content] is the mean square slope of sea surface. The four parameters are the function of wind speed, which are given in Li et al. [25]. The NRCS dependences on low incidence angle and low to moderate wind speed are illustrated in Figure 4 and Figure 5, respectively.



As shown in Figure 4, the NRCS decreases with increasing incidence angle and is generally consistent with the geometrical optics model predication. Small discrepancies appear at 20 m/s wind speed and incidence angles of 0° and 15°–18°. The geometrical optics model was derived from a limited number of wind speeds above 15 m/s, and may not be sufficiently accurate under high wind conditions. Alternatively, the discrepancy could arise from the different wind speed measurement accuracies of SFMR and buoys. Here, the small discrepancies can be neglected. The NRCS becomes independent of wind speed at approximately 12° incidence angle, slightly larger than reported 10° in previous studies [32].



Figure 5 shows the dependence of NRCS on wind speed, analyzed with the same dataset as Figure 4. The NRCSs destabilize at near-nadir angles (as evidenced from the STDs in Figure 2b), and the discrepancy increases at 18°. However, the differences between the measured NRCSs and those simulated with the geometrical optics model [25] are less than 1 dB. Therefore, the results are considered to be consistent (given the 1 dB uncertainty in PR) [24].



In summary, the NRCS values collocated from PR in the present study display the expected dependences on incidence angle and wind speed in moderate wind conditions.




4.2. Analysis at Extremely High Wind Speeds


However, at extremely high wind speeds, the NRCS characteristics deviate from those in moderate wind conditions. To distinguish the NRCS characteristics between the two different wind conditions, we plot the NRCS dependencies on wind speeds and incidence angles, which are shown in Figure 6 and Figure 7, respectively. The results are derived over the full wind condition that is, sea-surface wind speeds ranging from 6 to 70 m/s.



Since the rain rates in the data in Figure 6 and Figure 7 are low (0–5 mm/h), the rainfall impacts on the NRCS can be ignored. The same figures were also plotted at very low rain rates of 0–2 mm/h (results were not shown). The NRCS trends were identical at the low rain rate, except the number of collocated pairs is reduced. Although the plots in Figure 6 appear chaotic, the colors clearly reveal that the wind speeds decrease with increasing incidence angles more dramatically for winds at 40–70 m/s than at 6–20 m/s. Figure 7 clarifies that at wind speeds exceeding 40 m/s, the NRCS characteristics distinctly differ from those of moderate wind conditions. In the 40–70 m/s range, the NRCS is disturbed and exhibits no clear dependence on wind speed. In extreme high wind conditions, the NRCS is generally very sensitive to low incidence angles and not sensitive to extreme wind speeds.




4.3. Results of Altimeter NRCS


To determine whether the altimeter NRCS data yield similar results or not, we plot the dependence of NRCS acquired by Jason-1 and 2 on wind speed. The results are shown in Figure 8. Here, the wind speeds are also collocated from SFMR. The model of Quilfen [22] is also illustrated for comparison. The model coefficients were derived by orthogonal regression between the QuikSCAT and Jason-2 data at wind speeds between 18 and 30 m/s. The formula of the model mentioned above is given as follows:


[image: there is no content]



(2)






Figure 8. NRCS dependence on wind speed. Blue dots are from Jason-1 Ku-band NRCS while the red ones are Jason-2. The green line is plotted according to Quilfen Model (2011). Here the temporal and spatial distances are 60 min and 100 km, respectively. N_j1 and N_j2 show that the number of collocation points are 1209 and 3046, respectively.
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In Figure 8 and Figure 9, the temporal and spatial intervals decrease from 60 min to 30 min and from 100 km to 50 km respectively. As the wind speed increases, the number of collocated pairs also decreases. Moreover, both plots present the same tendency of NRCS dependence on wind speed. In general, our results are consistent with Quilfen (green line in the two figures) [22] in the wind speed range from 18 to 30 m/s. It is important to note that the NRCS becomes large at extremely high wind speeds, similarly to the NRCS values from PR, although the points are few and scattered at wind speeds above 40 m/s.


Figure 9. NRCS dependence on wind speed. Blue dots are from Jason-1 Ku-band NRCS while the red ones are Jason-2. The green line is plotted according to Quilfen Model (2011). Here the temporal and spatial distances are 30 min and 50 km, respectively. N_j1 and N_j2 show that the number of collocation points are 356 and 859, respectively.
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5. Discussion


This study newly presents the NRCS characteristics at extremely high wind speeds. To further describe the phenomenon in detail, we assume that NRCS are constant in the wind speed range from 46 to 70 m/s for a given incidence angle. Because NRCS is not sensitive to extreme high winds, we average the NRCSs at different incidence angles and plot them versus incidence angle in Figure 10. Then the result is fitted to the following linear equation:


[image: there is no content]



(3)






Figure 10. NRCS dependence on incidence angle under extreme wind conditions. (Left) in units of dB; (Right) in linear units.



[image: Remotesensing 09 00474 g010]






The linear fitting yields [image: there is no content] and [image: there is no content]. The NRCS and [image: there is no content] are expressed in dB and degrees, respectively. Near the nadir angle, the NRCS is very large and decreases drastically with small increments in incidence angle. Generally, the decrease in NRCS with increasing incidence angle obeys the simple Equation (3). This newly found phenomenon may be useful in the following research directions.



5.1. Validation of [image: there is no content]


From the late 1960s through the 1990s, the drag coefficient [image: there is no content] was considered to be positively correlated with the sea surface wind speed. However, this universally accepted relationship is only confirmed for wind speeds under 26 m/s, because no high wind speed observations can be acquired especially in regions over the deep ocean [33].



In 2003, Powell et al. showed that [image: there is no content] decreases at [image: there is no content]. The team hypothetically attributed this reduction to sea foam, spray and bubbles resulting from breakage of steep wave faces, which forms a slip surface [34]. Donelan and his team [35] observed that the drag coefficient is saturated as sea surface wind speeds are above 33 m/s. They concluded that as the wind speed over the open ocean increases from gale to hurricane force values, continuous intense wave-breaking occurs and the crests are essentially blown away by the strong winds. This mechanism fills the air with sea spray and the surface with spume, altering its frictional and roughness characteristics [35]. Many subsequent papers have studied the nonlinearity and parametrization of [image: there is no content] in these conditions (e.g., [36,37,38]).



For moderate wind speeds as shown in Figure 4, the dependence of NRCS on incidence angle complies with quasi-specular backscattering theory. As shown in Figure 7, the decrease of NRCS with increasing incidence angles in the wind speed range from 40 to 70 m/s is more dramatic than in that from 6 to 20 m/s. The distinction indicates that the sea surface at extreme wind speed is relatively “smooth” to Ku-band electromagnetic microwaves, in contrast to at low and moderate wind speeds. That is, the NRCS is very sensitive to low incidence angles under extreme wind conditions and insensitive to the extreme wind speed. Due to this relative “smooth” sea surface, the [image: there is no content] under high wind conditions should be smaller than that of in moderate wind circumstances. Therefore, the phenomenon revealed in this paper validates the [image: there is no content] decreases at extremely high wind conditions, in contrast to moderate wind conditions. Hwang [39,40] derived an experimental formula for [image: there is no content] based on previous studies, but this formula is limited to wind speeds below 50 m/s. According to Figure 7, the sea surface remains “smooth” at wind speeds up to 70 m/s.



In previous studies, the [image: there is no content] levels off at 32–33 m/s; in others, saturation occurs at 22–23 m/s [33]. Figure 7 is consistent with [image: there is no content] saturation at 32–33 m/s; otherwise, the NRCS should begin dramatically varying at 22–23 m/s. Besides validating the remote sensing data, the new characteristics may potentially assist anticipated satellites missions in the future.




5.2. CFOSAT


The CFOSAT satellite is scheduled for launch in 2018. The payload instruments are Surface Waves Investigation and Monitoring (SWIM) and a rotating scatterometer. SWIM operates in the Ku-band, with VV polarization, at small incidence angles. At low wind speeds, the interface between the atmosphere and sea surface is well-clarified. Moreover, the VV-polarized NRCS is similar to the HH-polarized NRCS at small incidence angles for the quasi-specular scattering mechanism. Therefore, at high wind conditions, the NRCS acquired from VV polarization probably shares similar dependence on incidence angle to those acquired from HH.



In extreme wind conditions, the atmosphere ocean interface essentially disappears and the sea surface becomes relatively “smooth” for the Ku-band (or the NRCS will conform to the quasi-specular backscattering results, such as Equation (1)). Beneath the interface are the water balls surrounded by the atmosphere and beneath the water balls may be the ocean water fluctuation. CFOSAT SWIM detects the ocean wave spectra based on the tilted ocean surface modulation, that is, the variations of backscattering cross section of long waves are linearly proportional to the sea surface slopes:


[image: there is no content]



(4)







Here, [image: there is no content] is backscattering cross section of long waves, [image: there is no content] the modulation transfer function (related to the incidence angle), and [image: there is no content] the sea surface slope. After spectral estimation, the sea wave spectra can be acquired [41]. However, in extreme wind conditions the information of ocean water fluctuation at the bottom cannot be acquired by the Ku-band EM waves because the relatively “smooth” surface backscatters EM energy and thus no fluctuation signals can be used to retrieve the ocean water fluctuation. The dramatic decrement of NRCS with increasing incidence angle can flag the presence of a high sea state; that is, can qualitatively indicate the severity of the sea-wave spectra.




5.3. Altimeter


In the near future, wide swath ocean altimeters (WSOA), HY-2B etc. will be launched. They all operate at small incidence angles. Here, a preliminary NRCS dependence on high wind speed is shown, and more validation is needed at nadir incidence angles.



The potential impacts of the NRCS characteristics at extremely high wind speeds on altimetry may be the distorted waveforms reflected from the “smooth” sea surface. The waveforms will peak with very steep leading and sharp trailing edges, just like a delta function, which appears when the nadir direction surface is land occupied by ice. This phenomenon will lead to errors for estimates of the sea surface height or the wrong land flag. Thus, this influence cannot be neglected.





6. Conclusions


In this paper, in order to analyze the NRCS at low incidence angles at extreme wind condition, the wind speed from SFMR and NRCS from PR on TRMM or altimeters are collocated. After the data statistics are computed and a simple quality control criterion is specified, the NRCS dependencies on incidence angle from 0° to 18° and wind speed from 6 m/s to 70 m/s are shown.



The NRCS values at moderate and low wind speeds are compared with those from a geometrical optical model, which confirms the consistency among them. Figure 4 and Figure 5 show that there are only small differences at wind speed 20 m/s and incidence angles 0°, 15°–18°. The optical model is developed by the NRCS from PR and wind speeds from NDBC. Taking into account the SFMR wind speed error in contrast to that from NDBC, the NRCS dependence is generally consistent with that of the optical model.



At extremely high wind speeds, the characteristics of the NRCS are shown in Figure 6 and Figure 7. These results have not been reported previously in the literature. We have found that the NRCS increases drastically with increasing wind speeds from about 32 m/s to 40 m/s at near-nadir incidence angles and then becomes generally invariable, for higher winds. At about 11°–13°, the NRCS is nearly invariant for all kinds of wind conditions (wind speeds from 6 m/s to 70 m/s). When the incidence angles increase to about 18°, the saturation is shown to occur at around 30 m/s–32 m/s, as expected, which is the same as that of scatterometers. However, the NRCS at near 18° decreases drastically from 32 m/s to 40 m/s and then becomes nearly constant for higher winds. Generally, the NRCS values at extremely high wind speeds have large values at near-nadir incidence angels and then decrease drastically with increasing incidence angles. In Figure 8 and Figure 9, the matchups from Jason-1 and 2 and SFMR are collected; the same NRCS characteristics at nadir incidence angles as found for PR can also confirm the results, although the number of points at extremely high wind speeds is too small to be statistically significant.



The NRCS dependence on incidence angles at extremely high wind speed is generally presented in Figure 10 and a simple formula is given by Equation (3). In physical terms, at extremely high wind speeds for Ku-band EM wave and HH polarization, the sea surface becomes very “smooth”, just like a “mirror”, and only this assumption can explain the characteristics of the NRCS values in Figure 10. This is consistent with the [image: there is no content] decrement at high wind speed, which has been discovered by many researchers with in-situ measurements.



The new discovery may have potential use for the future missions, such as CFOSAT, WSOA, etc. Because of the scarcity of the data at high wind speeds, the data points are not enough for validation at 0° incidence angle and the phenomenon can be verified in more detail by NRCS at nadir angles and medium angles.
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