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ABSTRACT 

 

 
Wave and wind direction effects on remote sensing measurements of ocean surface 

emissivity are investigated using a microwave radiometer in high wind conditions with a focus 

on tropical cyclones.  Surface wind speed, which drives many atmospheric and oceanic 

phenomena, can be inferred from the ocean surface emissivity measurements through the use of 

a radiative transfer model and inversion algorithm.  The accuracy of the ocean surface emissivity 

to wind speed calibration relies on accurate knowledge of the surface variables that are 

influencing the ocean surface emissivity.  This study will identify an asymmetry in ocean surface 

emissivity measurements at off-nadir incidence angles that is related to the surface wind 

direction modifying the distribution of whitewater coverage, which is composed of active 

whitecaps and residual foam that persists after wave breaking, on the ocean surface in high wind 

conditions viewed by the radiometer.  It will also be shown that asymmetries are present in ocean 

surface emissivity measurements from a nadir pointing instrument in hurricanes.  This 

asymmetry can be related to swell and wind wave propagation directions with respect to the 

wind direction modifying the stress on the ocean surface, which presumably impacts the wave 

breaking and thus the whitewater coverage characteristics on the ocean surface.  These results 

help achieve the study goals: 1) improving the understanding of how wave and wind direction 

modify ocean surface emissivity in high wind conditions and 2) identifying conditions, 

particularly in tropical cyclones, where wind direction and sea state modify the ocean surface 

emissivity and should be considered in order to further improve algorithms for the remote 

sensing of the surface wind. 



1 

CHAPTER 1 

 

INTRODUCTION 

 Remotely sensed measurements of ocean surface emissivity at microwave wavelengths 

are commonly used to estimate surface wind speeds over the oceans.  As wind speed increases, 

surface roughness and whitewater coverage (composed of active whitecaps and residual foam 

that persists after wave breaking) increases, leading to an increase of the ocean surface 

emissivity.  However, there are many other factors that can influence the ocean surface 

emissivity beyond the wind speed such as wind direction, sea surface temperature (SST), and 

wave direction (both swell and wind waves).  The greatest factor that determines the emissivity 

of the ocean surface is the SST; however, when SST is held constant it is the wind speed that 

primarily drives the changes in the ocean surface emissivity measured by microwave radiometers 

(Uhlhorn and Black 2003, Petty 2006).  The extent to which wind direction and wave direction 

impact ocean surface emissivity measurements is not fully understood, especially at high wind 

speeds particularly in tropical cyclones.  At lower wind speeds, remote sensing is sensitive to 

surface stress and tuned to a type of wind described below. 

The differences between the wind direction, directions of wave propagation, and surface 

currents act to modify the stress on the ocean surface (Geernaert 1988, Maat et al. 1991, Dobson 

et al. 1994, Donelan et al. 1997, Dupuis et al. 1997).  Wind stress (proportional to the friction 

velocity (u*) squared) on the ocean surface is related to the 10 m wind speed (U10) through 

knowledge of the atmospheric stability (which is largely a function of air temperature minus 

SST) and sea surface conditions (Liu et al. 1979, Paget et al. 2015).  Remotely sensed winds 

cannot measure how winds adjust with height above the surface, and are hence defined as 

equivalent neutral winds (U10EN; Cardone 1969, Ross et al. 1985, Cardone et al. 1996, Verschell 

et al. 1999, Kara et al. 2008), which account for the influence of atmospheric stability through 

changes to wind stress.  Equation 1 presents the log wind profile relationship of U10 

    𝑈"# −	𝑈&'( =
𝒖∗

,
ln

"#

/∘
− 𝜑 10, 𝑧∘, 𝐿           (1) 
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where Usfc is the velocity reference frame (the surface current), k is von Karman’s constant, zo is 

the roughness length (measure of the aerodynamics of the surface, and a function of u*), and j is 

the atmospheric stability, which is a function of height above the local mean surface (z = 10 m in 

this example), zo, and L, the Monin-Obukhov scale length (Liu et al. 1979, Bourassa 2006, Kara 

et al. 2008).  Values of u*, zo, and j are calculated from equation 1 and then U10EN can be 

calculated using the same functional form as equation 1 and the same non-neutral values of u* 

and zo, but setting Usfc and j to zero.  To illustrate the impact of atmospheric stability on U10EN, 

Figure 1 (generated by Mark Bourassa, personal communication 2016) displays the difference in 

U10EN when neutral winds are assumed for non-neutral conditions.  The U10EN values are 

calculated using non-neutral values of u* and zo and the value of U10EN with neutral values of u* 

and zo is subtracted.  Figure 1 shows this difference in U10EN as a function of stability (air 

temperature (Tair) minus SST) and 10 m wind speed calculated using the Bourassa-Vincent-

Wood (BVW) flux model (Bourassa et al. 1999).  Positive Tair - SST values indicate stable 

conditions and negative values indicate unstable conditions.  At the wind speeds considered in  

 

 

 

 

Figure 1:  Difference in U10EN calculated using non-neutral values of u* and zo versus the neutral 

values of u* and zo (contours) plotted as a function of stability (air temperature minus SST) and 

wind speed (generated by Mark Bourassa, personal communication 2016). 
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this study (greater than 10 ms
-1

), the difference in U10EN for non-neutral versus neutral 

calculations is on the order of tenths of a ms
-1

 change for stability conditions likely to be 

encountered in the data used by this study.  Therefore, changes in stability are not considered in 

this study.  This means that for the high wind speeds considered in this study that equivalent 

neutral winds are nearly equal to 10 m mean winds, assuming that the mean horizontal surface 

motion (e.g., the mean current) is small and that the stress is not altered by directional sea state 

other than in the manner accounted for by the sea state evolving as a function of wind speed 

(Charnock 1955). 

Although the magnitude of the changes in the ocean surface emissivity related to wind 

direction and wave direction are likely small relative to those from the wind speed, it is still 

important to identify the effects that they have in order to improve ocean surface emissivity to 

wind speed calibrations.  Wind speed is a key variable used to understand many phenomena such 

as the atmospheric circulation, surface fluxes, oceanic upwelling, and the oceanic circulation.  

There are also many societal impacts that come from being able to accurately retrieve wind 

speed measurements such as improving forecasts, which can lead to better preparation by the 

public for impending adverse weather conditions.  In addition, wind-induced surface emissivity 

can be a source of unwanted error for retrievals of other remotely sensed variables including 

SST, sea surface salinity, ocean color, columnar atmospheric water vapor, and liquid cloud 

water.    

 Meissner and Wentz (2012) have investigated the relationship between wind direction 

and ocean surface emissivity at wind speeds up to 18 ms
-1

 and found an increase in the ocean 

surface emissivity when the microwave radiometer observed the surface in the crosswind 

direction.  However, this relationship has not been investigated at high wind speeds or in tropical 

cyclone conditions, which is the focus of this paper.  The Stepped-Frequency Microwave 

Radiometer (SFMR) is an airborne sensor mounted on the hurricane hunter aircraft, which has 

allowed for the collection of emissivity measurements in tropical cyclones over a wide range of 

wind speeds.  With the use of the SFMR data it is possible to investigate the wind direction 

signal identified by Meissner and Wentz (2012) in high wind conditions. 

 The effect of wave direction on ocean surface emissivity measurements has proven much 

more difficult to study because of a lack of collocated ocean surface emissivity and wave spectra 

measurements.  It has been hypothesized by many studies (Uhlhorn and Black 2003, Powell et al. 
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2009, Meissner and Wentz 2012) that sea state influences ocean surface emissivity 

measurements by modifying the development of the wave field.  With the aid of aircraft videos, 

wave spectra models, and hurricane wave spectra studies this study will provide an analysis of 

the effect of sea state on SFMR ocean surface emissivity measurements in hurricanes. 

 The goals of this study are 1) to improve the understanding of how wave and wind 

direction modify the ocean surface emissivity in high wind conditions, and 2) to identify 

conditions, particularly in tropical cyclones, where wind direction and sea state modify the ocean 

surface emissivity and should be considered in order to further improve algorithms for the 

remote sensing of the surface wind.  By achieving these goals through the use of SFMR 

measurements at nadir and off-nadir incidence angles to better understand the physics, it will be 

possible to obtain more accurate emissivity to surface wind speed (and potentially wind 

direction) calibrations over the ocean by instruments like the SFMR or the Hurricane Imaging 

Radiometer (HIRad), which is designed to obtain a swath of wind speed measurements in 

tropical cyclones.  Chapter 2 will discuss the SFMR and details relating to the retrieval of wind 

speed.  Chapter 3 will present the analysis of the off-nadir SFMR measurements collected in 

tropical cyclones and winter storms and show that the wind direction signal identified by 

Meissner and Wentz (2012) is present at higher wind speeds and over a larger range of incidence 

angles.  Chapter 4 will discuss the analysis of the nadir SFMR measurements collected in 

hurricanes and relates hurricane relative azimuthal and radial asymmetries in that data to changes 

in the sea state.  
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CHAPTER 2 

 

STEPPED-FREQUENCY MICROWAVE RADIOMETER 

 

2.1 Development and Design 

The SFMR is a passive, airborne, C-band microwave radiometer designed to measure 

surface wind speed and rain rate in hurricanes.  It was originally developed in 1978 (Harrington 

1980) and has been flown into hurricanes since 1980 (Jones et al. 1981).  Since it was first 

developed, there have been several iterations on the design of the SFMR, with the most recent 

version flown for the first time in 2004.  The SFMR was considered experimental through 2004 

and became operational on the National Oceanic and Atmospheric Administration (NOAA) WP-

3D hurricane hunter aircraft in 2005.  It was installed for operations on the Air Force Reserve 

Command WC-130J hurricane hunter aircraft in 2007 (Uhlhorn et al. 2007).   

The current version of the SFMR operates at six frequencies (4.74, 5.31, 5.57, 6.02, 6.69, 

and 7.09 GHz) and is designed to obtain surface emissivity measurements, expressed in terms of 

brightness temperature (TB), at nadir below the aircraft during level flight.  As with changes in 

altitude, look angle related changes in optical thickness of the atmosphere would impact the 

retrievals.  The SFMR footprint size is a funciton of altitude and at off-nadir incidence angles 

(which are examined in this study), the footprint size increases with incidence angle as altitude is 

held constant (Figure 2); however, the solid angle remains the same conserving the amount of 

intensity observed being observed from the surface (Petty 2006).  Therefore, changes in the 

emissivity measured by the SFMR at off-nadir incidence angles is not related to changes in the 

geometry of the SFMR footprint, assuming the surface characteristics are homogenous over the 

footprint.  In rain-free conditions (off-nadir data examined in this study is rain-free) this is a 

good assumption. 

Under high wind conditions, the primary change in the ocean surface emissivity is from 

the change in the fractional coverage of whitecaps and foam on the ocean surface generated by 

breaking waves (Nordberg et al. 1971; Rosenkranz and Staelin 1972).  In general, as wind speed 

increases, the coverage of whitecaps and foam on the ocean surface increases, increasing the 

brightness temperature measured by a microwave radiometer (Ross and Cardone 1974; Webster 
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et al. 1976; Swift et al. 1984; Tanner et al. 1987).  This relationship between whitecapping and 

foam on the ocean surface with increasing surface wind speed allows the SFMR to obtain 

accurate surface wind speed measurements at wind speeds above about 10  ms
-1

 (below 10  ms
-1

 

there is insufficient whitecapping and foam) through category 5 hurricane wind speeds of greater 

than 70  ms
-1

. 

 

 

 

 

 

In order to obtain surface wind speed measurements from the SFMR-measured brightness 

temperatures, a forward radiative transfer model is implemented to compute a modeled 

emissivity and an inversion algorithm minimizes the differences between the observed and 

modeled emissivities to solve for wind speed and rain rate.  A detailed discussion of the forward 

radiative transfer model is presented in section 2.1.1 and discussion of the inversion algorithm is 

provided in section 2.1.2. 

2.1.1 Forward Radiative Transfer Model 

 The SFMR forward radiative transfer model estimates the brightness temperature of the 

scene below the aircraft flight level.  The following is a summarization of the detailed discussion 

of the model provided in Uhlhorn and Black (2003).  The total brightness temperature measured 

at flight level is comprised of several components (Figure 3), including the reflected cosmic 

radiation (TBcos), the reflected downwelling atmospheric radiation (TBdown), the upwelling 

Figure 2:  SFMR footprint size at 3000 m altitude where the along track  and cross track 

distances are with respect to the aircraft location and heading.  The color of the footprint outlines 

denote the incidence angle shown in the upper left of the plot. 
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atmospheric radiation (TBup), and the radiative emission from the ocean surface attenuated by the 

intervening atmosphere (TBocean).  Under calm wind and rain-free conditions, TBocean comprises 

~95% of the measured brightness temperature.  At microwave frequencies, radiative absorption 

in the atmosphere is primarily from oxygen molecules, water vapor molecules, and liquid water 

particles.  Liquid water particles can also scatter radiation in the atmosphere. 

 

 

 

 

 

Using the Rayleigh-Jeans approximation to Planck’s law, which is applicable at 

microwave wavelengths, the relationship between the temperature (T), emissivity (e), and 

brightness temperature (TB) of an object simplifies to: 

This relationship states that the emissivity of an object is equal to the ratio of the object’s 

brightness temperature, which is the temperature that the object would emit at if it were a 

blackbody, to the actual temperature of the object, at a specific wavelength.  Assuming no 

scattering and that absorptivity equals 1-t (i.e. there is no reflection in the atmosphere), where t 

is the transmissivity, Kirchhoff’s Law can be expressed as, 

      𝜀 = 1 − 𝜏.                       (3) 

Figure 3:  Diagram of the SFMR radiative transfer model (Figure A1 in Uhlhorn and Black 

(2003). 

      𝜀 =
9:

9
              (2) 
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Combining equation 2 with Kirchhoff’s Law, the brightness temperatures for the individual 

radiation sources can be expressed as follows. 

 The downwelling atmospheric radiation is a sum of contributions from hydrometeor and 

gaseous sources: 

where T is the physical temperature in Kelvin, r and a denote that the values are with respect to 

rain and the atmosphere, respectively, and ¥ indicates that the values are for the entire 

atmospheric column.  The angle brackets indicate a mass-weighted layer average.  The 

transmissivity of the rain column can be computed by using: 

where kr is the rain absorption coefficient and hr is the height of the rain column.  This 

parameterization assumes a uniform rain absorption coefficient.  The rain absorption coefficient 

(Np km
-1

) is modeled as: 

where n=cR
d
, the coefficients g, c, d, and b are empirically determined, and R is the rain rate.  

Klotz and Uhlhorn (2014) revised the coefficients to improve the wind speed retrieval at high 

rain rates and low wind speeds, where rain has a larger impact.  The revised coefficient values 

are:  𝑔, 𝑐, 𝑑, 𝑏 = 3.94×10DE, 2.63, 0.0600, 0.87 .		In previous versions of the algorithm the 

height of the rain column was set to a constant 4km.  However, Klotz and Uhlhorn (2014) 

updated the algorithm to compute the freezing level, H, based on the aircraft flight-level 

temperature and altitude.  They assumed a typical hurricane temperature profile.  The new 

freezing level is given as: 

where h is the aircraft altitude (m), Tamb is the ambient flight-level temperature (C), and 𝛾 =

5.22×10DL C m
-1

.  The mean lapse rate (g) of the column was determined using hurricane 

   𝑇NOPQR = 1 − 𝜏S,T 𝑇S,T + 𝜏S,T 1 − 𝜏V,T 𝑇V,T           (4) 

     𝜏S = 𝑒𝑥𝑝 −𝜅SℎS             (5) 

     𝜅S = 𝑔𝑓R𝑅^             (6) 

     𝐻 = ℎ + 𝛾D"𝑇V`^            (7) 
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dropsonde temperature profiles (Zhang and Uhlhorn 2012).  For off-nadir incidence angles, h 

needs to be adjusted to account for changes in the path length through the atmosphere and hr 

must also be adjusted to account for the changes to the distance traveled through the rain column.  

In the calculations of h and hr at off-nadir incidence angles in this study, the altitude is divided 

by the cosine of the incidence angle to obtain the corrected distance and no additional 

adjustments are made to the calculation of hr since the cases used in this study occur in rain-free 

conditions. 

The downwelling cosmic radiation is added to the downwelling atmospheric radiation to 

obtain the total sky brightness temperature (TBsky): 

The reflected portion of the total sky brightness temperature is then (1-e)TBsky, where e is the 

ocean surface emissivity at the microwave frequencies used by the SFMR.  The ocean surface 

brightness temperature is given as: 

where SST is the sea surface temperature.  The upward emission from the atmosphere below the 

aircraft is: 

where A/C denotes that the quantity is for the layer below the aircraft to the surface.  The total 

brightness temperature below the aircraft is then: 

Uhlhorn et al. (2007) solved equation 11 to get an expression for e: 

   𝑇N&,a = 𝑇NOPQR + 𝜏S,T 1 − 𝜏S,T𝜏V,T 𝑇N(P&           (8) 

     𝑇NP(bVR = 𝜀 ⋅ 𝑆𝑆𝑇            (9) 

    𝑇Nef = 1 − 𝜏S,g/i𝜏V,g/i 𝑇V,g/i            

(10)  

   𝑇N = 𝜏S,g/i𝜏V,g/i 𝑇NP(bVR + (1 − 𝜀)𝑇N&,a + 𝑇Nef       (11) 

    𝜀 =
9:D lm,n/olp,n/o 9:qrsD9:tu

lm,n/olp,n/o vv9D9:qrs
          (12) 



10 

Klotz and Uhlhorn then simplified equation 12 for rain-free conditions where tr,A/C = 1: 

To obtain the wind-induced component of the ocean surface emissivity, ew, sometimes referred 

to as the excess emissivity, the specular sea surface emissivity, e0, must be subtracted.  For a 

smooth ocean surface, radiation is either absorbed or reflected and can be expressed, as shown 

by Klotz and Uhlhorn (2014), as: 

where G is the Fresnel reflection coefficient calculated using the Klein and Swift (1977) 

algorithm and is a function of polarization (p), frequency (f), SST, surface salinity (S), and 

incidence angle (q).  Klotz and Uhlhorn (2014) then showed that the relationship between the 

wind-induced emissivity (function of frequency and surface wind speed (Usfc)), the ocean surface 

emissivity (function of frequency, SST, surface salinity, and surface wind speed), and the 

specular sea surface emissivity can then be expressed as: 

The wind-induced emissivity can be calculated from SFMR TB observations and compared to 

dropsonde wind speeds to fit a piecewise nonlinear least squares function.  Uhlhorn et al. (2007) 

and Klotz and Uhlhorn (2014) have updated the original observationally determined piecewise 

nonlinear least squares function fit for the wind-induced emissivity of the 4.74 GHz channel 

from Uhlhorn and Black (2003).  The fit is made to the 4.74 GHz channel since it is least 

impacted by rain.  Figure 4 displays the data used by Klotz and Uhlhorn (2014) to determine 

their function fit, as well as the function fit from Uhlhorn et al. (2007).  The function fit from 

Klotz and Uhlhorn (2014) is: 

    𝜀 =
lp,n/o

wx
9:D9:tu D9:qrs

vv9D9:qrs
          (13) 

     𝜀# = 1 − Γ           (14) 

   𝜀Q 𝑓, 𝑈&'( = 𝜀 𝑓, 𝑆𝑆𝑇, 𝑆, 𝑈&'( − 𝜀# 𝑝, 𝑓, 𝑆𝑆𝑇, 𝑆, 𝜃        (15) 
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 where wl = 7  ms
-1

, wu = 37.0  ms
-1

, and the best-fit parameters are: 

𝑎", 𝑎|, 𝑎L, 𝑎}, 𝑎~, 𝑎E = 0.1232, 0.3440, 0.0249, 0.0070,−9.266, 0.5444 ×10D| 

 

 

 

 

 

The SFMR algorithm implements this function to compute the modeled wind-induced emissivity 

from first-guess wind speeds.  To obtain the wind-induced emissivity for the other SFMR 

channels, Uhlhorn et al. (2007) implemented a frequency dependent correction, which was 

subsequently updated by Klotz and Uhlhorn (2014): 

where 𝜀Q
� is the sensitivity to frequency and Df is the change in frequency from 4.74 GHz.  The  

   𝜀Q,}.�} =

𝑎"𝑈&'( ,																																					0 ≤ 𝑈&'( < 𝑤�

𝑎| + 𝑎L𝑈&'( + 𝑎}𝑈&'(
| ,									𝑤� ≤ 𝑈&'( > 𝑤e

𝑎~ + 𝑎E𝑈&'( ,																											𝑤e ≤ 𝑈&'(

       (16) 

Figure 4:  Figure 3a from Klotz and Uhlhorn (2014) depicting the relationship between the wind-

induced (or excess) emissivity (ew) and dropsonde surface wind speed (Usfc).  The blue line is the 

function fit from Uhlhorn et al. (2007) and the red line is the updated function fit from Klotz and 

Uhlhorn (2014). 

 𝜀Q
� ∆𝑓 = 5.166×10DE𝑈&'(

| + 1.860×10D~𝑈&'( + 2.788×10
D} ∗ (𝑓 − 4.74)      (17) 
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modeled ocean surface emissivity, for a given frequency, is then a sum of the modeled 4.74 GHz 

wind-induced emissivity, the frequency correction, and the modeled specular sea surface 

emissivity: 

Next, the modeled ocean surface emissivity is used by the SFMR algorithm to compute the 

modeled TB using equation 11, which is then used by the inversion algorithm to obtain surface 

wind speed and rain rate estimates. 

2.1.2 Inversion Algorithm 

 The SFMR inversion algorithm, as explained in Uhlhorn and Black (2003), uses a least 

squares inversion method that aims to minimize the difference between the measured and 

modeled brightness temperatures in order to solve for wind speed and rain rate.  A physical 

model from Pedersen (1990) is used as the basis of the algorithm, which relates an n-length 

vector of modeled brightness temperatures, T, to an m-length vector of retrieved parameters, p, 

which in our case would be wind speed and rain rate: 

where W is a matrix containing the partial derivatives of T with respect to p: 

The SFMR brightness temperatures, 𝑻R, are then denoted as: 

where the 𝝐R is an error vector.  The solution vector for wind speed and rain rate, 𝒑, is then 

computed from: 

    𝜀 = 𝜀Q,}.�} + 𝜀Q
� ∆𝑓 + 𝜀#          (18) 

     𝑻R = 𝑾R` ∙ 𝒑`          (19) 

     𝑾R` =
�𝑻�

�𝒑𝒎
           (20) 

    𝑻R = 𝑾R` ∙ 𝒑` + 𝝐R = 𝑻R + 𝝐R         (21) 

     𝒑 = 𝑾9𝑾 D"𝑾9𝑻          (22) 
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where W
T
 is the transpose matrix of W.  The final solution vector for wind speed and rain rate is 

determined when the sum of squared differences between the observed and modeled brightness 

temperatures is minimized, or: 

2.2 Modeled TB and Sensitivity Tests 

 The relationship of the modeled brightness temperature (calculated using equation 11) 

and wind speed with frequency at nadir for standard values of flight data and wind speeds 

utilized in this study is shown in Figure 5.  The standard values prescribed in the calculation are 

an aircraft altitude of 3200 m, flight level temperature of 10.0° C, SST of 28.0° C, and rain rate 

of 0 mm/hr.  A salinity value of 36.0 ppm is used.  The relationship of increasing brightness 

temperature with wind speed can clearly be seen in Figure 5.  When comparing the modeled 

brightness temperatures between the six different frequencies, it is shown that for a given wind 

speed, the modeled brightness temperature increases with frequency.  Another feature to note in 

Figure 5 is that the difference in the modeled brightness temperature between frequencies is 

larger at higher wind speeds than lower wind speeds.  Next, to test the sensitivity of the SFMR 

radiative transfer model to aircraft altitude, flight level temperature, SST, and rain rate, the 

modeled brightness temperatures are computed by varying one of the variables while holding all 

others constant at the standard values listed above. 

The sensitivity of the model to aircraft altitude is tested by computing the modeled 

brightness temperature using aircraft altitudes of 2500 m to 5000 m at 250m intervals for wind 

speeds of 0 ms
-1

 to 70 ms
-1

.  These aircraft altitudes cover the typical altitudes for flights used in 

this study.  As shown in Figure 6 for frequencies of 4.74 GHz and 7.09 GHz, the modeled 

brightness temperature and wind speed relationship changes very little with altitude indicating 

that the variation in the path length at off-nadir incidence angles in rain-free conditions will have 

very little impact on the calculations.  A small increase in modeled brightness temperature from 

4.74 GHz to 7.09 GHz can be seen, but is related to the change in frequency and not to changes 

in aircraft altitude. 

    𝑻� − 𝑾��𝒑�
`
��"

|
= minimumR

��"         (23) 
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To test the sensitivity of the model to flight level air temperature, modeled brightness 

temperatures are computed for air temperatures of 0°C to 20°C at 2°C intervals over the 0 ms
-1

 to 

70 ms
-1

 wind speed range.  This range of flight level temperatures covers a large portion of the 

flight level temperatures encountered by the flights used in this study.  Figure 7 displays the 

relationship of modeled brightness temperature and wind speed for the 4.74 GHz and 7.09 GHz 

frequencies.  The modeled brightness temperatures change very little with flight level air 

temperature, but a similar increase with frequency, as shown in Figure 6, is also seen in these 

plots. 

Modeled brightness temperature sensitivity to rain rate is tested for rain rates of 0 mm/hr 

to 20 mm/hr at 2 mm/hr increments over wind speeds of 0 ms
-1

 to 70 ms
-1

.  Rain rates in 

hurricanes can reach much higher values, but the range of rain rates tested here shows the 

relationship of modeled brightness temperature and wind speed.  The relationship is shown in 

Figure 8 for frequencies of 4.74 GHz and 7.09 GHz.  There is a large difference in the modeled  

Figure 5:  Modeled brightness temperature vs wind speed at nadir for all six SFMR frequencies.  

The colors of the lines correspond to the frequencies listed in the upper left hand corner of the 

plot. 
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Figure 6:  Modeled brightness temperature vs wind speed at 4.74 GHz (a) and 7.09 GHz (b) for a 

range of altitudes.  Colors denote the aircraft altitude used in the computation of the modeled 

brightness temperature.  The altitude values are given in the legend in (a). 

Figure 7:  Modeled brightness temperature vs wind speed at 4.74 GHz (a) and 7.09 GHz (b) for a 

range of flight level air temperatures.  Colors denote the flight level temperature used in the 

computation of the modeled brightness temperature.  The temperature values are given in the 

legend in (a). 
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brightness temperature for different rain rates and between frequencies.  Focusing on the 

differences in modeled brightness temperature for the different rain rates tested, it is noted that as 

rain rate increases, the modeled brightness temperature also increases for a given wind speed.  

Physically, this result makes sense because when more water particles are present in the rain 

column, more radiation will be absorbed and re-emitted by the water particles thus increasing the 

emissivity of the column and leading to a warmer brightness temperature.  Another feature worth 

noting is that the change in the modeled brightness temperature with increasing rain rate is larger 

at lower wind speeds than at higher wind speeds.  Now, focusing on the changes between the 

4.74 GHz and 7.09 GHz frequencies, the main feature to note is that the difference between the 

modeled brightness temperatures with increasing rain rate is much larger for the 7.09 GHz 

frequency than the 4.74 GHz frequency.  Again, this makes sense physically since as the 

frequency increases, the wavelength is decreasing allowing for more absorption by more rain 

drops.  If more radiation is absorbed then more radiation will be emitted, thus increasing the  

 

 

 

 

 

Figure 8:  Modeled brightness temperature vs wind speed at 4.74 GHz (a) and 7.09 GHz (b) for a 

range of rain rates.  Colors denote the rain rates used in the computation of the modeled 

brightness temperature.  The rain rate values are given in the legend in (a). 
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brightness temperature measured by at the aircraft level.  This sensitivity to rain rate is another 

indicator that at off-nadir incidence angles great care must be taken to properly account for 

changes in the distance of the rain column. 

Finally, to investigate the sensitivity of the modeled brightness temperature to SST, 

values for SST of 21°C to 31°C at 1°C intervals are tested over the wind speed range of 0 ms
-1

 to 

70 ms
-1

.  Typical SST values in regions where tropical cyclones occur are at or above 26° C; 

however, flights with the SFMR have occurred over areas of cooler SSTs.  Figure 9 displays how 

the modeled brightness temperature changes with increasing SST for frequencies of 4.74 GHz 

and 7.09 GHz.  The modeled brightness temperature increases slightly with increasing SST for a 

given wind speed, which is expected since the largest component of the measured brightness 

temperature is from the ocean surface so as the temperature of the ocean surface increases, the 

measured brightness temperature increases.  While the changes in modeled brightness 

temperature are larger than those for the altitude and flight level temperature sensitivity tests, 

they are not nearly as large as the changes that occur with increasing rain rate.  Also notable is  

 

 

 

Figure 9:  Modeled brightness temperature vs wind speed at 4.74 GHz (a) and 7.09 GHz (b) for a 

range of SSTs.  Colors denote the SSTs used in the computation of the modeled brightness 

temperature.  The SST values are given in the legend in (a). 
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that the change in the modeled brightness temperature with SST is similar at all wind speeds.  

Once again, the modeled brightness temperature at 7.09 GHz is slightly warmer than at 4.74 GHz 

and is related to the change in frequency, not to SST. 

 This sensitivity analysis of the aircraft altitude, flight level temperature, SST, and rain 

rate on the SFMR radiative transfer algorithm demonstrates that the primary changes in the 

brightness temperatures are from wind speed and rain rate.  The SST is responsible for the next 

largest change in the brightness temperatures; however, the changes are fairly uniform with wind 

speed and the SST typically does not vary much over the duration of a flight unless the flight 

takes place near a region with a strong SST gradient such as near currents like the Gulf stream.  

At off-nadir incidence angles, the lack of sensitivity to changes in the aircraft altitude indicate 

that in rain-free conditions, path length related changes will result in minimal corrections to the 

algorithm removal of the non-wind related components of the measured brightness temperature.  

This will allow for an accurate analysis of the wind or wave related changes observed in the 

brightness temperatures at off-nadir incidence angles.   
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CHAPTER 3 

 

OFF-NADIR ASYMMETRY 

 To investigate the effects of wind and wave direction on off-nadir SFMR measurements 

of ocean surface emissivity in high winds, data collected at several different incidence angles in 

tropical cyclones and winter storms over the northern Atlantic Ocean are examined.  The data 

collection method will be explained in section 3.1.  Section 3.2 will discuss the GPS 

dropwindsonde (hereinafter dropsonde) measurements of wind speed and direction, while section 

3.3 will discuss the wave direction measurements.  Information on identifying the tropical 

cyclone storm center locations and flight level data are discussed in section 3.4.  Quality control 

of the off-nadir SFMR data will be described in section 3.5.  The method for computing the 

wind-induced brightness temperature will be presented in section 3.6 and the results for the off-

nadir measurements will follow in section 3.7 showing that the off-nadir asymmetry is related to 

the wind direction. 

3.1 Data Collection 

Data for this study were collected as part of the NOAA Atlantic Oceanographic and 

Meteorolical Laboratory (AOML) Hurricane Research Division’s (HRD) hurricane field 

program in 2008 and 2014 and the NOAA 2015 Ocean Winds Winter experiment.  In order to 

obtain off-nadir incidence angle measurements with the SFMR, the aircraft must turn at a 

constant angle because the mounting of the SFMR is fixed pointing straight down at the surface 

when the aircraft is level (Figure 10).  Therefore, a special experiment was designed to collect 

SFMR data at off-nadir incidence angles with the NOAA WP-3Ds in tropical cyclones.  Note, at 

nadir the SFMR is linearly polarized, but when the aircraft turns it becomes horizontally 

polarized.  The SFMR high-incidence angle measurements experiment includes collecting SFMR 

data at several different specified incidence angles (also referred to as aircraft roll angles) over 

three consecutive circles in rain-free conditions for a wide range of wind speeds (Rogers et al. 

2014).  The primary incidence angles flown in the tropical cyclones that this study investigates 

are 15°, 30°, and 45°.  This experiment was designed to be flown in rain-free conditions to 

remove the additional contributions that rain may have on the off-nadir measurements as 

discussed in chapter 2.  It was also specified that a constant incidence angle be maintained to  
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reduce noise in the measurements that may be associated with changes in incidence angle.  In 

order to have a surface wind measurement to compare the SFMR measurements with, a 

dropsonde was released at the beginning or end of the circles.  An Airborne EXpendable 

BathyThermograph (AXBT) was also released at the beginning or end of the circles to obtain a 

SST measurement for input to the SFMR radiative transfer model.  The data that were collected 

in tropical cyclones is summarized in Table 1 and includes the storm name, date, dropsonde 

surface adjusted wind speed, and incidence angles flown for each flight.  The storm relative 

locations for the data listed in Table 1 that met the quality control checks, which will be 

discussed in the following sections, are shown in Figure 11.  Most of the data are located on the 

right side of the storms.   

To supplement the off-nadir data collected in tropical cyclones, data from the NOAA 

2015 Ocean Winds Winter experiments are also used (data provided by Paul Chang, personal 

communication 2015).  During the missions for this experiment, data were collected by the 

SFMR at incidence angles ranging from 10° to 60° in the northern Atlantic Ocean off the coast 

of Nova Scotia (Figure 12) using a similar procedure as the tropical cyclone SFMR high 

incidence angle measurements experiment design.  The variety and quantity of incidence angles  

Figure 10:  Schematic depicting the Earth incidence angle (q) for the center of the SFMR 

footprint (solid line) with respect to nadir (dashed line). 
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Storm Date 
Dropsonde Surface Adjusted 

Wind Speed ( ms
-1

) 
Incidence Angles 

Tropical Storm Dolly July 20, 2008 15.4 30°, 45° 

Hurricane Gustav August 31, 2008 35.2 30°, 45° 

Hurricane Bertha August 4, 2014 22.3  15°, 30°, 45° 

Hurricane Cristobal August 24, 2014 15.1 15°, 30°, 45° 

Hurricane Cristobal August 25, 2014 27.9 15°, 30°, 45° 

Hurricane Cristobal August 26, 2014 17.7 30°, 45° 

Hurricane Gonzalo October 15, 2014 23.2 (SFMR estimate) 20° 

Hurricane Gonzalo October 16, 2014 36.0 30°, 45° 

Hurricane Gonzalo October 17, 2014 40.5 30°, 45° 

 

 

 

 

Table 1:  Summary of the tropical cyclone off-nadir SFMR measurement flight data.  The 

dropsonde surface adjusted wind speed is given for a single dropsonde released in conjunction 

with the off-nadir data collection. 

Figure 11:  Storm relative locations (green dots) of the circles flown to collect SFMR data for 

this study.  Storm motion (blue arrow) is indicated as being towards the top of the plot. 
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Date 
Dropsonde Surface Adjusted Wind 

Speed ( ms
-1

) 
Incidence Angles (°) 

January 15, 2015 13.7 10,20,30,40,50,60 

January 16, 2015 11.54 10,20,30,40,50,60 

January 18, 2015 26.6  10,25,30,35,40,45,50 

January 20, 2015 11.95, 12.2 10,20,30,40,50,60 

January 23, 2015 18.34-20.5 10,20,25,30,35,40,45,50,55,60 

January 25, 2015 25.4-28.72 10,30,50,60 

January 29, 2015 7.47-8.13 10,20,30,40,50,60 

January 31, 2015 8.22-8.88 10,20,30,40,50,60 

February 1, 2015 14.28-17.6 10,20,30,40,50,60 

February 5, 2015 12.95-14.28 25,40 

February 8, 2015 16.77-17.68 25,40 

February 11, 2015 18.09-23.16 25,40 

February 12, 2015 8.88-15.94 25,40 

Figure 12:  SFMR off-nadir incidence angle data collection locations (green dots) for the 2015 

NOAA Ocean Winds Winter experiment. 

Table 2:  Summary of the off-nadir SFMR measurement flight data from the NOAA 2015 Ocean 

Winds Winter experiment.  The dropsonde surface adjusted wind speed is given for a single 

dropsonde or a range of wind speeds if multiple dropsondes were released in conjunction with 

the off-nadir data collection. 
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flown in these missions provided a great opportunity to examine the relationship between wave 

and wind direction and the off-nadir SFMR measurements in further detail than just using the 

tropical cyclone off-nadir SFMR measurements alone.  While the conditions that the winter data 

were collected in are different from those in the tropical cyclone environment, interactions 

between the wave and wind direction with the ocean surface are still present and will help 

improve the understanding of the effect of wave and wind direction on the SFMR measurements.  

As discussed in chapter 1, the differences in the atmospheric stability that may be present in the 

winter storm environment versus the tropical cyclone environment have very little impact on this 

analysis.  Table 2 summarizes the date, dropsonde surface adjusted wind speed, and incidence 

angles for the data from the winter flights. 

3.2 Dropsondes 

A dropsonde is an airborne expendable instrument that is launched through a chute in the 

hurricane hunter aircraft.  It obtains measurements of pressure, temperature, and humidity at a 

sampling rate of 2 Hz along with wind speed and wind direction at a sampling rate of 4 Hz 

(updated from 2 Hz in 2010) from when it is launched from the aircraft until it reaches the ocean 

surface (Hock and Franklin 1999, Vaisala 2014).  Dropsonde data are provided in many formats 

by NOAA HRD (www.aoml.noaa.gov/hrd/Storm_pages/sondeformat.html).  For this portion of 

the study, the raw dropsonde files are used and analyzed using the Earth Observing Laboratory 

(EOL) Atmospheric Sounding Processing Environment (ASPEN) software.  The ASPEN 

software applies 10 second smoothing to the raw data and performs quality control checks on 

many of the variables in the dropsdonde data including the pressure, temperature, humidity, 

vertical velocity, and horizontal wind components.  Layer mean wind speeds and directions are 

also computed in ASPEN and the layer mean wind speed for the lowest 150 m (WL150) is the 

wind speed utilized in this study.  The benefit of using the WL150 wind speed adjusted to the 

surface is that dropsondes may not always obtain measurements all the way to the surface and if 

they do, the instantaneous dropsonde surface wind speed measurement may contain more 

variability in the wind partially related to the nature of the semi-Lagranian measurement and 

thus, an adjusted layer mean wind speed should be more representative of the 1-min average 10 

m wind speed than the instanstaneous dropsonde surface wind speed measurement (Uhlhorn et 

al. 2007).  The WL150 wind speeds are adjusted to the surface by multiplying the WL150 wind 
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speed by the ratio (r) of the dropsonde near-surface wind speed to the WL150 wind speed 

corresponding to the lowest available dropsonde altitude (z) developed by Franklin et al. (2003) 

and given by the equation: 

The resulting adjusted surface wind speed is used as the comparison wind speed measurment for 

the SFMR brightness temperature data.  This adjustment was developed using hurricane eyewall 

dropsonde profiles.  Therefore, this adjustment may not be as accurate for the dropsondes 

released in the winter storm environment.  The roughness lengths might be different than those in 

the tropical cyclone environment because of changes to the fetch (differences in both distance 

and duration limits) and hence differences in the development stage of the wave field.  While a 

log wind profile is valid in both of these environments and the effects of stability were shown in 

chapter 1 to be minimal at the wind speeds being studied, the changes in the roughness length 

will result in changes to the log wind profile.  These changes would result in systematic errors 

(biases) in the adjusted wind.  However, the dropsonde surface adjusted wind speeds are only 

used for a general comparison between the off-nadir cases and do not impact the magnitude and 

shape of the asymmetries that will be shown in the SFMR brightness temperature data and the 

conclusions drawn from them.  

The dropsonde measurement of surface wind direction is compared with the flight level 

wind direction at launch in order to adjust the flight level wind directions to the surface for 

calculating the SFMR relative look angle with respect to surface wind direction at the coincident 

locations during the SFMR off-nadir data collection. For the tropical cyclone cases, a correction 

must be applied to the dropsonde surface wind direction to account for the horizontal translation 

of the dropsonde as it falls towards the surface before comparison with the flight level wind 

direction.  The translation angle is defined as the angle between a line connecting the launch and 

splash locations of the dropsonde and a line tangent to a circle passing through the launch 

location centered on the storm center location (Figure 13).  A negative translation angle would 

indicate that the dropsonde underwent inflow towards the center of the storm and a positive 

translation angle would indicate that the dropsonde underwent outflow away from the storm 

center.  The translation angle is then added to the dropsonde surface wind direction.  The flight 

level wind direction is then subtracted from this quantity to identify the correction that must be 

  𝑟 𝑧 = 1.0314 − 4.071 ⋅ 10DL𝑧 + 2.465 ⋅ 10D~𝑧| − 5.445 ⋅ 10D�𝑧L.       (24)     
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applied to the flight level wind directions to adjust them to the surface for all of the off-nadir 

SFMR measurement locations.  For the winter cases, the flight level wind direction is subtracted 

from the dropsonde surface wind direction to obtain the angle correction from flight level to the 

surface that needs to be applied to all of the flight level wind directions during the off-nadir data 

collection in order to adjust them to the surface. 

 

 

 

 

 

3.3 Storm Center Locations and Flight Level Data 

Aircraft flight level data are utilized in determining the storm center locations (also 

referred to as storm center fixes) of the tropical cyclones used in the calculation of the translation 

angle and storm relative locations of the data.  HRD provides the flight level data in many 

formats on their website and the version used in this study are the 1 second text files.  Among the 

variables provided in the flight level data are time, latitude, longitude, heading, geopotential 

altitude, flight level wind speed, flight level wind direction, and extrapolated surface pressure.  In 

order to identify the tropical cyclone storm center locations that occurred during the flights, 

thresholds are set on the flight level wind speed and extrapolated surface pressure.  The flight 

level wind speed is used because that is the wind speed being used by the aircraft crew to 

identify the storm center locations during flight and the SFMR is not reliable below ~10 ms
-1

.  

For a storm center location to be identified, the flight level wind speed has to be less than or 

equal to 9 ms
-1

 and the extrapolated surface pressure has to be within 9 mb of the minimum 

Figure 13:  Schematic depicting the translation angle (j).  The blue dot represents the 

dropsonde launch location while the green dot represents the dropsonde splash location.  The 

black dot denotes the storm center location and the dashed gray circle is the circle centered on 

the storm center passing through the dropsonde launch location. 



26 

measured extrapolated surface pressure.  These thresholds are determined through trial and error 

and are somewhat larger than may be expected, but this is so that storm center locations can still 

be identified when the aircraft passes very close to the center, but not exactly through it and they 

also account for the fact that the flight level center may not be vertically aligned with the surface 

center.  Ideally, the flight level wind speed should go to 0 ms
-1

 at the center of a tropical cyclone; 

however in some of the flights, the aircraft flew very close to the center, but did not perform a 

center fix.  The thresholds had to be adjusted in order to take advantage of the data to get more 

storm center locations between actual center fixes.  Typically, a sequence of points are identified 

as meeting the thresholds listed.  Therefore, the single point identified as the storm center 

location is the point in the sequence with the lowest flight level wind speed.  If multiple points 

have the lowest flight level wind speed then the storm center location is the average of their 

positions.  This method works very well for most of the tropical cyclones; however, the surface 

pressure threshold has to be reduced in magnitude for the weaker storms since a 9 mb range in 

surface pressure for a tropical storm would include data points for a much larger portion of the 

storm making it difficult to accurately identify the center locations.  Figure 14 gives an example 

for Hurricane Gustav (2008) of the points identified as possible storm center locations and the 

points selected as storm center locations for the extrapolated surface pressure and flight level 

wind speed and a plot of the flight track with the storm center locations is also shown. 

 

 

 

 

Figure 14:  Plots of extrapolated surface pressure (a), flight level wind speed (b), and the track 

(c) for Hurricane Gustav (2008).  Red dots in (a) and (b) denote locations identified by the center 

fix algorithm as possible center fixes and the yellow dots denote the locations selected as the 

center fix.  In (c) the colors correspond to the SFMR surface wind speed as shown in the color 

bar and the crosses denote the center fix locations.  
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3.4 Wave Directions 

The initial plan for identifying the wave direction at the location of the off-nadir SFMR 

measurements was to use wave spectra data obtained by the Wide Swath Radar Altimeter 

(WSRA).  However, the WSRA was not available during the flights that the off-nadir SFMR 

data were collected.  Therefore, the primary observational method available for obtaining surface 

wave directions was the video from the downward pointing camera mounted on the WP-3D 

aircraft.  When viewing the videos it is possible to track the arc-shapped active whitecaps from 

breaking waves between frames and determine the wave direction with respect to the video 

orientation (Figure 15).  Since the wave tracking method is dependent upon wave breaking, the 

primary wave directions will be those of wind waves.  However, it is possible to identify the 

direction of swell in some cases.  After determining the direction of the breaking waves with 

respect to the video orientation, the Earth-relative wave direction can be determined with 

 

 

 

 

 

Figure 15:  Video screen shot from the downward pointing camera at 20:18:29Z during the flight 

into Hurricane Cristobal (2014) on August 25.  The solid red arrow denotes the direction of wave 

propagation while the dashed red arrow denotes the direction the aircraft was traveling.  F is the 

angle between the wave propagation direction and the aircraft heading that is used to determine 

the Earth-relative wave direction. 
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knowledge of the camera mounting with respect to the aircraft heading at the time of the video 

frame.  An obvious drawback to this method is that it is not possible to see the ocean surface 

when there are clouds between the aircraft and the ocean surface obstructing the view.  The wave 

directions obtained from the aircraft video are also compared with visual observations from 

scientists onboard the aircraft, if available.  Another resource for comparing the aircraft video 

determined wave directions for the tropical storm flights are previous hurricane wave spectra 

studies (Wright et al. 2001, Elachi et al. 1977, Pore 1957, Holt and Gonzalez 1986, King and 

Shemdin 1978).  An example from one of the hurricane wave spectra studies consulted is given 

in Figure 16, which displays the primary wave field presented in Wright et al. (2001) for 

Hurricane Bonnie (1998) on August 24 that was measured by the scanning radar altimeter 

(SRA).  Unfortunately, aircraft videos are not available for the 2008 hurricane season.  

Therefore, wave directions are not obtained for Tropical Storm Dolly (2008) and Hurricane 

Gustav (2008). 

 

 

 
Figure 16:  Figure 12 from Wright et al. (2001) depicting Hurricane Bonnie’s (1998) primary 

wave field measured by the SRA.  The data locations are indicated by the circles and the thick 

dark lines extend in the direction of the wave propagation.  The length of the thick dark lines are 

proportionals to the wavelength and the width is proportional to the significant wave height.  The 

narrow lines indicate the HRD surface wind analysis.  Hurricane Bonnie’s track was 315° during 

the time period the measurements were gathered. 
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The wave directions for the winter off-nadir SFMR data are also compared with wave directions 

from WAVEWATCH III
TM

 (WW3; Chawla et al. 2013).  WW3 was developed at the National 

Centers for Environmental Prediction (NCEP) and is a third generation spectral wave model.  

NCEP maintains a historical archive of wave hindcasts from WW3 that are forced by NCEP 

Global Forecast System (GFS) analysis winds.  The hindcasts are provided for several different 

domains and grid spacings.  For this study, the global 30 arc-minute, or ½° x ½°, gridded data set 

is chosen and it has a temporal spacing of 3 hours.  This dataset provides 10 m wind speeds and 

wind direction from the GFS, significant wave height, peak period, and average wave direction 

at the peak period.   

As a first check on the WW3 data, the GFS surface winds are compared to the aircraft 

flight level winds and dropsonde winds, scatterometer winds, and buoy winds if available.  In 

2015, when the winter flights occurred, there were three scatterometers operating: the Advanced 

SCATterometer on Metop-A (ASCAT-A), the Advanced SCATtterometer on Metop-B 

(ASCAT-B), and the Rapid Scatterometer (RSCAT) on the International Space Station (ISS).  

 

 

 
Figure 17:  Plot of wind vectors for WW3 GFS (green), ASCAT-A (yellow), dropsondes (red), 

buoy (blue), and flight level (gray) with the flight track also shown in gray for February 1, 2015 

around 15Z.  The length of the wind vectors is proportional to the wind speed with the length of 

a 20 ms
-1

 wind vector shown to the bottom right of the plot in black.  The flight track is also 

shown with the thin gray line. 
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ASCAT-A and ASCAT-B are on polar orbiting satellites and they provide wind measurements 

over pairs of 550 km swaths that are seperated by about 360 km (Figa-Saldaña et al. 2002).  The 

ASCAT-A and ASCAT-B data used in this study have 12.5 km grid spacing and are provided by 

the Jet Propulsion Laboratory’s (JPL) Physical Oceanography Distributed Active Archive Center 

(PO.DAAC).  RSCAT has a much different orbit than ASCAT-A and ASCAT-B since it is on  

the ISS, which is in an orbit confined to latitudes between about 56° S and 56° N (JPL 2016).  

RSCAT has a 1000 km wide swath and the data for this study are also obtained from the JPL 

PO.DAAC on a 12.5 km grid spacing.  The use of three different scatterometers allows for a 

greater chance of coverage over the area of interest.  Figure 17 gives an example of the WW3 

GFS winds compared with winds from ASCAT-A, Environment Canada buoy 44137, two 

dropsondes, and flight level winds for the flight on February 1, 2015.  All of the wind 

measurements in Figure 17 occur between 14Z and 16Z on February 1 with the WW3 GFS 

winds at 15Z.  The WW3 GFS winds are in good agreement with the wind direction; however, 

the wind speed is only about half that of the wind speed measured by all of the other platforms.  

Since wave direction is the focus of the information to be gathered from WW3, the fact that the 

Figure 18:  Plot of WW3 peak wave directions (green arrows) and aircraft video wave directions 

(blue arrows) for the flight on February 5, 2015. The flight track is shown with the thin gray line. 
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WW3 GFS wind direction agrees with the other platforms gives us confidence in the WW3 peak 

wave directions. 

After verifying the WW3 GFS winds, the WW3 peak wave direction is compared to the 

visual observations from the aircraft videos (Figure 18).  In some cases, there can be some 

variation in the aircraft video wave direction observations.  This can occur for a couple of 

reasons: 1) the video observations have an error associated with the visual determination of the 

wave propagation since the direction of propagation is being estimated by the human eye and 2) 

the wave directions determined from video observations made while the aircraft is turning can be 

different within a few seconds of each other because the aircraft’s heading is changing as it turns.  

Therefore, if the WW3 peak wave direction is in good agreement with most of the video wave 

direction observations, the average WW3 peak wave direction over a region encompassing the 

aircraft turns is used.  For the winter cases that had aircraft video wave directions available, the 

WW3 peak wave is, for the most part, in very good agreement with the video observations.  

Therefore, for the cases in which there are no usable aircraft video observations for determining 

the surface wave direction, the average WW3 peak wave direction for the region encompassing 

the aircraft turns is used. 

3.5 Data Quality Control 

As part of the quality control of the tropical cyclone off-nadir SFMR measurements, the 

WP-3D lower fuselage radar data, provided by HRD, are used to check for precipitation.  The 

lower fuselage radar is a C-band radar mounted on the underside of the WP-3D aircraft that 

scans horizontally (Jorgensen 1984).  Figure 19 displays the radar reflectivity for the tropical 

cyclone off-nadir SFMR cases.  The radar reflectivity indicates that the off-nadir SFMR data 

collected in Tropical Storm Dolly, Hurricane Gustav, Hurricane Bertha, and Hurricane Cristobal 

occurred in rain-free regions.  For the flight into Hurricane Gonzalo on October 15, the data were 

collected in an area of light to moderate precipitation.  Therefore, the data from the October 15 

Hurricane Gonzalo flight are not used in the asymmetry analysis.  The flights into Hurricane 

Gonzalo on October 16 and 17 appear to have begun collecting the off-nadir SFMR data in rain-

free regions and then the downwind drift of the aircraft during the circles brought the aircraft into 

regions of precipitation.  It appears that the 30° data for the October 16 and 17 Hurricane 

Gonzalo flights may have been collected prior to the aircraft drifting into the regions of 
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precipitation and will be considered for further quality control checks using the aircraft flight 

level data.  

 

 

 

 

Figure 19:  Radar reflectivity for the flight into Tropical Storm Dolly (a), Hurricane Gustav (b), 

Hurricane Bertha (c), Hurricane Cristobal on August 24 (d), August 25 (e), and August 26 (f), 

and Hurricane Gonzalo on October 15 (g), October 16 (h) and October 17 (i).  The black line 

indicates the flight path and the black dot denotes the location of the aircraft at the time of the 

radar image. 
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Figure 20:  Roll angle time series for the flight into Tropical Storm Dolly (a), Hurricane Gustav 

(b), Hurricane Bertha (c), Hurricane Cristobal on August 24 (d), August 25 (e), and August 26 

(f), and Hurricane Gonzalo on October 16 (g) and October 17 (h).   
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Figure 21:  Pitch angle time series for the flight into Tropical Storm Dolly (a), Hurricane Gustav 

(b), Hurricane Bertha (c), Hurricane Cristobal on August 24 (d), August 25 (e), and August 26 

(f), and Hurricane Gonzalo on October 16 (g) and October 17 (h).  Vertical blue lines denote the 

beginning and end times of the circles. 
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Figure 22:  Altitude time series for the flight into Tropical Storm Dolly (a), Hurricane Gustav 

(b), Hurricane Bertha (c), Hurricane Cristobal on August 24 (d), August 25 (e), and August 26 

(f), and Hurricane Gonzalo on October 16 (g) and October 17 (h).  Vertical blue lines denote the 

beginning and end times of the circles. 
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After the tropical cyclone off-nadir SFMR data are quality controlled for precipitation, 

several flight level variables are also inspected.  The flight level variables analayzed include the 

aircraft roll angle to identify the consistency in the roll angle throughout the data collection for 

each flight (Figure 20), the pitch of the aircraft (Figure 21) and the altitude of the aircraft (Figure 

22) to determine the vertical stability of the aircraft during the circles.  When analyzing the roll 

angle for all of the flights, the flight into Tropical Storm Dolly stands out as not having a very 

consistent roll angle maintained for the 30° circles.  There are also some fluctuations observed in 

the aircraft pitch and altitude during the 30° circles in Tropical Storm Dolly.  Therefore, the 30° 

circle data from the Tropical Storm Dolly flight will not be used in the asymmetry analysis.  

Another case that appears to have had issues with maintaining the roll angle is the flight into 

Hurricane Gonzalo on October 16 where the aircraft came out of the 45° circles for a short time 

and then resumed them in the middle of the sequence, which was potentially associated with the 

entrance of the aircraft into the region of precipitation as noted above.  Inspecting the rest of the 

data for the October 16 Hurricane Gonzalo flight reveals that the aircraft pitch and altitude 

changed quite frequently during both the 30° and 45° circles.  Therefore, none of the October 16 

Hurricane Gonzalo flight data will be used.  The rest of the flights appear to have maintained 

their roll angles throughout the duration of the circles.  The aircraft pitch and altitude are fairly 

steady for most of the other flights as well besides the 30° circles for the October 17 Hurricane 

Gonzalo flight.  Therefore, the data for the 30° circles for the October 17 Hurricane Gonzalo 

flight will also not be used in the asymmetry analysis. 

Another feature that was quality controlled for in the tropical cyclone off-nadir SFMR 

data was the presence of sun glint, which is the specular reflection of sunlight from the ocean 

surface.  The presence of sun glint during the circles can be seen in the aircraft downward 

pointing videos that are used for identifying the wave directions (Figure 23).  With the help of 

the aircraft videos, it is possible to note the times during the circles that the sun glint was 

maximized in the field of view of the SFMR.  For the 15° circles, the sun glint was in the field of 

view of the camera for about ±60 seconds of the maximum time.  For the 30° circles, this time 

range was about ±20 seconds and for the 45° circles about ±13 seconds. The time series of the 

brightness temperatures are then analyzed to identify if there are any changes in the brightness 

temperatures during the times noted from the videos.  With the aid of two low wind flights that 

occurred on September 11 and September 17, 2014 with data collected at off-nadir, an increase 
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in the SFMR measured brightness temperatures is seen clearly when sun glint is present in the 

SFMR field of view during the circles (Figure 24).  Because these flights on September 11 and 

17 occurred in regions with surface wind speeds less than 5 ms
-1

, the changes in the brightness 

temperatures can be attributed to a feature other than wind.  After observing this increase in the 

off-nadir SFMR brightness temperature measurements related to sun glint, any measurements 

obtained in regions where sun glint was present are not used.  The only tropical cyclone case that 

was removed because of this criteria is the flight into Hurricane Bertha.  Table 3 lists the final 

tropical cyclone cases that remain to be used in this study for analysis of the off-nadir 

asymmetery after the quality control. 

 The winter off-nadir SFMR data are quality controlled in a similar fashion as the tropical 

cyclone off-nadir SFMR data except that no lower fuselage radar data are available for the winter 

flights.  The aircraft videos are used as a way to check for precipitation for these cases.  

However, since the majority of the systems that the winter data were collected in were mid-

latitude cyclones, precipitation is typically not as abundant, which is one of the reasons why the  

 

 

 

 

 

Figure 23:  Aircraft video screenshot displaying the presence of sun glint on the surface during 

the circles in Hurricane Bertha. 



38 

 

 

 

Storm Date 
Dropsonde Surface Adjusted 

Wind Speed ( ms
-1

) 
Incidence Angles 

Tropical Storm Dolly July 20, 2008 15.4 45° 

Hurricane Gustav August 31, 2008 35.2 30°, 45° 

Hurricane Cristobal August 24, 2014 15.1 15°, 30°, 45° 

Hurricane Cristobal August 25, 2014 27.9 15°, 30°, 45° 

Hurricane Cristobal August 26, 2014 17.7 30°, 45° 

 

 

lower fuselage radar was not used during the flights.  There were several circles eliminated from 

the winter data because of large changes in pitch angle and altitude along with the presence of 

sun glint.  Many of the cases removed are those at the higher incidence angles of 50° or higher 

where it is difficult to maintain the roll angle, pitch angle, and altitude.  The remaining winter 

off-nadir SFMR data that will be considered for further analysis is given in Table 4.  Another 

Figure 24:  Brightness temperature time series for the 15° circles in the low wind flight on 

September 11, 2014.  Red dots indicate the time periods where sun glint was in the field of view 

of the aircraft video. 

Table 3:  Summary of tropical cyclone off-nadir SFMR flight data remaining after quality 

control. The dropsonde surface adjusted wind speed is given for a single dropsonde released in 

conjunction with the off-nadir data collection. 
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quality control issue for the winter data is that there was another instrument operating near the 

5.31 GHz frequency making that frequency unusable.   

 

 

Date 
Dropsonde Adjusted Surface Wind 

Speed ( ms
-1

) 
Incidence Angles (°) 

January 15, 2015 13.7 10,20,30,40 

January 16, 2015 11.54 10 

January 18, 2015 22.9–29.5  10,25,30,35,40,45,50 

January 23, 2015 18.3–20.5 10,20,25,30,35,40,45,50 

January 25, 2015 25.4–28.1 10,30,50,60 

February 1, 2015 14.3–17.6 10,20,30,40 

February 5, 2015 13.0–14.3 25,40 

February 8, 2015 16.8–17.7 25,40 

February 11, 2015 18.1–23.2 25,40 

February 12, 2015 15.9 25,40 

 

 

3.6 Wind-Induced Brightness Temperature 

After the data are quality controlled, the off-nadir SFMR brightness temperature 

measurements are analyzed by computing the wind-induced component of the ocean surface 

brightness temperature.  It is important to remember that the brightness temperature measured by 

the SFMR is the total brightness temperature (TB) of the scene below the aircraft to the ocean 

surface. To understand how the brightness temperatures are influenced by changes in the surface 

characteristics from wind and waves at off-nadir incidence angles, it is necessary to remove the 

components of the brightness temperature that are associated with the atmospheric (TBa) and 

cosmic radiation (TBcos) as well as the smooth (specular) ocean surface brightness temperature 

(TB0).  The method for computing the wind-induced brightness temperature, in the absense of 

rain, is very similar to the method described in section 2.1.1 for calculating the wind-induced 

emissivity in the radiative transfer model.  The wind-induced brightness temperature, TBw, is: 

Table 4:  Summary of winter off-nadir SFMR flight data remaining after quality control.  The 

dropsonde surface adjusted wind speed is given for a single dropsonde or a range of wind speeds 

if multiple dropsondes were released in conjunction with the off-nadir data collection. 
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The calculation of TBa is adjusted to account for the change in the path length through the 

atmosphere at off-nadir incidence angles, which does not result in a large change to the 

calculation as described in chapter 2. 

Figure 26 displays time series of the wind-induced brightness temperatures for the 25° 

circles from the January 23, 2015 winter flight and for the 45° circles from the August 24, 2014 

flight in Hurricane Cristobal.  There is a clear oscillation present in the time series of the wind-

induced brightness temperatures.  To determine if this oscillation is related to the wave direction 

or the wind direction, the wind-induced brightness temperatures are analyzed as a function of the 

relative look angle of the SFMR (qr) with respect to the wave direction and the wind direction.  

To calculate the SFMR relative look angles, the direction that the SFMR is pointing with respect 

to the aircraft heading, + 90° when the aircraft rolls right and – 90° when the aircraft rolls left, is 

subtracted from the wave direction or wind direction (Figure 25).  For the SFMR relative look 

angles with respect to the wave direction, a relative look angle of ± 90° corresponds to the sides 

of the waves being aligned with the SFMR look direction, 0° corresponds to the back of the 

waves aligning with the SFMR look direction, and 180° corresponds to the front of the waves 

aligning with the SFMR look direction.  For the SFMR relative look angles with respect to the 

wind direction, a relative look angle of ± 90° corresponds to the SFMR look direction pointing  

 

 

 

 

 

    𝑇NQ = 𝑇N − 𝑇N# − 𝑇NV − 𝑇N(P&																																																										(25) 

Figure 25:  Schematic depicting the definition of the SFMR relative look angle (qr) with respect 

to wind direction or wave propagation.  The blue arrow depicts the direction the SFMR would be 

viewing the surface when the aircraft is turning to the left and the green arrow depicts the wind 

direction or wave propagation from a top down perspective.  
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crosswind, 0° corresponds to the SFMR look direction pointing downwind, and 180° 

corresponds to the SFMR look direction pointing upwind.  Figure 27 (a–d) displays the wind-

induced brightness temperatures shown in Figure 26 as a function of SFMR relative look angle 

with respect to both wave and wind direction.  A double harmonic asymmetry is seen in the 

majority of the off-nadir SFMR data for both the tropical cyclone and winter cases.  In most 

cases, the peaks in the asymmetry align approximately with ± 90°.   

 One of the difficulties with trying to determine if the asymmetry in the off-nadir SFMR 

data is related to wave direction or wind direction is that the tropical cyclone environment makes 

it difficult to obtain data in locations where the wave and wind directions are significantly 

different since the wind waves are typically aligned with the wind direction.  Therefore, the 

winter off-nadir SFMR data plays a key role in helping determine whether the asymmetry is 

related to wave direction or wind direction.  Most of the winter cases also have similar wave and 

wind directions as seen in the January 23
rd

 case.  However, there are two cases (January 29 and 

February 12) that have wave and wind directions that are very different.  In the January 29
th

 case, 

the wave and wind directions are different by about 180°, which would still align the peaks of 

the asymmetry with ± 90°.  However, in the February 12
th

 case, the wave and wind directions are 

different by about 90°, which results in a shift in the peaks of the wind-induced brightness 

temperatures for the wave direction SFMR relative look angle and not in the wind direction 

SFMR relative look angle (Figure 27 e and f).  The February 12
th

 case makes it clear that the  

 

 

 

 

Figure 26:  Time series of the wind-induced brightness temperatures from the 6.02 GHz channel 

for the 25° circles flown on January 23, 2015 (a) and the 7.09 GHz channel for the 45° circles 

flown on August 24, 2014 in Hurricane Cristobal (b). 
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asymmetry is robust to the wind direction and not the wave direction; however, more data should 

be collected to confirm this finding.  Physically, this relationship between the relative look angle 

and the wind direction can be explained by the fact that the wind direction modifies the 

distribution of the whitewater coverage on the surface.  Therefore, when the SFMR views the 

Figure 27:  6.02 GHz channel wind-induced brightness temperatures plotted as a function of 

SFMR relative look angle with respect to the wind direction (a) and the wave direction (b) for 

the 25° circles flown on January 23, 2015, 7.09 GHz channel wind-induced brightness 

temperatures plotted as a function of SFMR relative look angle with respect to the wind direction 

(c) and the wave direction (d) for the 45° circles flown on August 24, 2014 in Hurricane 

Cristobal, and 4.74 GHz channel wind-induced brightness temperatures plotted as a function of 

SFMR relative look angle with respect to the wind direction (e) and the wave direction (f) for the 

40° circles flown on February 12, 2015. 
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surface at different angles with respect to the wind direction at off-nadir incidence angles, the 

changes in the distribution of the whitewater coverage on the surface by the wind direction result 

in the asymmetry observed in the SFMR measurements.  Similar results have been found using 

WindSat, a spaceborne radiometer, at wind speeds up to 18 ms
-1

 over a range of frequencies from 

6.8 GHz to 85.5 GHz at incidence angles of about 50°–55° (Meissner and Wentz 2012).  

Therefore, it is likely that this new finding for the SFMR is accurate and suggests that at off-

nadir incidence angles it is capable of retrieving both wind speed and wind direction.  This 

finding also shows that the asymmetry related to the wind direction is present at wind speeds 

above 18 ms
-1

 and in extreme environments, such as tropical cyclones, over a much broader 

range of incidence angles than those examined using WindSat. 

 In order to further understand and visualize the asymmetries in the wind-induced 

brightness temperatures, Fourier series are fit to the wind-induced brightness temperatures using 

least-squares regression and take the form of: 

where the As and fs are fitted parameters corresponding to the n-th harmonic amplitude and 

phase angles, respectively.  The harmonic fits help to identify the pattern of the asymmetry more 

clearly since there can be a good amount of spread in the data for some cases.  Figure 28 displays 

a comparison of the harmonic fits between frequencies for each incidence angle flown on August 

26, 2014 in Hurricane Cristobal, as well as each incidence angle for the flight on January 25, 

2015.  When comparing the harmonic fits for the different frequencies, an increase in the wind-

induced brightness temperature with increasing frequency is typically observed.  This finding is 

in agreement with other studies (Meissner and Wentz 2012, Sasaki et al. 1987).   In the case of 

the 10° circles on January 25, the 5.57 GHz channel has the largest wind-induced brightness 

temperatures, indicating the possibility that the instrument interfering with the 5.31 GHz channel 

may also be impacting the 5.57 GHz channel, but to a lesser extent.  The 50° and 60° circles also 

show some grouping of the frequency lines, adding to the concern that the interference during the 

winter flights may have a larger impact on the observations than initially thought.  However, 

there are still asymmetries observed in the winter flight data so the impacts from the interference 

appear to be primarily to the overall magnitude of the measurements and not the asymmetry.  

Another interesting feature to note related to the asymmetries is that for the tropical cyclone  

    𝑇NQ = 𝐴R cos 𝑛 𝜃S + 𝜙R
E
R�#          (26) 
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Figure 28:  Harmonic fits to the wind-induced brightness temperatures vs SFMR relative look 

angle with respect to the wind direction for (a) 30° circles and (b) 45° circles flown in Hurricane 

Cristobal on August 26, 2014 and (c) 10° circles, (d) 30° circles, (e) 50° circles, and (f) 60° 

circles flown on January 25, 2015.  The line colors correspond to the respective frequencies 

given by the legend in (a).  Root mean square error (RMSE) values are also given for the 

respective fits for each frequency. 
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flights, the peaks in the asymmetry do not appear to be equal in magnitude, whereas they are 

more similar in the winter flights.  Some possible physical explanations for the observed uneven  

peaks are that some other atmospheric phenomena such as boundary layer rolls may be 

influencing the surface wind characteristics over the spatial scale of the sampling pattern, which 

are not possible to detect given the data available for this study or that the more complicated 

wave field present in the tropical cyclone environment may have an additional influence on this 

asymmetry.  More data, particularly wave spectra data is needed to understand the reason for the 

uneven peaks.  One more feature observed in Figure 28 is that at 10° and 60° incidence angles 

the asymmetries appear to be minimal.  This is another unique finding made possible by the 

ability to sample the ocean surface at many different incidence angles because of the unique 

platform for the SFMR.  More data need to be collected at these incidence angles to fully 

understand why the asymmetry disappears.  However, it is possible that at very low incidence 

angles close to nadir the effect of the incidence angle change may not be sufficient to begin 

observing azimuthal changes in the wind-induced brightness temperatures since the region being 

sampled will be very similar to that at nadir where the emissivity is fairly uniform.  At the higher 

incidence angles (greater than 50°), the disappearance of the asymmetry may be related to the 

measurement technique since the distance over which the data are collected increasing, which 

may allow for changes in the wind field over the region being sampled to mask out the 

asymmetry.  Once again, it should be emphasized that more data are needed to fully understand 

the disappearance of the asymmetry at high incidence angles. 

 Figure 29 presents a comparison of the harmonic fits between incidence angles for the 

August 24, 2014 flight in Hurricane Cristobal and the January 23, 2015 flight.  There is some 

overlap in the harmonic fits between similar incidence angles, but typically there is an increase in 

the wind-induced brightness temperature with increasing incidence angle.  It is not understood 

exactly why the wind-induced brightness temperature increases with incidence angle.  Two 

hypotheses are that the emissivity measured at higher incidence angles is larger than the 

emissivity measured closer to nadir or that the increase in the wind-induced brightness 

temperatures with incidence angle may be related to errors in the calculation of the specular 

surface brightness temperature at off-nadir incidence angles. 
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Figure 29:  Harmonic fits to the wind-induced brightness temperatures vs SFMR relative look 

angle with respect to the wind direction for the 4.74 GHz channel for the flight in Hurricane 

Cristobal on August 24, 2014 (a) and for the 6.69 GHz channel for the winter flight on January 

23, 2015 (b).  The wind speed for the August 24, 2014 flights in the location of the circles was 

about 15.1 ms
-1

 and the wind speed for the January 23, 2015 flight was about 19.4 ms
-1

.  The line 

colors correspond to the incidence angles given in the respective legends for each plot.  Root 

mean square error (RMSE) values are also given for the respective fits for each incidence angle. 
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CHAPTER 4 

 

NADIR ASYMMETRIES 

 After determining that the off-nadir asymmetry in the high incidence angle SFMR data is 

related to the wind direction and not the wave direction, the question remains as to whether the 

wave direction may have any other effects on the SFMR emissivity to wind speed calibration at 

nadir.  It seems likely that there is some sensitivity to waves, as the sensor is believed to be 

sensitive to surface stress and waves will modify stress (Donelan 1987, Geernaert 1988, Rieder 

et al. 1994, Donelan et al. 1997, Bourassa et al. 1999, Bourassa 2004).  To investigate this 

possibility, SFMR data that are collocated with a dropsonde in hurricanes from 2010 through 

2015 are analyzed to identify any azimuthal or radial asymmetries in the SFMR data that can be 

explained by changes in the wave field within the hurricane environment.  Section 4.1 will 

discuss the SFMR data used for this analysis and the dropsonde data that are collocated with the 

SFMR data.  The asymmetries will be discussed in terms of wind speed errors in section 4.2 and 

in terms of wind-induced emissivity differences in section 4.3.   

4.1 SFMR and Dropsonde Data 

 The SFMR data used to investigate the azimuthal and radial asymmetries are limited to 

those being collected in hurricanes to ensure that there is a well-organized circulation and wave 

field to aid in understanding the asymmetries, and they must be collocated with a dropsonde.  

The years 2010 through 2015 are chosen because of the change in the dropsondes used by 

NOAA between 2009 to 2010 from the Vaisala RD93 to RD94 versions, respectively.  The 

SFMR data are quality controlled to remove any missing data points, brightness temperatures 

that occur near or over land, and brightness temperatures that may have instrument interference 

(as discussed in chapter 3).  The SFMR wind speeds for data collected prior to 2015 are 

corrected to account for the operational changes to the algorithm developed by Klotz and 

Uhlhorn (2014) that were implemented in 2015.  Ten-second average SFMR wind speeds are 

then calculated centered on the dropsonde launch times.  Ideally, the 10-second average SFMR 

winds speeds used for the collocation would be those centered on the same radius from the storm 

center as the dropsonde splash location.  However, there are occasions when the aircraft rolls 

slightly before or after the dropsondes are released, which produces missing data values at the 
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locations where the SFMR data would be at the same radius from the storm center as the 

dropsonde splash location and would reduce the sample size of collocations for this study.  It has 

been shown by Uhlhorn et al. (2007) that the SFMR measurements at the splash location are very 

well correlated with the SFMR measurements at the launch locations of the dropsondes.  Quality 

control on the collocation pairs is performed to eliminate pairs that might have larger errors 

associated with using measurements at different radii from the storm centers.  The collocation 

pairs are restricted to the dropsonde not having traveled more than 9 km radially from the launch 

location as it descended to the surface.  The threshold for the radial translation of the dropsonde 

from launch to splash was determined through trial and error to identify the radial translation 

threshold that eliminated the collocations pairs with the largest wind speed errors while retaining 

the most collocation pairs possible.  Using 2 km and 3km radial translation thresholds results in 

the loss of about 150 and 60 collocation pairs, respectively.  Restricting the radial translation 

threshold to 1 km would result in the loss of over half of the collocation pairs.  The results when 

using the 2km or 3km radial translation threshold are very similar to the results that are shown in 

this chapter.  Therefore, the 10-second average SFMR winds speeds centered on the dropsonde 

launch time and the 9km radial translation threshold are deemed acceptable for use in this study. 

 In order to process large quantities of dropsonde data, the dropsonde FRD files, provided 

by HRD, are used for this portion of the study.  The dropsonde FRD files are quality controlled 

files output from ASPEN that were processed onboard the aircraft during the flights.  Some of 

the variables included in these dropsonde files include time from launch, latitude, longitude, 

temperature, pressure, humidity, geopotential altitude, wind direction, wind speed, and quality 

control flags at an interval of 4 Hz.  The dropsonde data undergo further quality control to 

remove missing data, dropsondes that were reported to have had errors by ASPEN, and data that 

were flagged as bad by the quality control flags in the FRD files.  The WL150 wind speed is not 

provided in these files.  Therefore, the WL150 wind speed is calculated from the FRD files based 

on its definition of being the mean wind speed of the lowest available 150m layer (Franklin et al. 

2003).  The lowest available altitude is identified for each dropsonde and then the mean of the 

wind speeds for the data points within 150 m from the lowest available altitude is calculated if at 

least 50% of the data points in that range are valid and the lowest available altitude is less than 

150m.  The calculated WL150 wind speeds are then adjusted to the surface in the same manner 

discussed in section 3.2.       
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Hurricane Flight ID Number of Good 

Dropsondes 

Hurricane Flight ID Number of Good 

Dropsondes 

Earl 20100829H1 9 Sandy 20121028H1 10 

Earl 20100829I1 15 Sandy 20121028H2 11 

Earl 20100830H1 3 Ingrid 20130914I1 11 

Earl 20100830I1 8 Ingrid 20130914H1 5 

Earl 20100901I1 3 Ingrid 20130915I1 16 

Earl 20100902H1 10 Arthur 20140703H1 12 

Earl 20100902I1 11 Arthur 20140703I1 5 

Earl 20100903I1 17 Bertha 20140804H1 12 

Karl 20100916H1 14 Bertha 20140805I1 9 

Tomas 20101106H1 7 Cristobal 20140825I1 9 

Irene 20110823H1 13 Cristobal 20140826I1 14 

Irene 20110824H1 15 Cristobal 20140826H1 11 

Irene 20110825H1 24 Edouard 20140914I1 7 

Irene 20110826I1 21 Edouard 20140915I1 18 

Irene 20110826H1 12 Edouard 20140915H1 9 

Irene 20110827I1 9 Edouard 20140916H1 15 

Rina 20111025H1 18 Edouard 20140916I1 12 

Rina 20111026H1 4 Edouard 20140917H1 10 

Isaac 20120828H1 29 Gonzalo 20141016I1 10 

Isaac 20120828H2 23 Gonzalo 20141017I1 17 

Sandy 20121025H1 19 Simon (East Pacific) 20141004I1 5 

Sandy 20121026H1 13 Simon (East Pacific) 20141005I1 3 

Sandy 20121027H1 17 Danny 20150822I1 14 

Sandy 20121027H2 16 Patricia 20151022I1 5 

 

 

To be included in the analysis, the collocation pairs must have a dropsonde WL150 

surface adjusted wind speed greater than 10 ms
-1

, a 10-second average SFMR wind speed greater 

than 10 ms
-1

 to account for the lack of sensitivity of the SFMR below 10 ms
-1

.  The collocation 

pairs also need to be located greater than 5 km from the storm center to remove as much 

Table 5:  Flight information for data included in the analysis of the SFMR level flight data 

azimuthal and radial asymmetries. 
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variability in the observations related to confused sea state near the eye of the hurricane and less 

than 200 km from the storm center to remove any collocation pairs that may be located away 

from the hurricane environment.  Finally, the aircraft roll angle cannot exceed 10° for the 

collocations pairs to be included so that the effects from the wind direction shown in chapter 3 

do not influence the results for this portion of the study.  Table 5 lists the hurricanes, number of 

flights, and number of dropsondes used in this study that meet the criteria for inclusion in this 

portion of the study.  There are a total of 580 collocation pairs used. 

 Figure 30 displays the storm relative locations for the collocated SFMR and dropsonde 

observations.  The collocation pairs are well distributed about the hurricanes in terms of 

azimuthal and radial storm relative locations.  There is a concentration of points in all azimuthal 

storm sectors at a radius of about 30 km, which corresponds to the high concentration of 

dropsondes released in the eyewall of the hurricanes.  Figure 31 displays a comparison of the 

dropsonde WL150 surface adjusted wind speeds and the 10-second average SFMR surface wind 

speeds for all of the collocation pairs.  By plotting the data as dropsonde WL150 surface adjusted  

 

 

 

 

 

Figure 30:  Storm relative locations of the SFMR and dropsonde collocations used for examining 

the azimuthal and radial variations in the SFMR measurements.  Storm motion (blue arrow) is 

indicated as being towards the top of the plot. 
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wind speed versus 10-second average SFMR surface wind speed and then reversing the variables 

on each axis, it is possible to identify biases and gain errors in the SFMR surface wind speed 

algorithm.  When analyzing the wind speeds from 10 to 20 ms
-1

, a high bias in the 10-second 

average SFMR surface wind speeds is observed.  There also appears to be a modest gain error 

over the entire wind speed range analyzed in this study.  Another interesting feature is that above 

about 45 ms
-1

 the spread in the data appears to increase, which may be related to increased rain 

rates in the locations where the higher wind speeds are measured.  This type of analysis is very 

helpful for implementing further improvements to the SFMR algorithm in the future.  

 

 

 

 

 

4.2 Wind Speed Errors 

 As an initial test to identify any azimuthal and radial asymmetries that may be present in 

the SFMR data, the collocated data are analyzed in terms of wind speed errors (SFMR wind 

speed minus dropsonde WL150 surface adjusted wind speed).  Prior azimuthal analysis of SFMR 

wind speed errors has been performed by Uhlhorn and Black (2003) and Powell et al. (2009).  In 

Figure 31:  Plot of dropsonde WL150 surface adjusted wind speed versus SFMR surface wind 

speed (red) and SFMR surface wind speed versus dropsonde WL150 surface adjusted wind 

speed (blue). 
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Uhlhorn and Black (2003) data from 1998 through 2001 were used and then Powell et al. (2009) 

updated the analysis to use data from 1998 through 2005.  Figure 32 displays the azimuthal 

variations found in the analysis from Uhlhorn and Black (2003) and Powell et al. (2009).  The 

azimuthal angle in these prior studies is defined as the angle from the storm motion vector in a 

clockwise direction and that is the definition that is used in this study.  Uhlhorn and Black (2003) 

noted a harmonic signal in the wind speed errors as a function of azimuth angle for the 76 

samples they analyzed.  They found that the wind speed errors were minimized in the rear right 

quadrant and hypothesized that the harmonic signal may be related to sea state.  The mean wind 

speed errors for 30° azimuthal bins in Uhlhorn and Black (2003) ranged from about -2 ms
-1

 to 5 

ms
-1

.  In the updated study by Powell et al. (2009), 416 collocated SFMR and dropsonde 

observations were analyzed.  They found a similar harmonic signal as that found by Uhlhorn and 

Black (2003); however, the mean wind speed errors for the updated analysis ranged from about -

2 ms
-1

 to 3 ms
-1

.  They also hypothesized that this harmonic signal was related to impacts from 

the sea state on the measurements, but more specifically related it to the impacts from swell on 

the wind seas.  There have been changes to the SFMR algorithm since these studies were 

completed, as discussed in chapter 2.  Therefore, it is necessary to update this analysis once 

again to understand how the changes to the SFMR algorithm may have influenced the azimuthal 

variations noted in Uhlhorn and Black (2003) and Powell et al. (2009) in order to gain a further 

understanding of what may be physically responsible for the azimuthal variations. 

 

 

 

 

 

Figure 32:  Wind speed error versus storm relative azimuthal angle plots from (a) Uhlhorn and 

Black (2003, Figure 9) and (b) Powell et al. (2009, Figure 4). 
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 Figure 33 displays the wind speed errors for the 580 collocation pairs used in this study 

for two separate wind speed ranges, 10 to 20 ms
-1

 and ≥ 20 ms
-1

.  The wind speed bias noted 

earlier in the SFMR surface wind speed and dropsonde WL150 surface adjusted wind speed 

comparison is quite evident in the wind speed error plot for the 10 to 20 ms
-1

 wind speed range.  

Running medians for 30° azimuthal bins are also shown in Figure 33 and indicate that the 

median wind speed error for the 10 to 20 ms
-1

 wind speed range varies from about 1 to 3 ms
-1

.  

The running medians for the 10 to 20 ms
-1

 wind speed range also exhibit a fairly constant trend 

over all of the azimuth angles.  For the ≥ 20 ms
-1

 wind speed range, there is a much more 

noticeable harmonic signal present in the running medians of the wind speed error with azimuth 

angle that is similar to those found by Uhlhorn and Black (2003) and Powell et al. (2009).  The 

median wind speed errors for the ≥ 20 ms
-1

 wind speed range vary from about -2 to 2 ms
-1

.  

There is a large amount of scatter in the wind speed errors for all wind speeds; however, this is 

the first time it is shown that the harmonic signal in the wind speed errors is not present at wind 

speeds between 10 to 20 ms
-1

.  This finding suggests that there may be different physics 

influencing the surface emission at 10 to 20 ms
-1

 versus ≥ 20 ms
-1

 wind speeds.   

 

 

 

 

Figure 33:  Wind speed error versus storm relative azimuth angle for the 10 to 20 ms
-1

 wind 

speed range (a) and the ≥ 20 ms
-1

 wind speed range (b).  The blue lines on each plot are the 

running medians for 30° azimuthal bins. 
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 If the harmonic signal that is present in the wind speed errors with azimuth angle is 

related to sea state then it is plausible that there may be a change in the wind speed errors with 

radius as well.  To investigate this possibility, the wind speed errors are plotted against the radius 

of the collocation pairs from the storm center (Figure 31).  The radius from the storm center is 

calculated by identifying the storm center locations in the same manner as that described in 

section 3.3 and then, using the storm motion between storm center locations, computing the 

distance from the storm center location that was interpolated to the dropsonde launch time.  For 

the 10 to 20 ms
-1

 wind speed range, there are very few collocation pairs within 50 km from the 

storm center.  This is not surprising since collocation pairs within 5 km from the center are 

excluded from the analysis and the majority of the wind speeds in this region are likely to be 

larger than 20 ms
-1

 because of their proximity to the hurricane eyewall.  Overall, there do not 

appear to be any obvious trends in the wind speed errors for the 10 to 20 ms
-1

 wind speed range 

with radius.  For the ≥ 20 ms
-1

 wind speed range, the spread in the wind speed errors is much 

larger for data at a radius of less than about 50 km than there is for data at a radius larger than 

about 50 km.  Besides the difference in the spread of the wind speed errors at smaller versus  

 

 

 

 

Figure 34:  Wind speed error versus radius for the 10 to 20 ms
-1

 wind speed range (a) and the ≥ 

20 ms
-1

 wind speed range (b). 
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larger radii, there do not appear to be any clear trends in the wind speed errors with radius for the 

≥ 20 ms
-1

 wind speed range. 

4.3 Wind-Induced Emissivity Difference 

 To better understand which physical processes may be influencing the features observed 

in the wind speed errors, an analysis of the wind-induced emissivity difference is performed.  

The wind-induced emissivity difference is the difference between the SFMR measured wind-

induced emissivity and the modeled wind-induced emissivity.  The SFMR measured wind-

induced emissivity is calculated from the 4.74 GHz channel as described in section 2.1.1 and 

then a 10-second average value is calculated centered on the dropsonde launch time as was done 

for the SFMR wind speeds.  The modeled wind-induced emissivity is calculated using equation 

16 for each of the collocation pairs using the dropsonde WL150 surface adjusted wind speed.  

The advantage of examining the wind-induced emissivity difference is that there may be non-

physical features observed in the wind speed error analysis that are related to the SFMR 

inversion algorithm and the wind speed dependency is removed in the calculation of the wind-

induced emissivity difference allowing for a better comparison.  Figure 35 displays the SFMR 

measured wind-induced emissivity as a function of wind speed along with the modeled wind-

induced emissivity function.  The SFMR measured wind-induced emissivities are colored by rain 

rate and exhibit a high bias at rain rates ≥ 10 mm/hr compared to the modeled wind-induced 

emissivity.  At rain rates < 10 mm/hr, there appears to be a slight low bias in the SFMR 

measured wind-induced emissivities compared to the modeled wind-induced emissivity.  There 

is a much larger spread in the data with rain rates ≥ 10 mm/hr as well.  Since the current modeled 

wind-induced emissivity function was developed using data with rain rates < 10 mm/hr over the 

wind speeds used in this study, the findings here indicate either a problem with the modeled 

atmospheric radiation with respect to the rain rate or a problem with the rain rate calculation.  

The SFMR measured wind-induced emissivities at rain rates < 10 mm/hr are more consistent 

with the wind-induced emissivity model and will be the focus of the rest of the azimuthal and 

radial asymmetry analysis.  Of the 580 collocation pairs, 422 have rain rates < 10 mm/hr. 
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 Figure 36 presents the azimuthal and radial relationships for the wind-induced emissivity 

difference of the 10 to 20 ms
-1

 and ≥ 20 ms
-1

 wind speed ranges.  The azimuthal plots also show 

the running median for 30° azimuthal bins.  The running medians for both wind speed ranges 

display the slight low bias noted earlier in the SFMR measured wind-induced emissivity 

comparison with the modeled wind-induced emissivity.  At a wind speed of 20 ms
-1

, a bias in the 

wind-induced emissivity of 0.005, which is a change of about 15%, would result in 

approximately a 1.6 ms
-1

 change in the modeled wind speed.  At 40 ms
-1

 a 0.005 bias in the 

wind-induced emissivity or about a 5% change, would correspond to a 0.9 ms
-1

 change in the 

wind speed.  Therefore, this low bias in the SFMR measured wind-induced emissivity values 

results in about a 1 to 1.5 ms
-1

 difference in the SFMR retrieved wind speeds as opposed to the 

model computed wind speeds for a given wind-induced emissivity value.  As was the case for the 

wind speed errors, the wind-induced emissivity differences for the 10 to 20 ms
-1

 wind speed 

range do not indicate much of an azimuthal variation whereas there is a slight azimuthal 

variation present for the ≥ 20 ms
-1

 wind speed range.  For the radial comparison, there do not 

appear to be any obvious trends in the wind-induced emissivity difference with radius for either 

Figure 35:  SFMR measured wind-induced emissivity versus collocated dropsonde WL150 

surface adjusted wind speed.  Colors indicate the SFMR estimated rain rate (RR) corresponding 

to the plot legend.  The black line is the modeled wind-induced emissivity function. 
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wind speed range.  Again, it is observed that there is a larger spread in the wind-induced 

emissivity differences for the ≥ 20 ms
-1

 wind speed range at a radius of < 50 km than at the larger 

radii.  For the ≥ 20 ms
-1

 wind speed range, there is a decrease in the number of collocation pairs 

around an azimuth angle of 300° and radius of 150 km. 

 

 

 

 

 

 To test whether the distributions for the 10 to 20 ms
-1

 and ≥ 20 ms
-1

 wind speed ranges 

are statistically different, the Wilcoxon-Mann-Whitney (WMW) rank-sum test for two 

independent samples is used.  The WMW rank-sum test is devised to test whether two different 

samples are from the same distribution, and one of the advantages of this test is that the samples 

can be non-Gaussian.  The null hypothesis for the test is that the two data samples are from the 

Figure 36:  Wind-induced emissivity difference plotted as a function of azimuth angle (a,b) and 

radius (c,d) for the wind speed range of 10 to 20 ms
-1

 (a,c) and ≥ 20 ms
-1

 (b,d).  The blue line in 

the azimuthal plots indicate the running median for 30° azimuthal bins. 
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same distribution.  To begin, the samples are ranked by their magnitudes and then the ranks for 

the two samples are summed.  Next, the Mann-Whitney U-statistic is calculated (Wilks 2006), 

where U1, R1, and n1 are the U-statistic, sum of the ranks, and number of data values in sample 1, 

respectively, and U2, R2, and n2 are the U-statistic, sum of the ranks, and number of data values 

in sample 2, respectively.  The mean of the U-statistic can be calculated as, 

and the standard deviation of the U-statistic can be calculated by, 

The z score for sample 1 can then be calculated as, 

The p value associated with the calculated z score can then be used to determine if the null 

hypothesis is rejected.  For this study, a confidence level of 95% is used. 

 Focusing on the azimuthal analysis, a comparison of the wind-induced emissivity 

difference for the 10 to 20 ms
-1

 and ≥ 20 ms
-1

 wind speed ranges is given in Figure 37.  When 

comparing the running medians for each of the wind speed ranges on the same plot (Figure 37b), 

the differences in the azimuthal variation become more apparent.  For the 10 to 20 ms
-1

 wind 

speed range there are 184 collocation pairs and for the ≥ 20 ms
-1

 wind speed range there are 238 

collocation pairs.  The WMW rank-sum test performed on the data in the two wind speed ranges 

results in a z score of -4.43 with a  p value of 4.77x10
-6

.  Based on the results from the WMW 

rank-sum test, the null hypothesis that the wind-induced emissivity differences for the 10 to 20 
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ms
-1

 and ≥ 20 ms
-1

 wind speed ranges are from the same distribution would be rejected at a 95% 

confidence level.  This provides motivation to continue treating these two wind speed ranges 

 

 

 

 

 

separately and suggests that the physics of the emissivity of the air-sea interface change around 

20 ms
-1

.  Further analysis of the ≥ 20 ms
-1

 wind speed range will follow to gain further 

understanding of what the changes in the physics are.  

 The difference in the spread of the wind-induced emissivity difference for the ≥ 20 ms
-1

 

wind speed range with radii ≤ 50 km versus > 50 km warrants further examiniation.  Figure 38 

displays the wind-induced emissivity differences for the two different radii bins for the ≥ 20 ms
-1

 

wind speed range. The azimuthal variation appears to be larger in the wind-induced emissivity 

differences for the data at radii of ≤ 50 km than at radii > 50 km.  There are 97 collocation pairs 

that fall into the ≥ 20 ms
-1

 wind speed range with radii ≤ 50 km and 141 collocation pairs with 

radius > 50 km.  The WMW rank-sum test results in a z score of -2.55 and an associated p value 

of 0.005, which incidates that the wind-induced emissivity differences for the ≥ 20 ms
-1

 wind 

speed range at radii of ≤ 50 km are statistically from a different distribution than the data at radii 

Figure 37:  Wind-induced emissivity difference versus azimuth angle for two wind speed bins: 

10 to 20 ms
-1

 (blue) and ≥ 20 ms
-1

 (green).  The solid lines indicate the running medians for 30° 

azimuthal bins.  (a) displays all of the individual points and the running medians while (b) 

displays only the running medians. 
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of > 50 km with 95% confidence.  Some of the differences in the wind-induced emissivity values 

between these two radii bins are greater than 0.01, which would be associated with about a 2 to 3 

ms
-1

 or greater difference in the SFMR retrieved wind speeds at a given storm relative azimuthal 

angle in the storm for related to different radii from the storm center. 

 

 

 

 

 

One possible explanation for the difference between these two radii regions for the ≥ 20 

ms
-1

 wind speed range is that swell has been shown by Wright et al. (2001) and Hwang (2016) to 

be more dominant near the center of the storm and wind seas to be more dominant further away 

from the center of the storm.  Goddijn-Murphy et al. (2011) found that cross swell, swell 

propagating normal to the wind direction, reduces white capping and Holthuijsen et al. (2012) 

suggests that under high wind conditions cross swell limits wave breaking at radii > 30 km from 

the storm center, which contributes to a larger drag coefficient in those conditions.  The swell 

direction with respect to the wind direction acts to modify the stress on the ocean surface, which 

effects the wave breaking and whitewater coverage on the surface.  Figure 36, which is Figure 3 

from Holthuijsen et al. (2012), depicts the presence of cross swell in the left-front sector  

Figure 38:  Wind-induced emissivity difference versus azimuth angle for the ≥ 20 ms
-1

 wind 

speed range separated by radii ≤ 50 km (green) and radii > 50 km (pink).  The solid lines are the 

running medians for 30° azimuthal bins and the blue line is for all of the ≥ 20 ms
-1

 wind speed 

range data.  The storm relative sectors are noted in (b) by the vertical dashed black lines and 

respective labels. 
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Figure 39:  Figure 3 from Holthuijsen et al. (2012) depicting swell types in a hypothetical 

hurricane.  The hurricane is noted as moving northward (Northern Hemisphere).  The blue 

hurricane symbol shows the location of the eye and the red hurricane symbol shows the eye at a 

location to the south at an earlier time.  The blue curved lindes depict the movement of the wind 

seas and the red curved lines indicate the movement of the swell generated when the hurricane 

was at the location shown by the red hurricane symbol. 

Figure 40:  Diagram summarizing the storm relative regions with relatively higher and lower 

SFMR measured emissivity.  The black lines denote the separation of the storm relative sectors.  

The hurricane symbol denotes the storm center location and the thick black arrow indicates the 

direction of storm motion. 
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(azimuth angles of 225° to 360°)  and a small region between the right-front (azimuth angles of 

0° to 135°) and rear sectors (azimuth angles of 135° to 225°) with following swell in the right- 

front sector and opposing swell in the rear sector of a hypothetical hurricane.  Cline (1920) found 

a similar relationship between swell and wind direction as that discussed in Holthuijsen et al. 

(2012).  Wright et al. (2001), Holthuijsen et al. (2012), and Hwang (2016) base their results on 

the same data set of SRA wave spectra data collected in hurricane Bonnie (1998).   

 Focusing on the median wind-induced emissivity differences for the ≥ 20 ms
-1

 wind 

speed range at radii ≤ 50 km in Figure 38, portions of the left-front sector (azimuth angles of 

about 230° to 330°) display relatively larger wind-induced emissivity differences than the other 

regions with a region of the right-front sector (azimuth angles of about 10° to 70°) showing 

similar magnitudes but slightly lower.  A region of the right-front and rear sectors (azimuth 

angles of about 80° to 150°) display the relatively smallest wind-induced emissivity differences 

compared to the other regions.  The remaining portions of the sectors appear to be transition 

regions between the relatively larger and smaller wind-induced emissivity difference regimes.  

Figure 40 illustrates the storm relative locations of the relatively higher and lower SFMR 

measured wind-induced emissivity regions.  When the wind-induced emissivity is relatively 

larger it indicates that the SFMR wind-induced emissivity is relatively larger than that for the 

other regions and the opposite is true for when the wind-induced emissivity is relatively smaller.  

Combining the findings from the wind-induced emissivity differences with the swell 

characteristics presented in earlier work suggests that the regions of cross swell in a hurricane are 

most likely not the same for every hurricane especially since storm translation speed and the 

wind field characteristices, size and maximumun strength, influence the development of the 

swell and wind waves.  The wind-induced emissivity difference results suggest that the portion 

of the left-front sector that exhibits the relatively larger values is most likely a region of opposing 

swell more so than cross swell, which would act to increase white-capping and thus the surface 

emissivity.  For the region of the right-front sector with relatively larger wind-induced excess 

emissivity differences, the presence of following swell would likely be confirmed, which would 

also act to increase the white-capping and surface emissivity.  The relatively smaller wind-

induced emissivity difference in the right-front and rear sectors would indicate the presence of 

cross swell acting to reduce the white-capping and surface emissivity.  
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When considering the wind-induced emissivity differences for the collocation pairs at 

radii > 50 km, a reduction in the azimuthal variations is observed compared to that for the data 

with radii ≤ 50 km.  Hwang (2016) presented the significant wave height and wavelength 

calculated using WSRA data from each of the three sectors in hurricane Bonnie (1998) and 

found that the significant wave height is largest in the right-front sector and smallest in the rear 

sector while the wavelength is longest in the right-front and left-front sectors and shortest in the 

rear sector.  The ratio of the significant wave height to the wavelength can be used as a proxy for 

wave breaking since it is a measure of the wave steepness (Van Dorn and Pazan 1975; 

Holthuijsen and Herbers 1986).  This would result in the right-front and rear sectors having more 

wave breaking than the left-front sector.  However, since the waves are shorter in the rear sector, 

the amount of whitecap coverage may not be as large and thus the emission would be less than 

the right-front sector.  For the left-front versus right-front sector, this argument would result in 

more whitecap coverage expected in the right-front sector than the left-front.  However, the 

results from the wind-induced emissivity difference observations suggest that the effects of 

changes in the wave breaking and whitecap coverage are being influenced by both the wind seas 

and swell in the regions with radii > 50 km. Wave spectra data would need to be collected using 

the WSRA in coincidence with the SFMR to investigate these possibilities further. 

Investigating the differences between sectors further, Figure 41 displays a radial 

comparison of the wind-induced emissivity differences for each of the three sectors with the 

others for the ≥ 20 ms
-1

 wind speed range.  When viewing the wind-induced emissivity 

differences for the sectors in terms of radius from storm center, the azimuthal trends are not as 

apparent.  Through the use of the WMW rank-sum test, it is found that the right-front and rear 

sectors are not from statistically different distributions at 95% confidence and the same is found 

for the test on the left-front and rear sectors.  However, the right-front and left-front sectors are 

found to be from statistically different distributions with a z score of -4.72 and corresponding p 

value of 1.19x10
-6

.  The same results are found for tests performed on only the data at radii ≤ 50 

km or only the data at radii > 50 km.  The fact that the rear sector is statistically the same as both 

the right-front and left-front sectors may be a result of the transition of the wave field from the 

left-front to the right-front sectors and suggests that comparing the data in three discrete sectors 

as has previously been done (Holthuijsen et al. 2012, Hwang 2016) may not be the best approach 

for this analysis.  The transitions between regions seem to obscure the differences that are seen 
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when the data are plotted as a function of azimuth angle.  A better option for this type of 

analysis, with the aid of a larger data set, would be to use the regions identified earlier as having 

relatively higher and lower SFMR measured wind-induced emissivity. 

 

 

 

 

 

  

Figure 41:  Wind-induced excess emissivity difference versus radius for the ≥ 20 ms
-1

 wind 

speed range for (a) the right-front (red triangle) and rear sectors (black circles), (b) the left-front 

(blue squares) and rear sectors, and (c) the right-front and left-front sectors. 
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CHAPTER 5 

 

CONCLUSION 

The goals for this study were achieved through the analysis of the SFMR emissivity 

measurements at nadir and off-nadir incidence angles.  The first goal was to improve the 

understanding of how wave and wind direction modify the ocean surface emissivity in high wind 

conditions.  It was demonstrated that a double harmonic signal was present in the off-nadir 

SFMR measurements, which was associated with the wind direction, in high wind conditions.  

This finding of the off-nadir wind direction asymmetry in the SFMR data is a significant 

contribution to the literature since the asymmetry has not been shown at the high wind speeds 

examined in this study or in tropical cyclone conditions and is further evidence for how the wind 

direction (relative to the look angle of the radiometer) modifies the distribution of the whitewater 

coverage on the surface viewed by the radiometer.  The off-nadir wind direction asymmetry also 

displays that in order to obtain accurate wind speed retrievals using a sensor like the SFMR, 

wind direction must be considered when obtaining wind speed retrievals at off-nadir incidence 

angles.   

At nadir, a storm relative azimuthal asymmetry was shown to be present in the SFMR 

data at wind speeds ≥ 20 ms
-1

 and not present for wind speeds between 10 and 20 ms
-1

.  This is 

the first time it has been shown that the physics of the air-sea interface impact SFMR wind speed 

retrievals differently for two separate wind speed ranges.  For the SFMR data with wind speeds ≥ 

20 ms
-1

, it was also shown that the asymmetry had a larger harmonic amplitude and was 

statistically different for the data within 50 km of the storm center locations as opposed to the 

data > 50 km from the storm center locations.  Some of the differences in the wind-induced 

emissivity values between these two radii bins would result in a 2 to 3 ms
-1

 difference in the 

retrieved wind speeds at a given storm relative azimuthal angle and range of distances from the 

storm center.  It was shown that the storm relative locations with relatively larger SFMR 

measured emissivities were regions where opposing or following swell was present.  The storm 

relative location with relatively smaller SFMR measured emissivities was a region with cross 

swell present.  It was also reasoned that the difference in the harmonic magnitude between the 

two radii bins was the dominance of swell within 50 km of the storm center locations and wind 
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waves at radii > 50 km from the storm center locations that would modify the effects from the 

swell.  These observations indicate that the interaction between the wind and waves modifies the 

stress on the ocean surface, which changes the characteristics of the whitewater coverage on the 

surface.  The findings from the nadir measurements indicate that swell and wind waves should be 

considered when retrieving wind speeds over the ocean. 

The second goal for this study was to identify conditions, particularly in tropical 

cyclones, where wind direction and sea state modify the ocean surface emissivity and should be 

considered in order to further improve algorithms for the remote sensing of the surface wind.  

Identifying that the change in the SFMR measurements at off-nadir incidence angles was related 

to wind direction suggests that this type of technology can be used for obtaining wind direction 

measurements, in addition to wind speed, at incidence angles of about 15° to 50° in high wind 

conditions.  More work needs to be completed to quantify the changes in the emissivity 

measurements at off-nadir; however, these results help provide more information for the 

development of newer airborne wind sensing instruments like the Hurricane Imaging Radiometer 

(HIRad; Ruf et al. 2007), which is designed to obtain a swath of wind speed measurements.  The 

results of this study suggest that HIRad might be capable of obtaining wind direction 

measurements given that it obtains measurements at off-nadir incidence angles.  The wind 

direction sensitivity at off-nadir incidence angles also indicates that wind direction needs to be 

considered when sensing the surface at off-nadir to obtain wind speed measurements using 

instruments similar to the SFMR.   

The results from the nadir asymmetry analysis provide motivation for further study of the 

asymmetries and that knowledge of swell and wind wave direction, particularly in tropical 

cyclones, is important for implementing further improvements to the SFMR algorithm, as well as 

for other radiometers.  The storm relative azimuthal asymmetry related to the wave directions in 

the SFMR emissivity measurements indicates that the SFMR algorithm should include storm 

relative corrections for the nadir measurements to obtain accurate wind speed estimates that 

account for changes in the stress on the ocean surface for wind speeds ≥ 20 ms
-1

.  At this time, it 

is unclear what impacts the swell and wind wave direction may have on off-nadir measurements; 

however, it is likely that there is an impact at off-nadir since the physics at the surface will 

remain unchanged by the angle at which a radiometer observes the surface.  The effects of swell 

and wind wave direction on off-nadir measurements should be investigated further in future 
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studies.  There are many potential sources of error that can impact the wind speed retrieval 

algorithms, so improving our understanding of how wave and wind direction influence the 

measurements is important for reducing errors in the measurements. 

In the future, as more SFMR data are collected, especially in coincidence with the 

WSRA, these relationships between the directional sea state and stress can be quantified further 

to provide additional understanding of the roles that wave and wind direction have on ocean 

surface emissivity measurements.  This study has shown that changes related to wind direction 

and wave direction in the SFMR emissivity-derived wind speed retrievals can result in 

differences of 2 to 3 ms
-1

 and vary based on the storm relative location and radius from the storm 

center that the data are collected.  Therefore, it is important to continue to improve the 

understanding of this relationship to gain a better understanding of the physical relationship 

between wind direction, wave direction, and surface stress as well as to improve the remotely 

sensed measurements that are influenced by this relationship.  The SFMR provides a unique 

opportunity to study these relationships in harsh environments like tropical cyclones, which 

complements the other spaceborne radiometer measurements over the much calmer 

environments that exist over much of the world’s oceans.  The combination of the airborne and 

spaceborne radiometer measurements are important for understanding the roles of wave and 

wind direction on ocean surface emissivity measurements in all weather conditions. 
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