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Abstract—Polarimetric microwave radiometers such as SMAP 

are capable of measuring the fourth Stokes parameter in 

brightness temperature over the Earth surface. The value of this 

parameter is normally small but exhibits sharp spikes when the 

scene includes large differences in emission from the surface, such 

occur at land/water boundaries.  In this manuscript, it is shown 

that these spikes can be used to accurately locate coastlines with 

potential application to geolocation in passive microwave remote 

sensing from space.  Examples are presented using the L-band 

radiometer on SMAP, first with theory using calculations with the 

SMAP antenna pattern and orbit and then with SMAP 

measurements of the fourth Stokes parameter over Madagascar.  

Using the SMAP data, the coastline is located with a standard 

deviation less than 2 km.  The results are consistent with the 

conventional approach used for geolocation of the SMAP 

radiometer footprint.        

 

Index Terms—Passive Microwave Remote Sensing, Geolocation 

Polarimetric radiometer 

I. INTRODUCTION 

CCURATELY confirming the location on the Earth 

surface of the footprint of a remote sensing instrument 

in space is an important step in validating the data from 

that sensor.  This can be challenging for passive microwave 

remote sensing (i.e., microwave radiometers), especially at long 

wavelengths, because of their relatively poor spatial resolution.  

One way that has been successful is to use easily identifiable 

features in the vertically or horizontally polarized brightness 

temperature such as changes at land-water boundaries and 

tracking these changes as a function of orientation of the 

footprint with respect to the boundary.  For example, comparing 

the brightness temperature at coastlines in ascending and 

descending orbits has been used successfully for AMSR-E [1] 

and the microwave instruments aboard several NOAA satellites 

[2].  Determining the inflection point in the change in brightness 

temperature as the antenna scans across at land-water boundary 

was used successfully for the radiometers on WindSat [3] and 
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SSMI/S [4] and for the L-band radiometer on SMAP [5].  The 

advent of fully polarimetric radiometers such as WindSat and 

SMAP has offered an additional possibility for geolocation:  the 

use the fourth Stokes parameter, Ta4, to identify coastlines.  

This is a new approach which takes advantage of a strong spike 

in Ta4 over scenes containing elements with large differences 

in brightness temperature such as water and land [6].  The 

objective of this manuscript is to demonstrate, using the L-band 

radiometer on SMAP, how the fourth Stokes parameter can be 

used to accurately locate coastlines in the radiometric signature 

with potential application to footprint geolocation.   

 

A.  SMAP 

    The radiometer on SMAP operates at L-band (1.413 GHz) 

and is fully polarimetric.  It reports the four Stokes parameters 

TaV, TaH, Ta3, Ta4 called modified Stokes parameters in 

brightness temperature [7].  The radiometer is conically 

scanning with a 6-m diameter antenna and circles the Earth in a 

Sun-synchronous orbit at 685 km altitude [8], [9], [10].  The 

antenna scans at 14.6 rpm with the antenna boresight at 35.5 

degrees with respect to the nadir pointing scan axis.  The 

incident angle at the ground of the antenna boresight is about 

40 degrees and the 3 dB contour of the antenna footprint on the 

ground is 47 km x 36 km [10].     

 

    Data is collected in 0.35 ms intervals during which the 

radiometer observes the scene for 0.30 ms.  These sampling 

intervals are collected into “packets” of 4 measurements each.  

Four packets (16 measurements looking at the scene) are 

followed by two packets allocated for internal calibration.  This 

is repeated once and the data (i.e., 8 packets of data looking at 

the scene) is averaged to form a “footprint” which is the 

standard data product available to the user.  (See Fig. 7 in [10] 

for a timing diagram.)  However, it is possible to access the 

individual measurements before they are combined into 

footprints.  In the analysis reported here, this data is combined 
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into ½ footprints (the average of 4 packets = 16 measurements) 

to improve resolution.  The result is an increase in noise, but 

also an increase by a factor of two in spatial resolution which is 

important for geolocation. This is a workable compromise 

between noise and spatial resolution as is shown in the 

examples to follow.   Latitude and longitude are provided for 

each 0.30 ms measurement and this is averaged to produce the 

position associated with each ½ footprint of 16 measurements.        

 

B.  Fourth Stokes Parameter 

    The existence of the fourth Stokes parameter, Ta4, requires a 

phase difference between V and H polarization [11] and natural 

emission has been reported over surfaces with organized 

structure such as ocean waves [12], [13] and ice [14] and 

agricultural fields with row crops [15].  The Ta4 observed by 

SMAP is small over most surfaces [16] but large spikes occur 

over scenes with large contrasts in brightness temperature such 

as at coastlines even though the component pieces (i.e., water 

or land) have small if any natural Ta4 when viewed by 

themselves. The spikes are a product of the realities of antenna 

design (e.g., cross-pol coupling and phase imbalance) and 

would not be there if the antenna were perfect [6]. The spikes 

have been observed at L-band by SMAP, by WindSat [17] and 

in other instruments [18]. The spikes observed by SMAP, and 

the subject of discussion here, are illustrated in Figs. 1-2. 

 

    In Fig. 1 Ta4 is shown for a series of SMAP scans over 

Madagascar during descending orbit 01470_D.  Each ½ 

footprint is plotted as an individual dot with a color 

corresponding to the value of Ta4. The spacecraft moves from 

north to south in Fig 1 and the scans rotate counterclockwise 

(direction of the arrow).  On the top, are examples where the 

forward portion of the scan crosses Madagascar and on the 

bottom are the scans where the aft portion of the scan crosses 

the island.  Ta4 is small (green) almost everywhere, over both 

ocean and land.  But at the coastline Ta4 is large and positive 

(yellow) or negative (blue) depending on whether the scan 

crosses from land-to-water or water-to-land.  The change in 

sign can be seen comparing the crossing of the East coast with 

the crossing of the West coast for a given scan.  Comparing the 

two panels in Fig 1 and looking, for example, along the East 

coastline, shows that the sign does not depend on the coastline 

but only on whether the crossing is land-to-water or water-to-

land.       

 

    Figure 2 shows the spike in more detail.  It is a plot of Ta4 as 

function of scan position for SMAP scan #462 in orbit 

 
 

 
Fig. 1:  Fourth Stokes parameter, Ta4, over Madagascar for scans 

during descending half orbit 01470_D.  (Top):  Scans with forward 

portion crossing Madagascar, and (Bottom): Scan with aft portion 

crossing Madagascar.      

 

 
Fig. 2:  Example of Ta4 and TaV for scan #462 during 

descending half-orbit 01470_D.   Top and bottom are the 
same data but the absolute value of Ta4 is shown on the 

bottom to emphasis the coincidence of peak in Ta4 with 

transition of TaV at the coastline.  Ta4 has been multiplied 

by 10 to improve visibility. 
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01470_D.  (Ta4 has been multiplied by 10 to make it more 

visible at this scale.)  The scan geometry is shown in Fig 4 (top).  

Only the portion of the scan crossing southern Madagascar is 

shown in Fig. 2. The antenna temperature at vertical 

polarization, TaV, is also plotted (red).  The coastline is marked 

by the large changes in TaV which goes from TaV ≈ 100 over 

water to TaV ≈ 250 over land.  From the panel on the top, it is 

clear that the sign of the spike depends on whether the antenna 

moves from land-to-water (positive) or water-to-land 

(negative), and in both cases the spike lines up well with the 

coastline.  The alignment with the coastline is easier to see in 

Fig 2 (bottom) where the absolute value of Ta4 is shown to 

emphasize its correlation with the change in TaV at the 

coastline.   

 

    These characteristics of Ta4 are not unique to SMAP nor to 

L-band.  Spikes in Ta4 at the coastline have been observed in 

the polarimetric radiometer on WindSat operating at 18 GHz 

[17]. 

 

C.  This Manuscript  

    The objective of this manuscript is to show that the spike in 

Ta4 at land-water boundaries can be used to accurately locate 

the boundary, and because of this, Ta4 has potential for use in 

geolocation of the radiometer footprint.  In Section II a SMAP 

radiometer computer simulator is used to show that in the ideal 

case (no noise) the spike lines up precisely with the land-water 

boundary.  In Section III, an approach is outlined to use real 

data to locate the coastline with sub-pixel accuracy. Then in 

Section IV, this approach is applied to real SMAP data over 

Madagascar.  The accuracy and limitations are discussed in 

Section V where it is shown that the accuracy depends weakly 

on the angle of approach to the coastline.  In Appendix A an 

example is presented to show that the locations are consistent 

with the approach adopted by [5] in the original geolocation of 

the SMAP radiometer footprint.  Also, in Appendix A, the 

SMAP simulator is used to show that using the inflection point 

of TaV (or TaH) to identify the boundary as done by [5] has the 

same dependence on angle of approach at the boundary as Ta4.  

 

  II. THEORY 

  

A.  Simulator 

    It is clear from Figs 1-2 that spikes in Ta4 occur at the 

coastline.  To determine how well they actually align with the 

coastline, an idealized case will be examined first using a 

computer simulator developed for SMAP. This simulator was 

initially developed for Aquarius [19] and used as part of 

calibration [19],[20].  It was later adapted for SMAP where it 

plays a similar role for calibration (calibration is achieved when 

the actual signal matches the “expected signal” determined by 

the simulator [21],[22]). The simulator consists of two parts, a 

forward radiative transfer model to compute the radiation from 

the surface arriving at the spacecraft, and a model for the sensor 

consisting of the sensor antenna pattern, its orientation and 

movement in space and equations relating the antenna output 

(antenna temperature) due to the incident radiation 

[6],[23],[24].  The simulator calculates the L-band radiation at 

the spacecraft and integrates this radiation over the radiometer 

antenna pattern keeping track of orientation as the antenna 

scans and the spacecraft travels in its orbit in space.  The 

simulator output includes all four Stokes parameters.  The 

simulator is currently being used as part of the cold sky 

calibration of SMAP in which the measured signal while 

looking at cold sky is compared with the signal predicted by the 

simulator [21],[25].   

 

    As a first step in evaluating the usefulness of Ta4 for 

geolocation, it will be examined under idealized conditions with 

no noise and no issues associated with propagation such as 

attenuation or Faraday rotation. The effects of Faraday rotation 

are small (see Section VI.A of [Le Vine et al, 2021]).   The real 

case is addressed later using actual SMAP data.  For the ideal 

case, the simulator is used in a stripped-down mode including 

only radiation from the surface and ignoring issues in radiative 

transport from surface to sensor that are normally important at 

L-band such as Faraday rotation, cosmic background radiation, 

and attenuation through the atmosphere.  In addition, the 

surface has been idealized to consist of ocean and land each 

with a constant, spatially homogeneous brightness temperature  

and assuming a perfectly straight coastline.  The ocean surface 

is flat (zero windspeed) with constant temperature and salinity.  

Likewise, the land is flat with no roughness or vegetation 

canopy and with fixed temperature and soil moisture.  However, 

the actual SMAP antenna pattern is kept, which is critical for 

modelling the fourth Stokes parameter, and the scan geometry 

and orbit parameters of SMAP are also kept in the simulation. 

 

B.  Example 

    Figure 3 is an example from the simulation.  The panel on the 

bottom shows TaV and Ta4 during a complete scan at a land-

water boundary (the scene is half water and half land).  The scan 

starts over land and crosses from land to water near scan index 

200 and then back to land near scan index 952.   (In the 

simulator there are 1200 computations per scan corresponding 

to one computation every 0.3 degrees.)  The land-water 

transitions are evident in the large changes in TaV, and each 

time the scan crosses the land-water boundary there are 

corresponding spikes in Ta4.   

 

  The top panel in Fig. 3 is an expanded view of the water-to-

land transition near scan position 952.  The solid black curve is 

Ta4 and the solid red curve TaV.  The dashed black curve is the 

land-water mask (100 for land and 0 for water).  The important 

point in this example is that the peak of the spike in Ta4 lines 

up precisely with the boundary between land and water (vertical 

dashed-dot line).  The alignment is to within the accuracy of the 

sampling of the simulation (which is the difference in spacing 

between the mask value of 100 and the mask value at 0 at the 

land-water transition).  In contrast to the spike in Ta4, the 

change in TaV is a gradual transition from its value over water 
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(about 100 K) to it value over land (about 230 K).  This is the 

result of the convolution of the SMAP antenna pattern with the 

scene which is a step-function in brightness temperature.    

  

  The excellent agreement of the peak of the spike in Ta4 with 

the actual location of the land-water transition, suggests that it 

can be used in geolocation of the footprint of sensors like 

SMAP.  The peak is well defined and gives a more obvious 

location of the boundary than the changes in TaV or TaH.  

Although this is an idealized case, it is shown below that Ta4 

can be used to locate the coastline in the real world using the 

SMAP radiometer measurements.   

 

  III. APPROACH 

 

    An obvious problem in real life is that Ta4 is noisy and 

because of noise the peak is not immediately obvious.  This can 

be seen in Fig. 2 and is illustrated again Fig. 4 which shows data 

from the same SMAP scan over Madagascar in higher 

resolution.  The location of the antenna boresight during the 

scan is shown on the top and on the bottom is shown TaV (red) 

and the absolute value of Ta4 (black).  Ta4 has been multiplied 

by 10 to make it easier to see and the absolute value taken to 

help compress the scale (i.e., eliminate the need to also plot 

large negative values as in Fig. 2).  The data presented in Fig. 4 

is at half-footprint resolution (i.e., 2 samples per SMAP 

footprint) whereas the data in Fig. 2 is at full footprint 

resolution.  The scan in Fig. 4 starts at about (Lat -18 deg, Lon 

43 deg) over water, and proceeds counterclockwise, crossing 

Madagascar for the first time in the south near Lat -21 deg.  The 

data in the bottom panel of Fig 4 are from this southern portion 

of the scan.   

 

    It is clear from these examples that the noise in Ta4 at the ½ 

footprint resolution is significant.  Although the spike aligns 

with the land-water transition, the precise location of the peak 

is not well defined.  Using the full-footprint data (Fig. 2) 

reduces noise but there is still enough noise to make the location 

of the peak uncertain, and in that case spatial resolution has 

been decreased by half.   

 

    To identify the peak of the Ta4 spike in the presence of noise, 

the following steps are taken:  First, a smooth curve is fit to the 

 

 
 

Fig. 3:  Example from the simulation of Ta4 (black) and TaV 
(red) at a land water boundary. Top:  Full scan;  Bottom:  

Expanded view showing the crossing at scan position 952 in more 

detail.  The land water mask is the dashed line.    

 

 
Fig. 4:  Example of Ta4 for SMAP scan #463 over Madagascar during 

half-orbit 01470_D using half-footprint resolution.  Top:  location of 
footprint boresight on the ground during this scan (red);  Bottom:  

absolute value of 10*Ta4 (black) and TaV (red) during the southern 

crossing (forward look).   
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Ta4 spike; Then, the peak is identified by differentiating this 

curve and solving for the zero in the derivative.  

 

    This is illustrated in Fig. 5 which shows two examples of the 

fitting.   The red curve is the Ta4 reported by SMAP, and the 

dashed curve is the fit to this data using a 4th order polynomial 

and the Matlab routine “polyfit”.  The horizontal axis is the 

sample number.  In each example, 13 samples (SMAP half-

footprints) were used to represent Ta4.  The fit is only weakly 

dependent on the number of samples (i.e., adding a sample on 

each end doesn’t change the fit noticeably) although it is 

necessary that the chosen samples contain the spike in Ta4.  

 

    As a check that the fitted curve is reasonable, a curve 

representing the Ta4 spike from the simulator (solid back) has 

been included in the figure.  The theory is for an ideal case with 

arbitrarily selected brightness temperature, and the amplitude 

and width have been scaled to fit the data.  The sampling rate 

of the simulated data is also several times higher than the half-

footprint available with SMAP data.  Despite these differences 

the agreement of the best fit and theory is reasonable, and close 

to the data.           

 

    The circles (“o”) in Fig 5 indicates the location of the peak 

identified by setting the derivative of the best fit curve to zero.  

Applying this procedure to the simulator example shown in Fig. 

3 results in a location lying at the peak of the spike and on the 

vertical dashed line. 

 

  IV. APPLICATION TO MADAGASCAR 

 

    As an illustration of the potential for using Ta4 to locate 

coastlines, the procedure outlined above was applied to SMAP 

observations over Madagascar.  The East coast of Madagascar 

is relatively linear and, it is one of the coastlines used for the 

geolocation of the SMAP radiometer footprint after its launch 

[5] and it is currently being used to revisit that geolocation.   

 

    Figure 6 shows the results of the geolocation applied to scan 

463 of the descending half orbit 01470_D, which is one of the 

set currently being used to re-evaluate the geolocation of the 

SMAP radiometer footprint and also used by [5] in the original 

geolocation of the SMAP radiometer.  The location of the 

antenna boresight during the scan as reported in the SMAP data 

is shown on a map in Fig. 4 (top).  The scan rotates 

counterclockwise, and the geolocation is done using the 

crossing of the Eastern coastline near Lat 23 S and Lon 48 E.  

The Ta4 at this crossing is shown in Fig. 5 (red curve, bottom 

panel) together with the best fit (dashed line) plotted at the 

sample points.  The red circle indicates the peak as determined 

from the best fit polynomial (by computing the derivative and 

solving for the null).  Figure 6 is an expanded view of the scan 

at the eastern coastline showing the location of the half-

footprint samples used in the location algorithm (‘+”) and the 

point detected as the coastline (‘o”).  The location of the 

 

 
Fig. 5:  Two examples of Ta4 (red) from SMAP together with the 

best fit (dashed) and a scaled version of Ta4 from theory (black).  
Scan 463 is on the bottom and scan 453 is on the top both from 

half orbit 01470_D.  The “o” indicates the calculated peak. 

 
 
Fig. 6:  Example of locating the coastline of Madagascar for scan 463 

of orbit 01470_D.  The “+” indicated the location of the radiometer 
samples along the scan ground track and the “o” indicates the 

detected coastline location.  The scan ground track is shown in Fig 4 

(top panel) and the measured Ta4 is given in Fig 5 (bottom panel).   
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samples “+” is obtained by averaging the latitude and longitude 

of the 16 full-band 0.3 ms observations that comprise the half-

footprint.  The “o” indicates the location of the peak of Ta4 as 

determined from the derivative of the best fit.  The 13 samples 

(“+”) shown in Fig. 6 correspond to the 13 values of Ta4 shown 

in Fig 5 (bottom) and used to determine the fit.  The sample 

identified as #1 in Fig. 5 on the horizontal axis corresponds to 

the “+” on the far left in Fig 6 (i.e., the scan is moving from left 

to right).   

 

    This process was applied to several scans in three different 

orbital passes over Madagascar with consistent results.   This is 

illustrated in Fig 7 which shows the results from 9 scans across 

the Madagascar coast during the descending half-orbit 

01470_D.  An expanded view of the same scans is shown on 

the bottom.  As in Fig 6, the location of the coastline determined 

using Ta4 is identified with the circle “o” and the “+” are the 

location of the data samples that were used in the geolocation.  

The locations, “o”, are consistently west of the actual coastline.  

As a check, this exercise was run for two other descending half-

orbits, 01740_D and 01587_D with similar results.  The mean 

distance between the coastline and the locations was similar for 

all three cases.  The results are shown in Fig 8 which is a plot 

of the distance between the located coastline (the “o”) and the 

actual coastline (map) for the nine scans in each half-orbit.  The 

mean difference for all examples was 3.65 km (the spacing 

between half-footprints is 6 km). 

 

  V. DISCUSSION 

 

A.  Accuracy 

    As a check on the results from Madagascar, the geolocations 

in Section IV above were also done for the aft portion of those 

scans in the three descending passes, 01470_D, 01587_D and 

01740_D which cross the east coast of Madagascar.  The scans 

in pass 01470_D with forward-looking portions that cross the 

coast are those shown in Fig. 1 (top) and the scans in this pass 

with aft portions crossing the coast are the ones used to produce 

Fig. 1 (bottom).  The geometry is almost identical for the other 

two descending passes, 01587_D and 01740_D.   The locations 

found with all these scans are consistent:  The locations are 

similar relative to the coastline for all the scans in a given pass 

and the locations are about the same for each of the three passes.  

But the coastline detections are much closer to the coastline for 

the aft portion of the scans than for the forward portion of the 

scans.  The mean distance between the detected coastline and 

the actual coastline using the forward portion of the scans is 

3.64 km to the west of the coastline (Fig. 8); but using the aft 

portion of the scans, the locations are close to and on both sides 

of the coastline with a mean difference of 0.25 km west (the 

standard deviation is 1.81 km).   

    

    In an ideal case, there should be no difference between 

locations made with the forward portion of the scan or the aft 

portion of the scan.  The sign of Ta4 changes but the shape is 

 

 
Fig. 7.  Geolocations with forward looking portion of scans during 

orbit 01470_D over Madagascar.  The coastline geolocations are 
indicated with the circle (“o”) and the location of the SMAP half-

footprint data used in the geolocation is given by the crosses (“+”).   

Summary on the top and expanded view on the bottom. 

 
 
Fig 8:  Distance between coastline located using SMAP data and the 

actual coastline for orbits 01470, 01587 and 01740.  The mean distance 

for all cases is 3.64 km. 
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independent of the direction.  This has been verified using the 

simulator (see examples in Fig. 3 and 9).  As a check, to see if 

this difference between forward and aft scans could be 

associated with the retrieval algorithm, the locations of the 

coastline were compared with results of an independent study 

underway to revisit the geolocation of the SMAP radiometer 

footprint.  This study uses the change in antenna temperature 

and the approach used by [5] in the original SMAP radiometer 

geolocation to identify the coastline.  Good agreement was 

found between the two approaches with a similar difference 

between the locations obtained with the forward and aft portion 

of the scan.  (See Appendix A for a comparison.)   

 

    The consistency of the results among all scans and the 

confirmation with the conventional approach using TaV 

suggests the difference between for and aft portions of the scan  

is a real feature of the SMAP data and possibly associated with 

a residual bias in the geolocation of the SMAP radiometer 

footprint.  It is beyond the scope of this manuscript to try to 

establish the SMAP geolocation with this limited data, but a 

difference between forward and aft looks could be caused by a 

small error in the orientation of the axis of the scan or some 

combination of error in pitch and roll.  Initial results using 

GNSS-R measurements being conducted with the SMAP radar 

receiver suggest a small error in the pointing of the SMAP 

antenna boresight (N. Rodriguez-Alvarez and J. Munoz-Martin, 

private communication).  

 

    Given the possibility of a small residual error in the 

geolocation of the SMAP radiometer footprint, comparing the 

locations obtained with the examples above does not provide a 

reliable estimate of the accuracy of using Ta4 to locate the 

coastline.  However, even if there is no error in the SMAP 

radiometer geolocation, the mean difference between the 

coastline and location given using Ta4 and the SMAP data are 

still very good: a mean error of 3.64 km for the forward scans 

and mean of 0.25 km for the aft scans with standard deviation 

of 1.66 km and 1.81 km, respectively.  These distances are 

much less than the 3 dB footprint of the SMAP radiometer and 

better than the spacing between the half-footprints (about 6 km) 

used in the analysis.  The error reported in the SMAP 

geolocation by [5] was ±2 km which is larger than the standard 

deviation using Ta4 in these examples.   

 

B. Issues 

    One obvious limitation of the approach outlined here is the 

 

 
 
Fig 9.  The effect of the crossing angle of the scan at a land/water 

boundary on Ta4.  (Top) Ground track of five scans with respect to 

the land/water boundary (heavy dark line); water is south and land 
north of the line.  (Bottom) Ta4 for these 5 scans.  The crossing 

angle increases with scan number and is perpendicular for scan 
#13    

 

 
 
Fig. 10:  Expanded view of 10*Ta4 (black), TaV - 100 (red) and 

the land-water mask (dashed) at a land-water crossing 

(simulation).  (Top) Scan #13 crossing perpendicular to boundary;  
(Bottom) Scan #1 crossing boundary at about 60 degrees.    
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shape of the coastline.  If it is irregular and/or includes large 

bays or inlets, the shape of the spike in Ta4 will be impacted 

and errors can occur.  But of course, this is also a limitation of 

conventional approaches using TaV or TaH and this is the 

reason the east coast of Madagascar was chosen for original  

geolocation by SMAP [5].  No irregular or missing spikes were 

found in the section of coastline employed in this analysis.   

  

    Another obvious issue associated with accuracy is the 

radiometer sample rate.  The SMAP data is highly over sampled 

(32 radiometer measurements which are averaged to produce 

one “footprint”) which provides some room to improve spatial 

resolution but at the cost of increased noise.  In the examples 

presented here 16 radiometer measurements were used to 

improve spatial resolution.  This increased the noise in the Ta4 

spikes as can be seen by comparing Ta4 in Fig. 2 and Fig. 4.  

The objective here was just to demonstrate the technique, but 

there is clearly some additional work to be done to determine 

the optimum trade between noise and spatial resolution with the 

oversampled data.  A similar trade would probably benefit other 

approaches and it points to the advantage of having 

oversampled data to work with. 

 

    A less obvious limitation is that the accuracy potentially 

depends on the way the scan intersects the land-water boundary.  

The ideal case is when the scan intersects the coastline at right 

angles (i.e., when the red line representing the scan in Fig. 4 

(top), or line through the “+” in Fig. 6, is perpendicular to the 

coastline).  When the angle between the scan and coastline 

decreases, the spike in Ta4 broadens and the amplitude 

decreases.  This is illustrated with the simulator in Fig. 9 which 

shows several noise-free scans made as the spacecraft moves 

across a land-water boundary.  The path of the antenna 

boresight on the surface is shown on the top with the land-water 

boundary indicated by the heavy black line (land is north of the 

line).  The Ta4 for each scan is shown as function of scan angle 

in the bottom panel.  Scan 1 (solid black) is the southern-most 

scan, and its ground track intersects the land-water boundary at 

the smallest angle.  Scan 13 (solid blue) is the northern-most 

scan.  In this scan the spacecraft nadir location is almost on the 

land-water boundary and the scan ground track is almost 

perpendicular to the land-water boundary.  The spikes in Ta4 

associated with scan 1 (smallest angle of intersection) are the 

smallest in amplitude and broadest in scan index, and the spikes 

associated with scan 13 (almost perpendicular) are the tallest 

and narrowest.  In moving from scan 1 to scan 13, the pair of 

spikes in Ta4 also move closer together because the portion of 

the scan south of the land-water boundary decreases.   

 

    Figure 10 is an expanded view of the transition from land-to-

water in scan 13 (top) and scan 1 (bottom).  The width of both 

the Ta4 peak (black) and the TaV transition (red) increase as 

the angle of intersection of the scan with the land-water 

boundary decreases.  The width of the transition of TaV from 

water to land is about 30 samples, as indicated by the scan index 

on the horizontal axis, in Scan 13 (perpendicular incidence) and 

about 50 samples in Scan 1 (intersection angle of about 60 

degrees).   

 

    This scaling of the width of Ta4 and TaV with the angle of 

intersection of the scan with the coastline is a consequence of 

geometry.  For example, imagine the 3 dB contour (or any other 

level) of the antenna footprint to be a circle.  Then, as the 

footprint crosses perpendicular to the boundary, the transit 

“time” is determined by the diameter, D, of the contour.  

However, the time from first contact to last contact at any other 

angle, φ, is determined by D/sin(φ).  The change in amplitude 

of Ta4 with the angle of intersection is also an issue of 

geometry, although more complex in this case because the 

components of the antenna pattern involved in the integration 

to produce Ta4 comprise two peaks of opposite sign separated 

by a null (e.g., see Eqns. 2 and Figs 4-5 in [6]). 

 

    Two effects contribute to making a perpendicular crossing 

best.  The first is the that decreased amplitude at smaller 

crossing angles will increase the impact of noise (decrease 

signal to noise ratio since the noise is not changed).  The second 

is that there is a slight bias in the location of the peak when the 

crossing is not perpendicular to the boundary.  This bias can be 

seen in Fig 10 (bottom) by comparing the peak of Ta4 (black) 

with the land/water mask (dashed).  The bias is about 3 scan 

positions or about 2.5 km at the SMAP altitude and scan angle.  

The bias is the same when the crossing is from water-to-land.  

There is no noticeable bias when the scan crosses perpendicular 

to the coast (top panel).  This bias also occurs in the inflection 

point of TaV which also shifts slightly in the same direction as 

the peak in Ta4 when the angle of intersection with the 

boundary decreases (see Appendix A).  Although the bias is 

small, the bias together with the decrease in amplitude are 

probably reasons to look for cases when the angle of 

intersection with the coastline is close to perpendicular when 

doing geolocation.   

 

  VI. CONCLUSION 

 

    The objective of this manuscript has been to demonstrate that 

the fourth Stokes parameter, Ta4, can be used to locate land-

water boundaries such as coastlines and provide an additional 

way to help validate the pointing and geolocation of the antenna 

footprint of passive microwave sensors in space.   

 

    The fourth Stokes parameter is well suited for geolocation 

using coastlines because it is very small for uniform scenes and 

only responds when the scene includes elements with much 

different brightness temperature such as occurs at coastlines.  

This behavior occurs because the dominant term in the antenna 

pattern contributing to Ta4 consists of opposite signed peaks 

(see Section IV.B in [6]).  When the scene is uniform (constant 

TB), the contribution from the two peaks cancel each other in 

the integration over the antenna pattern, but when one part of 

the footprint is over a scene with low brightness temperature 
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(e.g., ocean) and the other over a scene with high TB (e.g., 

land), it is possible to have a large difference.  

 

    The examples presented here using SMAP radiometer scans 

over Madagascar demonstrate that the technique works.  The 

standard deviation of the difference between the locations and 

the actual coastline was 1.66 km using the forward portion of 

the scans and 1.81 km with the aft portion of the scans.  This is 

better than the spacing between samples used in the algorithm 

(6 km) and comparable to the accuracy (±2 km) claimed in the 

geolocation done for SMAP by [5].  The locations, including 

the difference observed between forward look and aft look are 

consistent with an independent geolocation currently in 

progress and using a conventional technique (locating the 

inflection point in the change in antenna temperature at vertical 

or horizontal polarization). 

 

    Finally, the examples given here are for a radiometer 

operating at L-band (1.4 GHz), but spikes in Ta4 at coastlines 

have been reported at 18 GHz from WindSat [17], and [18] 

reports spikes in Ta4 for a polarimetric radiometer operating at 

91 GHz.  Both these reports at higher frequency are from 

instruments using the difference between right-hand and left-

hand circular polarization to measure Ta4 as opposed to the 

direct method used by SMAP [see Appendix A of [6] for a 

discussion].  The SMAP approach will see spikes when there is 

a change in Q = TBv – TBh within the antenna footprint [6] and 

the approach using circular polarization will see spikes when 

there is a change in I = TBv + TBh within the footprint [18].  

The difference in Q and I between land and ocean is reported in 

Table I at 40 degrees local incidence angle for the frequencies 

commonly used for remote sensing from space.  The differences 

are relatively stable over this frequency range.  Of course, even 

though spikes may be observed at these frequencies, how well 

the spikes serve for geolocation will depend on the details of 

the specific sensor and the approach will have to be tuned to 

each sensor.  But Table I suggests that the potential exists 

independent of frequency and method of detecting Ta4. 

 

       Table I:  Example Brightness Temperatures 

Frequency  Ocean TB 
Kelvin 

Land TB 
Kelvin 

Difference 
Land-Ocean 

  Q I Q I ΔQ ΔI 

1.4 GHz  44 198 57 357 13 161 

6 GHz  45 221 57 353 12 142 

10 GHz  46 224 57 371 11 147 

18 GHz  47 231 57 391 10 160 

32 GHz  48 247 55 423 6 176 
     Ocean:  Zhou et al model [27] for dielectric constant with SST = 20 C;  SSS 

= 35 psu;  WS = 0 m/s 

    Land:   Dobson model for the dielectric constant as given by [26] with SM = 

0.3;  Sand fraction = 0..4;  Clay fraction = 0.3;  bulk density = 1.7 g/cc;  T = 23 

C;  no vegetation; no Roughness 

 

  VII. APPENDIX  A 

 

    A more conventional approach for locating a land-water 

boundary is to use the inflection point in the change in the 

antenna temperature TaV or TaH as the radiometer crosses the 

boundary as the marker for the coastline.  This works well in 

the idealized case as is shown in the Fig. A.1.  The results in 

Fig. A.1 were obtained with the simulator (Section II.A above) 

using uniform ocean and land (i.e., each with constant TB) and 

no noise.  The solid line is the antenna temperature at vertical 

polarization, TaV, and the dashed line is the land/water mask 

(water is zero).  To compute the inflection point, a fifth order 

polynomial is fitted to TaV and then differentiated twice.  The 

second derivative is shown in red.  The inflection point is where 

this curve crosses zero.  The panel on the top is for a case when 

the scan crosses perpendicular to the coastline and the panel on 

the right is for an intersection of about 60 degrees.  When the 

intersection is perpendicular (top), the inflection point aligns 

precisely with the boundary (i.e., where the mask changes from 

water to land).  When the intersection is oblique (bottom panel 

of Fig A1), the transition takes longer as TaV is stretched out 

over more scan positions.  The end points, ocean and land, are 

fixed so that magnitude of the change in TaV does not change.  

However, because the change in TaV is slower at oblique 

intersection, the second derivative (red) has a smaller peak 

amplitude.  In both cases, the inflection point is a good 

 

 
Fig. A1:  Geolocation using the inflection point:  TaV (solid 

black), second derivative (red) and land/water mask (dashed).  

TaV is from the simulator.  Top:  Scan perpendicular to the 
boundary;  Bottom: Scan intersection angle approximately 60 
degrees. 
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indication of the boundary.  But in the case when the scan is not 

perpendicular to the boundary, there is a small bias toward the 

water side.  This is the same effect as noticed in the case of Ta4 

(Section V.B above).  Both TaV and Ta4 broaden as the scan 

intersects the boundary at smaller angles and the metric for 

locating the boundary in each case, amplitude of Ta4 and 

second derivative of TaV, decrease.  This makes them both 

more likely to be impacted by noise compared to incidence 

perpendicular to the boundary.    

 

      A variation of the approach using the inflection point was 

used in the post-launch verification of the geolocation of the 

SMAP radiometer footprint [5].  The difference is that rather 

than fitting a polynomial to TaV and differentiating as above, a 

curve with a fixed shape was fitted to the data.  This procedure 

is being repeated as this manuscript is being prepared by one of 

the co-authors (J. Peng).  A comparison of results obtained 

using this procedure with the approach using Ta4 described in 

this manuscript is shown in Fig. A2 for the aft scans of orbit 

01470_D over Madagascar.  The red asterisks (“*”) are the 

geolocation using Ta4 and the green circles (“o”) are the 

geolocation using the inflection point of TaV obtained with the 

approach used in [5] but redone by J. Peng as part of the new 

analysis.   The comparison for the forward portion of the scans 

is on the top and a comparison for aft portion of scans is on the 

bottom.  The locations from the two approaches are in 

reasonable agreement, and the difference between locations 

using the forward and aft portion of scans is present in both 

approaches.  In particular, the red asterisks and green circles are 

consistently west of the coastline (Fig. A2, top) using the 

forward portion of the scans and are very close to the coastline 

using the aft portion of the scans (Fig. A2, bottom).   
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