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 Ocean vector winds (OVW) are critically important for scientific and societal 
applications.  Timely knowledge of OVW is needed for commercial shipping, 
regional maritime transportation networks, military operations, and natural 
resource exploration.  OVW are relevant to seasonal and longer term forecasts 
through mechanisms such as modulation of ocean surface currents, redistribution 
of sea ice, and deep water formation.  In all applications, high winds make a 
particularly significant contribution.

 There are two primary technologies for measuring OVW from space, the only 
practical platform for global OVW measurement.  One are scatterometers, which 
are an active measurement system.  The other are radiometers, a passive 
measurement system.  For radiometers, the microwave emission from the ocean 
surface is related to wind speed and direction through long gravity waves, capillary 
waves, and sea foam.  Vertical and horizontal polarization measurements provide 
estimates of wind speed.  Measurement of the complete Stokes vector provides 
wind direction.  Additional accuracy can be obtain with measurements from more 
than one look direction.

 The use of two-look polarimetric (2LP) measurements for OVW retrieval is 
especially relevant today because of new opportunities provided by internal 
calibration.  For example, the Compact Ocean Wind Vector Radiometer (COWVR) 
designed by the Jet Propulsion Laboratory (JPL) takes advantage of internal 
calibration to provide a 360° un-blocked conical scan, which was a limitation of 
WindSat.  The Aquarius and GMI missions have demonstrated internal calibration 
to be a viable design.  The new technology in COWVR is able to reduce the mass 
to 59 kg, compared with 450 kg for WindSat.  Similarly the power consumption is 
reduced to 47 W, compared with 350 W for WindSat.  These reductions in mass and 
power translate into a less costly instrument.  Radiometers have an advantage over 
scatterometers that they also provide sea surface temperature, total precipitable 
water vapor, total vertical cloud water, column average rain rate, and sea ice.

 This poster provides a comparative assessment of WindSat wind direction 
retrievals with scatterometer winds, and evaluates their accuacy against in situ wind 
measurements from buoys.

 We use Version 7 WindSat data produced by Remote Sensing Systems (RSS).  
The WindSat 2LP retrievals are produced using a maximum likelihood estimate 
(MLE) with the latest version of the RSS radiative transfer model (RTM) [Meissner 
and Wentz, 2012].  The MLE uses collocated forward and backward looking 
polarimetric (V, H, 3S, 4S) observations at 10, 18, and 37 GHz.  The antenna 
temperatures are resampled to the 10 GHz footprints, whose 3-dB size is 25 x 38 
km.  The horizontal spacing is 12.5 km.  The retrievals cover a 600 km wide swath, 
about one-third of the total WindSat swath.

 We compare against scatterometer OVW produced by RSS.  The Version 4 RSS 
QuikSCAT dataset was derived using the Ku-2011 geophysical model function 
(GMF) developed by Ricciardulli and Wentz [2011] based on the methodology of 
Wentz and Smith [1999].  The Version 1 RSS ASCAT data were processed using a 
consistent GMF for Ku- and C-bands [Ricciardulli and Wentz, 2012].

 The ground-truth data used to validate the OVW comes from anemometers on 
190 open-ocean moored buoys (shown in figure) obtained from multiple sources.  
Tropical buoy data were obtained from the Pacific Marine Environmental 
Laboratory (PMEL).  This includes the TAO/TRITON (purple), PIRATA (red), and 
RAMA (cyan) buoy arrays.  Extratropical buoy data were obtained from the U.S. 
National Data Buoy Center (NDBC) (green) and the Canadian Marine 
Environmental Data Service (MEDS) (blue).

 Both sea surface emissivity and radar backscatter cross-section are periodic 
functions of relative wind direction (direction between satellite look angle and the 
wind direction).  Thus, regardless of the measurement technique, multiple minima 
are found, called ambiguous wind direction solutions, or ambiguities.

 The figures show the directional dependence of the TB residual between a 
simulated measurement and RTM TB with and without 0.2 K of noise.  The 
two-look configuration assumes 180° opposite forward and backward looks, and 
the true relative wind direction is 90°.  Absolute minima are identified by circles.

 The left panel shows 1LP.  Without noise, the separation between the first and 
second ranked ambiguities is 0.1 K.  When noise is added, the one-look residual for 
the correct ambiguity is actually 0.05 K larger than the first ranked, which is wrong 
in this case.

 The right panel shows 2LP.  Without noise, the separation between the first and 
second ranked ambiguities is 0.2 K.  The additional separation is what gives 2LP 
retrievals additional resilience to noise over 1LP.  With noise, the two-look residual 
for the first ranked ambiguity, which is the correct direction, is still about 0.1 K 
above the second ranked.  Thus, with two-looks, the correct solution is still the first 
ranked solution, despite the noise.

 This figure provides an example of OVW over the Sea of Japan.  On this day 
there was an area of high winds south of Vladivostok in the northeast part of the 
region.  Southwest of the high wind area is an area of lower wind speeds with 
convergence and precipitation.  The precipitation is heaviest where there is circular 
hole of missing WindSat retrievals in the center of the region.

 Since all OVW retrieval techniques provide multiple ambiguous solutions, 
some method must be used to decide which solution is most likely to be correct.  
The simplest method is to take the solution with the smallest sum-of-squares 
residual between measurement and model (the “first ranked” solution).  For 
WindSat 2LP, this works very well for winds above 8 m/s.  For ASCAT, this does 
not work well, and results in many 180° opposite solutions.  One way to break the 
ambiguity is to use spatial information, selecting the ambiguity closest to its 
neighbors.  The standard technique is median filtering initialized with a numerical 
weather prediction field.  All panels in the figure show this “selected” ambiguity.  
The figure shows that after ambiguity selection, all techniques provide vectors of 
similar accuracy, thus reducing the benefit of any one technique over another.

 The left panel shows a wind speed histogram for each buoy array.  The mode of 
the wind speed distribution is 7 m/s for the TAO/TRITON, PIRATA, and NDBC 
arrays.  For RAMA, the mode is spread out between 5-8 m/s, and has the lowest 
overall number of observations because of its shorter period of availability.  The 
Canadian MEDS buoys have a mode near 6 m/s and a fat tail at high wind speeds.  
NDBC buoys also provide high winds.  The tropical buoy arrays provide no 
observations above 14 m/s.
 
 The right panel shows the standard deviation of WindSat minus buoy wind 
direction versus buoy wind speed.  The WindSat wind direction is the first ranked 
ambiguity, and the statistics for each buoy array are plotted separately.  The wind 
direction accuracy is a strong function of wind speed.  At 3 m/s, the lowest wind 
speed for which a retrieval is possible, standard deviations are in the range 50°-60°.  
Use of median filtering reduces these standard deviations to 30-40°.  The standard 
deviations drop below 20° around 7 m/s for all buoy arrays.  The standard deviation 
drops below 10° between 8-9 m/s for the PIRATA, TAO/TRITON, and MEDS 
buoys; and at 10 m/s for RAMA.  The standard deviation at high winds stays at or 
below 10° for the MEDS buoys, while the NDBC buoys show a 5° increase above 
14 m/s.  Above 8 m/s, median filtering makes little improvement on the very 
accurate 2LP wind directions.

 The left panel shows the skill rate as a function of wind speed for the first 
ranked direction.  The skill rate is defined as the fraction of wind vectors for which 
the ambiguity under consideration (either first ranked or selected) is within 20° of 
the buoy direction.  We see that WindSat 2LP is the only retrieval that achieves and 
exceeds 90% skill.  It achieves this skill at 8 m/s, where QuikSCAT also has a skill 
rate near 90%.  While WindSat holds its skill rate at higher wind speeds, QuikSCAT 
skill rate drops from 90% at 8 m/s to 60% at 20 m/s.  WindSat 1LP skill rate is about 
5-10% lower than 2LP for winds above 8 m/s.  ASCAT is the outlier with a skill rate 
below 60% at 8 m/s, and a maximum of 75% at 15 m/s.  This occurs becuase 
one-third of ASCAT retrievals are 180° opposite solutions.  QuikSCAT has the 
highest skill in low winds, staying above 50% even for winds of 3 m/s.  WindSat 
has the lowest skill at low winds, dropping below 50% at 5 m/s.

 The right panel shows the skill rate for the selected ambiguity.  Ambiguity 
selection brings all of the curves closer together.  For winds above 8 m/s, all sensors 
have skill at or above 90%, where WindSat 1LP is the lowest of the group.  For 
winds below 8 m/s, ambiguity selection dramatically improves scatterometer skill, 
particularly for ASCAT.  Scatterometer skill rates stay above 70% for both ASCAT 
and QuikSCAT.  WindSat 1LP and 2LP retrievals are improved, but still lag behind 
the scatterometers.  At 3 m/s, WindSat skill is about 35% for both 1LP and 2LP.  
Ambiguity selection reduces the benefit of 2LP over 1LP.

 The tables show the satellite minus buoy wind direction standard deviation for 
the lowest 25% of wind speeds (3-6 m/s), the middle 50% of wind speeds (6-9 m/s), 
and the upper 25% of wind speeds (9-20 m/s).  This is for rain-free conditions.

 For the first ranked ambiguity (top), QuikSCAT performs the best at low wind 
speeds, with a standard deviation of 41°.  For moderate winds and high winds, 
WindSat 2LP has the lowest standard deviations by far: 17° for moderate winds and 
10° for high winds.  At high winds, QuikSCAT standard deviations are 5° higher 
than QuikSCAT at moderate winds, a phenomenon noted in the literature [Yueh et 
al., 2003; Quilfen et al., 2007].  

 For the selected ambiguity (bottom), ASCAT and QuikSCAT perform equally 
well across all winds speeds with standard deviations around 16° for low winds and 
7°-8° for moderate and high wind speeds.  For WindSat, once ambiguity selection 
has been used, there is little distinction between 1LP and 2LP performance, with 
errors of 25° for low winds, 11° for moderate winds, and 8°-9° for high winds.  
After ambiguity selection, 1LP winds are almost 1.5° better than 2LP at high winds, 
because of greater atmospheric inhomogeneity in high wind conditions.

 The tables present wind direction standard deviation for clear (no-rain) 
conditions and in rain.  To focus mostly on rain effects, the statistics are for wind 
speeds above 8 m/s.

 For the first ranked ambiguity (top), WindSat 2LP has the lowest standard 
deviations in rain, an extension of its skill in rain-free conditions.  However, 2LP 
has the largest rain effect when you consider the difference in rain versus clear.  The 
1LP retrievals, while less accurate, have a smaller rain effect than 2LP because of 
less error from atmospheric inhomogeniety.  ASCAT has the highest standard 
deviations in rain, but it has the smallest rain effect, which actually reduces the 
tendency towards 180° solutions, giving a negative rain effect.

 For the selected ambiguity (bottom), ASCAT has the lowest standard deviations 
in rain and it also has the smallest rain effect.  This is consistent with the many 
studies of scatterometer rain effects showing that C-band is less sensitive to rain 
than Ku-band.  QuikSCAT has the largest standard deviations and largest rain 
effect.  WindSat is slightly better than QuikSCAT, and the 1LP winds are slightly 
better than 2LP.  Even in rain, all sensors have selected ambiguity standard 
devations less than 20°, which is generally considered the threhold of skillful 
direction retrievals.

 We found that WindSat 2LP wind direction retrievals are extremely clean for 
moderate to high winds, even with no median filtering.  In the middle half of wind 
speeds 6-9 m/s, WindSat 2LP has a standard deviation relative to buoys of 17°, 
compared with 31° for QuikSCAT first ranked ambiguity.  For winds 9-20 m/s, 
WindSat 2LP first ranked ambiguity had standard deviations relative to the buoys 
of less than 10°; far better than QuikSCAT’s 37° standard deviation.  However, 
despite advances in ocean surface emission modeling, passive microwave 
measurements have a limited wind direction signal at low winds.  There are no 
retrievals possible below 3 m/s, and in the lower quarter of wind speeds 3-6 m/s, the 
first ranked standard deviation for WindSat 2LP is 54°.  Use of median filtering is 
able to reduce this to 25°, but that is still far higher than QuikSCAT which has a 
standard deviation of 15° for these wind speeds.

 We found that rain does increase the wind direction standard deviation, 
although median filtering reduces this impact to less than 10° for all the sensors in 
the quadruple collocation dataset.  Interestingly, the 2LP standard deviations in rain 
are about 1° higher than 1LP.  This contradicts the hypothesis that 2LP wind 
directions are always necessarily better than 1LP.  The 2LP winds are expected to 
have lower standard deviations because more information is used in the retrieval 
and atmospheric effects should cancel in the forward-backward difference.  These 
results show however that horizontal inhomogeneity in areas of rain is great enough 
that atmospheric effects cannot be expected to necessarily cancel between forward 
and backward looks.  This holds true even when the 2V-H combination is used to 
minimize atmospheric effects.

 We found that for winds over 7 m/s, a directional accuracy of better than 20° is 
possible without resorting to median filtering using numerical weather prediction 
for nudging.  In fact, we found situations where median filtering 2LP directions 
actually lowered the skill relative to buoys, thus indicating errors in the numerical 
weather prediction fields.  For winds below 7 m/s, scatterometers still provide the 
best OVW.  It is possible that further algorithm refinement, for example using 
adaptive channel weights, might improve WindSat skill at low wind speeds.  
However we must recognize that there is a fundamental physical limitation due to 
the diminishing wind direction signal at low winds.

 We conclude that there is no one-size-fits-all approach to measuring OVW.  
While radiometers can provide very accurate wind directions at high wind speeds, 
scatterometers provide more accurate directions at low wind speeds.  This suggests 
that the best approach to measuring OVW would be a combined passive/active 
approach using a synthesis of at least two sensors.  In addition to the low/high-wind 
synthesis of a scatterometer/radiometer combination, the radiometer provides 
information about rain, which is difficult to confidently infer from scatterometer 
measurements alone.  OVW information from the two sensors needs to be 
combined in a way that makes use of a priori information about each sensor’s 
distribution of wind direction errors and how they depend on environmental 
conditions.  Attempts to combine active/passive synergy for OVW should also be 
aware to any opportunities to leverage the measurements to produce the highest 
possible spatial resolution.  Meteorologists need the highest resolution possible 
because they are concerned with winds on scales of 100 km around the center of a 
hurricane.

 An addition to the science using OVW, an important measure of success for an 
OVW sensor is its utility for practical everyday weather forecasting.  The utility 
and impacts of QuikSCAT wind vectors on forecast and warning operations in U.S. 
coastal Weather Forecast Offices was investigated by Milliff and Stamus [2008].  
More than half of survey respondents use QuikSCAT data “sometimes” in 2008, 
compared with no data usage 2 years prior.  The chief limitation for forecasters, 
identified by more than 80% of respondents, is that QuikSCAT data were too old in 
time to be useful.  Brennan et al. [2009] described the utility and shortcomings of 
usage of near-real-time OVW from QuikSCAT at the National Hurricane Center.  
They found QuikSCAT to be useful for estimating TC center location, intensity, and 
size; with the greatest skill in moderate to strong tropical storms.  One of the major 
improvements requested was an increase timeliness of data.  Thus, for an OVW 
sensor to be successfully adopted by the weather forecast community, there must be 
a plan to ensure as close to real-time data availability as possible.  In addition, the 
greater the number of sensors measuring OVW, the more likely a given part of the 
ocean will be observed in a given time period.  Hopefully new low-cost concepts 
such as COWVR will make it possible to deploy a constellation of OVW sensors 
affordably, which will benefit science and society.

 In our talk we compare the 2LP wind vector retrieval performance 
with that of single-look polarimetric radiometers (i.e., WindSat standard 
product) and scatterometers. We provide basic statistics from a triple col-
location between winds from WindSat, QuikScat, and NDBC/PMEL 
ocean moored buoys. The statistics include the standard deviation of the 
first ranked ambiguity direction, skill rate, and number of ambiguities. All 
available data from the common period of operation between WindSat 
and QuikScat (2003-2009) are used. We characterize the wind direction 
accuracy as a function of wind speed, and show how 2LP retrievals are 
able to extend the wind vector accuracy to lower wind speeds than previ-
ously considered possible for radiometers. 

 To explore the potential of 2LP radiometers, we use the 11 years of 
WindSat observations as a testbed. We only use that portion of the Wind-
Sat swath that has both fore and aft observations. WindSat provides fully 
polarimetric observations (all four Stokes parameters) at 11, 19, and 37 
GHz. This represents 12 independent channels for each of the two azi-
muth directions. A wind vector retrieval algorithm is developed to fully uti-
lize this wide assortment of information. Since this analysis is based on 
actual observations, it provides a realistic picture of what to expect from 
future 2LP radiometers. To our knowledge, this is the first time that the 
combination of WindSat’s fore and aft observations has been fully utilized 
for wind vector retrievals.

Abstract  This talk discusses the future utilization of two-look polari-
metric (2LP) microwave radiometers for measuring the ocean surface 
wind vector. Potentially, these 2LP satellite radiometers offer two advan-
tages over conventional scatterometers: unambiguous wind vector re-
trievals and low-cost. One concept for a 2LP radiometer is being devel-
oped by JPL and is called the Compact Ocean Wind Vector Radiometer 
(COWVR). A space demonstration of COWVR is planned for 2016 time-
frame.


