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Recent studies have highlighted the importance of boundary layer dynamics in 
tropical cyclone (TC) intensification and structure change. TC boundary layer (TCBL)  
phenomena such as turbulent kinetic energy, horizontal rolls, momentum fluxes, and 
gradient wind imbalance are important for TC evolution. However, kinematic fields with 
adequate spatial resolution to resolve TCBL features are difficult to obtain due to 
limitations in our observation capabilities. 

A TCBL feature of particular interest is the supergradient jet at the top of the 
boundary layer (Kepert and Wang 2001) associated with boundary layer convergence 
and forcing of deep convection. The supergradient jet may play a critical role in the 
formation of eyewalls and secondary eyewalls (Huang et al. 2012).  Supergradient winds 
typically occur only in the near the inner core where the tangential wind profile is peaked,   
and when the inward advection of angular momentum exceeds the rate at which it is lost 
to the sea surface due to friction. The local pressure gradient imbalance results in an 
outward acceleration, which decreases inflow and causes convergence in the TCBL.  
The low-level convergence and upward motion helps to enhance convection (Kepert and 
Wang 2001). The existence of supergradient winds has been shown in several studies 
(e.g. Kepert 2006, Bell et al. 2012a, Sanger et al. 2013), but the degree to which the 
winds exceed gradient balance in observations is still unresolved.  It is important to 
determine the magnitude of the supergradient jet concretely through observations to 
improve our understanding of TC intensification and eyewall formation.   

Airborne Doppler radar can provide some of the highest resolution wind 
measurements near the top of the TCBL, but the data quality is degraded near the sea 
surface. Dropsondes and Stepped Frequency Microwave Radiometers (SFMR) can 
provide near surface wind information in the TCBL, but also have their own limitations. 
An improved methodology to retrieve high-resolution low-level TC winds from multiple 
data sources using a new spline-based, 3-D variational analysis technique called 
SAMURAI (Spline Analysis at Mesoscale Utilizing Radar and Aircraft Instrumentation) 
has been developed. The TCBL wind retrieval is similar to that described in Lorsolo et al. 
(2010) in that it is performed in a “wedge” below the aircraft. However, the SAMURAI 
variational analysis is performed directly in cylindrical coordinates centered on the TC 
circulation, and can supplement Doppler radar data with SFMR, flight level, and 
dropsonde observations to take advantage of multiple observations. The improved 
analysis methodology was developed to try and obtain reliable wind fields as close to the 
surface as possible. 

To test the methodology, synthetic data was generated from a Weather Research 
and Forecast (WRF) simulation of Hurricane Rita (2005). The 84-hour simulation 
consisted of a quadruply nested domain down to 666.7 meters. An idealized south-to-
north flight track was then flown through the simulated storm with an idealized airborne 



Doppler radar. The radar geometry has similar characteristics to existing tail Doppler 
radars, but with a simple point beam, no noise, and a flat ocean surface. As a first test 
case, low-level winds were retrieved from one leg of the simulated airborne radar.  
Figure 1 shows a sample radar image in Soloii with the surface echo removed.  The 
synthetic radar observations were synthesized using SAMURAI for the “test” run.  
Perfect in situ wind observations from the model were also analyzed using SAMURAI for 
the “truth” run. The resulting outputs were then compared to see how accurate the 
methodology could be given perfect airborne radar observations. The analyses had no 
variation in the azimuthal direction in order to determine the optimal width of the wedge.  

The value of adding in situ observations in the variational solution was also 
tested. Synthetic dropsonde observations were 
created from the model data and added to the 
SAMURAI input.  Dropsonde spacings of 1 km, 2 
km, 4 km, 6 km, and 8 km were tested.  Flight-
level observations were also created from the 
model data at 1.5 km height, to match the flight 
altitude an initial real data test case.  While 
including SFMR observations is also desired, the 
best way to use SFMR measurements is still 
being tested.  The SFMR provides wind speed 
measurements, with no directional component.  
One possible way to use SFMR data are to 
assume the tangential wind (V) component is 
much larger than the radial wind (U) component 
so that all wind speed is attributed to V.  Another 
method is to assume a constant inflow angle, 
such as -22 degrees (Zhang and Uhlhorn 2012).  
The parametric model developed by Zhang and 
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Figure	  1	  	  An	  example	  of	  a	  synthetic	  radar	  
sweep	  on	  9/20/2005	  at	  19:16:30	  UTC	  from	  
the	  Soloii	  display.	  	  The	  top	  panel	  shows	  dBZ	  
and	  the	  bottom	  panel	  shows	  Doppler	  
velocity. 

Table	  1.	  Root	  Mean	  Square	  Error	  (RMSE)	  values	  for	  the	  V	  and	  U	  components	  from	  each	  test.	  	  The	  error	  
shows	  the	  difference	  between	  the	  test	  and	  truth	  SAMURAI	  analyses. 



Uhlhorn will also be tested in the future, which allows inflow angle to change as a 
function of radius, azimuth, intensity, and storm motion speed.  

 
Table 1 shows the results of the different tests of the methodology as RMSE 

values between the modeled and retrieved winds averaged over all heights and from a 
radius of 20 to 50 km. Inwards of 20 km there may not be enough hydrometeors for 
accurate radar wind retrievals, and the cylindrical spatial resolution degrades at larger 
radii. The rows show the different combinations of observations for retrieving the wind 
speeds in the V (tangential) and U (radial) 
directions, and show how much value is added 
by each observation experiment. For 
comparison, the RMS values of the wind 
components are 38.95 m s-1 for V, and 3.45 m 
s-1 for U. The tests show that the radar retrieval 
alone has an RMSE of 2.72 m s-1 for V and 1.46 
m s-1  for U for a azimuthal width of 25 degrees. 
The RMSE values yield relative errors of 7% for 
V and 42% for U. Adding flight-level in situ data 
decreased the error to 2.35 m s-1  and 1.39 m s-

1 respectively.  Including dropsonde 
observations every kilometer was found to 
improve the V component RMSE to 2.41 m s-1 

Figure	  2.	  	  RMSE	  with	  height	  for	  tangential	  
wind	  (V). 

Figure	  4.	  	  Tangential	  wind	  (color)	  and	  radial	  wind	  (contour)	  for	  Rita	  on	  9/22	  	  in	  the	  radius	  
height	  plane.	  	  Top	  panel	  shows	  results	  using	  NOAA	  radar	  observations	  only,	  middle	  panel	  
results	  using	  all	  NOAA	  observations,	  and	  bottom	  panel	  results	  using	  all	  NOAA	  and	  ELDORA	  
observations. 



and greatly improve the U component, to 0.96 m s-1.   When all of the types of 
observations are used the RMSE is improved to 2.31 m s-1 for V and 0.93 m s-1  for U.   

A paired Student’s t-Test was performed for each test to determine if the error 
reductions were statistically significant. The t-Test paired the mean absolute error (MAE) 
of the analysis using only radar observations with an azimuthal width of 25 degrees 
(“control”) with the absolute mean error each test. The MAE change for every test was 
found to be statistically significant at or above the 99% confidence level compared to the 
control run. The most notable RMSE changes were found by decreasing the azimuthal 
width of the analysis wedge. The errors increased as the wedge size decreased, 
suggesting a trade-off between azimuthal spatial resolution and wind accuracy.  

Adding dropsonde observations to the analysis significantly improved both V and 
U in all cases.  The relative error reduction was greatest for U, suggesting that 
dropsondes can provide valuable information to help constrain the under-resolved along-
track radar-derived winds (Hildebrand et al. 1996). One interesting result was that no 
significant differences were found for the dropsonde data at different spatial resolutions.  
These results suggest that dropping sondes every kilometer will not retrieve significantly 
better wind measurements than dropping sondes every 8 km.  The lack of resolution 
sensitivity is not expected for thermodynamic measurements, however. Adding flight-
level in situ observations to the analysis also reduced the errors, and the greatest error 
reduction was found using radar, dropsondes, and flight level data. The resulting relative 
errors were reduced to 6% for V and 26% for U. These results suggest that the 
technique can produce reasonable results with radar-derived winds alone, but 
incorporating multiple in situ measurements does add significant value to the analysis.  

Figure 2 shows how close to the surface the winds can accurately be estimated 
using radar winds alone. It appears that the V wind component can be measured down 
to 300 m before errors get large, while U (not shown) can be measured down to ~500 m. 
Including flight-level data in the analysis reduces the error at 1.5 km altitude (not shown). 
The vertical error distribution is promising because supergradient jets and other features 
of interest are typically within 0.5 and 1.5 km of the surface.    

A real data case using the new methodology was also performed with data from 
the Hurricane Rainband Intensity Change Experiment (RAINEX) into Hurricane Rita on 
September 22nd 2005. Radar data from the NOAA P-3 tail Doppler radar were edited 
using a high-threshold automated quality control script in Soloii (Bell et al. 2013). The 
same tests for azimuthal resolution were performed and the real dropsonde and flight-
level observations were added to the Samurai inputs. To further validate the 
methodology, ELDORA (Electra Doppler Radar) observations and dropsondes from the 
same time and area were also added to create a “quad-Doppler” analysis that included 
in situ data.  Figure 3 shows the comparison of the wind fields from NOAA radar only, all 
NOAA observations, and all NOAA and ELDORA observations. The radius-height cross-
section in the northern storm quadrant reveals a stronger primary eyewall and weaker 
secondary eyewall in the V component (color), but with a stronger secondary eyewall 
and weaker primary eyewall in the U component. These results are consistent with a 
developing secondary eyewall at this time. The quad-Doppler analysis, which is 
considered a skillful way to retrieve TC winds, shows good agreement with the analysis 
using only NOAA observations (see Bell et al. 2012b for comparison). Further analysis to 
quantify the magnitude of supergradient winds in this case is ongoing. 

The results demonstrate the ability of the methodology to get a satisfactory wind 
field for calculating supergradient winds. Additional uncertainty analysis using aircraft 
legs in different storm quadrants and at different times will help to improve the error 



statistics. And although the current results are promising, the use of synthetic 
observations is not wholly realistic.  In particular, the modeled radar beam and 
observation errors will be improved as research progresses. The next step to calculating 
supergradient winds is retrieving an accurate pressure gradient field.  The pressure 
gradient calculation will be more difficult since it can only be done using in situ 
observations, but is necessary to help improve our understanding of tropical cyclones. 
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