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Abstract: 
 
 
The aim here is to examine the advances that have occurred in satellite-based remote sensing since 
the IWTC-V, and to break new ground in some areas. In this report we briefly summarize new 
satellite-based methods to estimate the intensity and structure of TCs. The report is broken down into 
two main areas: Applications from IR images, and microwave data. After some background in each 
area, the focus is on research algorithms and potential operational applications that have been 
developed since the last IWTC 4 years ago.  
 
 
1.a.1   IR Applications 
 
Early applications of IR satellite images for TCs were for tracking (center fixing) and intensity following 
the Dvorak technique (Dvorak 1975; Dvorak 1984;Velden et al, 2006).  Those type applications 
remain today as the primary and most important applications.  Since the original Dvorak development 
work, results have likely improved due to improved enhancements, animations, better image navigation, 
higher spatial resolution, and more frequent temporal resolution. 
 
1.a.2. Objective and Advanced Dvorak Technique (ODT, AODT, ADT) 
 
Important applications followed Dvorak (1984) with the improvement of the original Dvorak algorithm 
(Zehr, 1989) and the Objective Dvorak Technique (ODT) Velden et al 1998).  The original goal of the 
ODT was to achieve the accuracy of the subjective Dvorak operational method using computer-based, 
objective methodology. This goal was accomplished, however, important limitations still existed.  The 
ODT only operated on storms that possessed an intensity at, or greater than, minimal hurricane/ 
typhoon strength.  Also, the ODT algorithm still required the manual selection of the storm center 
location needed for the subsequent analysis. These issues motivated the development of the 
Advanced Objective Dvorak Technique (AODT) (Olander and Velden 2004). The most recent version of 
the objective Dvorak algorithm progression is the Advanced Dvorak Technique (ADT) (Olander and 
Velden 2006). Unlike the ODT and AODT that centered on attempts to mimic the subjective technique, 
the ADT research efforts have focused on revising some of the digital IR thresholds and rules, and 
extending the method beyond the original application and constraints. The ADT is fully automated and 
providing forecasters with an objective tool as guidance in their real time TC analysis, and as a 
comparison to their subjective Dvorak estimates. 
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1.a.3. Other IR applications/products 
 
 a. Cold IR cloud area time series.  This product is displayed as time series plots of percent 
coverage of pixels colder than an IR temperature threshold within a circle of radius IR.  Typical R used 
is 2- 4 deg lat (222-444 km), with typical thresholds of -50 to -75C.  Zehr has more recently compiled 
values at time of maximum intensity for all 45 Atlantic major hurricanes during 1995-2005 (Fig.1.a.1). 
 

 
Figure 1.a.1. Percent coverage of IR pixels <-60C at R=0-444 km at maximum intensity, 1995-2005 
Atlantic intense hurricanes. 
 

 
b. Azimuthal mean time series plots.  This product displays time series of radial profiles of 

azimuthal averages of IR temperature, and was developed by Kossin (2002). 
 
 c. IR asymmetry computations. Zehr’s (2003) case study on Hurricane Bertha shows that the 
bearing and distance from TC center of cold IR cloud centroids are related to the environmental vertical 
wind shear (Fig. 1.a.2). 
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Figure 1.a.2. Centroid locations of IR cloud areas with Hurricane Georges, 23 UTC 17 Sep 98. 
 
 d. Center relative IR average images. Animations remove motion and short time scale variability 
from the IR images. 6-h averages at 3-h intervals have been used recently with Hurricane Wilma. 
ftp://rammftp.cira.colostate.edu/Zehr/IWTC06/Wilma-SR-AV.avi 
 
 e. Inclusion of IR data into statistical forecast models.  DeMaria et al (2005) have shown that 
inclusion of GOES quantitative IR derived data have produced small improvements in the SHIPS 
forecasts.  The GOES IR data significantly improved the east Pacific forecasts by up to 7% at 12–72 h. 
The GOES predictors are 1) the percent of the area (pixel count) from 50 to 200 km from the storm 
center where TB is colder than −20°C and 2) the standard deviation of TB (relative to the azimuthal 
average) averaged from 100 to 300 km. 
 
 f.  RAMM/CIRA Tropical Cyclone IR archive: In 1998, RAMM/CIRA began archiving IR images at 
4 km Mercator resolution covering the entire life cycle of Atlantic and eastern Pacific tropical cyclones 
(Zehr, 2000).  The archive begins in 1995 for Atlantic hurricanes, and in 2004 it was automated with 
global coverage.  The GOES images are at 30-min interval.  The archive through June 2006, 
includes about 475 tropical cyclones. 
 
 Using the RAMM/CIRA IR archive, Kossin (2002) has documented diurnal and semidiurnal IR 
variability. Knaff et al (2003) have analyzed a subset of tropical cyclones, called annular hurricanes.  
  
 g.  High resolution IR images. 1-km resolution IR images from the AVHRR on NOAA satellites 
and the OLS on DMSP have been available for many years, but not with global coverage. The MODIS 
on NASA Terra and Aqua now provide 1-km resolution globally.  1-km IR images reveal features such 
as cyclonically curved thin cold cloud lines and transverse bands at hurricane cloud top that are not well 
observed by the lower resolution GOES (Fig. 1.a.3). 
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Figure 1.a.3. 1-km IR images of Hurricane Isabel, 10-12 September, 2003, from both MODIS and 

NOAA AVHRR. 
 
  h. IR relationships with wind radii and TC structure: Kossin et al (2006a) have applied IR data to 
new objective methods of estimating radius of maximum wind (RMW), along with the standard 
operational wind radii analyses and forecasts (R-35, R_50, R-64).  Another routine was developed 
which generates the entire 2-dimensional wind field within 200 km radius. This provides inner-core 
winds, which has historically been limited to cases where aircraft reconnaissance is available. These 
inner core winds can be combined with winds from other satellite platforms to form complete wind fields 
in basins where no aircraft reconnaissance is available. 
  
 i. IR relationships with wind radii and TC structure: Mueller et al (2006) use aircraft observations 
along with statistical relationships with IR data to estimate radius of maximum wind and TC structure.  
 
 j. Objective IR identification of annular hurricanes: Cram et al (2006) have derived an algorithm 
that uses IR data to objectively identify annular hurricanes. The algorithm is based on linear 
discriminant analysis, and is being combined with a similar algorithm being developed at CIMSS. 
 
 k. By enhancing the signal to noise ratio using Principal Component Analysis, Kossin et al. (2006b) 
found that IR imagery does contain information about the onset of eyewall replacement cycles. This 
information was combined with other information from microwave imagery and environmental fields to 
form an objective index to calculate the probability of secondary eyewall formation. The method uses 
linear discriminant analysis and Bayesian Classification to provide forecasters with a realtime tool. 
 



 

 
 

189

1.a.4. Microwave Sensors/Applications 
 
a. Imagers 
 
Passive microwave imagery (PMW) applications have progressed due to the recent launch of two new 
microwave imagers and the extensions of existing programs, especially the Tropical Rainfall Measuring 
Mission (TRMM) till at least 2009.  Passive microwave imagers map key TC structural rainband 
organization and eyewall development by “seeing through” non-raining clouds.  Similar details can’t be 
routinely extracted in visible/Infrared (vis/IR) data due to upper-level cloud obscuration (Hawkins, et al., 
2001, and Lee, et al., 2002).  Figure 1.a.4 illustrates a classic case where clouds hide the true TC 
low-level center that can be readily identified in microwave imagery products. 
 

 
Figure 1.a.4:  Multiple typhoon Mindulle views with GMS-5 IR (left, indicating circulation center on 
left-center of picture) and NRL SSM/I 85 GHz “composite” product (right, clearly showing low-level 
center well right of main convection (red)).   
 
Access to global near real-time PMW imagery covering all active TCs can be found on two US Navy 
web sites: 
      http://www.nrlmry.navy.mil/tc_pages/tc_home.html 
      http://152.80.49.216/tc-bin/tc_home.cgi 
 
The WindSat polarimetric radiometer is a US Navy research sensor launched onboard the Coriolis 
spacecraft in January 2003 to test the extraction of surface wind vectors via a passive microwave 
radiometer (Gaiser, et al., 2004).  The large antenna provides excellent spatial resolution 37 GHz 
brightness temperatures (Tb) across the 1025-km swath and permits users to monitor TC structure 
(eyewall configuration changes), similar to capabilities in existing TMI and AMSR-E data (Hawkins, et 
al., 2006).  Thus, although WindSat does not have a scattering channel (85-91 GHz), it can 
significantly contribute to the overall mapping goal and is operationally used by numerous agencies to 
create TC center fixes.  37 GHz data provides a lower-level view of TC structure than 85-91 GHz data 
and often provides a less ambiguous center fix (confusion can arise concerning low-level and mid-level 
circulation centers).  However, the poor spatial resolution 37 GHz data on the SSM/I and SSMIS 
severely limit this channel as clearly depicted in Fig. 1.a.5.  Therefore, enhanced temporal sampling of 
high-resolution 37 GHz data will permit improved satellite reconnaissance world-wide during WindSat’s 
mission. 
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Figure 1.a.5:  Comparison of 37 GHz Tbs for SSM/I (left side) and WindSat (right) for typhoon Songda 
in the western Pacific on Sept 4, 2004.  Note the inability to observe inner core structure in poor 
resolution SSM/I data versus the double eyes in WindSat. 
 
The operational Special Sensor Microwave Imager Sounder (SSMIS) was launched in October 2003 
onboard a Defense Meteorological Satellite Program (DMSP F-16) spacecraft (Wessel, et al., 2004).  
The SSMIS is the follow-on to the Special Sensor Microwave/Imager (SSM/I) with a larger swath (1700 
versus 1400-km) and four more (F-17, 18, 19, 20) will be orbited over the next 1-6 years.  The imager 
channels are essentially unchanged from the SSM/I (91 GHz versus 85 GHz), but it also includes 
collocated sounder channels that have multiple advantages.  SSMIS sensors will replace the older 
SSM/I data and already aid TC monitoring globally (Fig. 1.a.6). 
 

 
Figure 1.a.6:  Sequence of three SSMIS 91 GHz H-pol Tbs of Hurricane Rita while in the Gulf of 
Mexico.  F-16 SSMIS data helped provide temporal sampling to monitor the storms eyewall cycle 
evolution.  Note double eyewalls in all three snapshots. 
 
 
Mitigating the PMW temporal sampling issue can also be accomplished by incorporating methods to 
“bridge-the-gap” between two successive microwave images.  Wimmers and Velden, 2004 highlight a 
technique to produce near real-time microwave animations that incorporate image “morphing” tools to 
visually illustrate how storm features evolve from one image to another, typically within 2-7 hours of one 
another as noted in Figure 1.a.7.  The morphing often lets the user better understand eyewall 
replacement cycles (the change from one to two and back to one eyewall for intense TCs) that can be 
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difficult to discern in single images.  Near real-time morphing demonstrations are available from the 
CIMSS website in addition to more details explaining the methodology: 
http://cimss.ssec.wisc.edu/tropic/real-time/marti/marti.html 
 
 

 

 
Figure 1.a.7:  Example of Hurricane Ivan 85-89 GHz microwave images available to the “morphing” 
technique that will then attempt to fill in the gaps between successive images from the various sensors.  
The top scale is “hours” during Sept. 12-13, 2004. 
 
No additional microwave scatterometers have been added to the TC observing system, but fortunately 
still include the QuikSCAT scatterometer launched in 1999.  QuikSCAT’s 1800-km swath has proven 
to be beneficial in mapping TC wind fields and was shown in one study to significantly enhance our 
ability to monitor TC genesis (Sharp, et al, 2002) by mapping vorticity.  The ocean surface wind 
vectors have problems in the tropical cyclone inner-core region due to both rain attenuation and the 
storm’s inherently strong wind speed and directional gradients.  Several methods now exist to extract 
wind vectors at “high” resolution utilizing special processing (Halterman and Long, 2006). 
 
Using microwave radiometer data, Cecil and Zipser (1999) investigated the relationship between 
polarization corrected temperature (PCT) of 85 GHz channel and present and future maximum wind 
speed and tendency of TC intensity. Recently Hoshino and Nakazawa(2006) have proposed a  new 
estimation method of TC utilizing 10, 19, 21, 37 and 85 GHz  channel TRMM Microwave Imager (TMI) 
data. In contrast to the previous studies, Hoshino and Nakazawa(2006) found that the parameters 
with lower frequency channels of 10 or 19 GHz give higher correlation. The highest correlation 
coefficient obtained is 0.7 and the root mean square error (RMSE) of the regression between a 
parameter of highest correlation case is found to be 6 m/s.  
 
  
b. Tropical Cyclone Intensity Estimation Using Microwave Sounders 
 
The AMSU instrument is a cross-track scanning microwave sounder containing 15 channels with 
frequencies ranging from 23.8 – 89 GHz.  Resolution varies from 48-km at nadir to ~ 100-km near the 
limb.  The series began in 1998 aboard NOAA-15 and now include three working sensors aboard 
NOAA polar orbiters (NOAA-15, 16, and 18) and an AMSU is also flown aboard NASA’s Aqua satellite.  
The primary channels used for TC monitoring are the ~55 GHz oxygen band channels 5-8 and the 
moisture channels 1-4 (AMSU-A) and 16 (AMSU-B).  Previous microwave sounders (MSU) had 
limited TC applications due to poor spatial resolution, but AMSU’s improvements have enabled the 
development of operational algorithms for TC intensity and structure monitoring.    
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AMSU-A channels 5-8 have weighting functions located in the mid to upper-troposphere and are 
well-suited to monitor TC warm core temperature structure.  The magnitude of the TC warm core is 
directly correlated with TC intensity, thus AMSU and Tb anomalies can be used to estimate TC intensity 
with skill that is equivalent or superior to the IR-based Dvorak method (see Fig. 1.a.8).   
 

 
Figure 1.a.8.  Relationship between AMSU-A measured brightness temperature anomaly for channel 
8 (Tb, K) and TC pressure anomaly (environmental pressure – minimum sea level pressure [MSLP], 
hPa) using data from 1998-2005 (~700 observations). 
 
Potential AMSU limitations: 
 
1) The AMSU spatial resolution is insufficient to completely measure TC warm-core features.  The 
average TC eye diameter is 45-km with some storms exhibiting eyes much smaller, meaning that 
AMSU (48-km at nadir) will sub-sample most storms.  
  
2) Hydrometeor effects:  The presence of large quantities of hydrometeors acts to decrease the 
satellite observed Tb, reducing warm core measurements.   
 
3) Vertical Resolution:  The true warm core altitude may fall in between AMSU channels and thus the 
instrument may underestimate the maximum warm core signal. 
 
4) The TC center may horizontally fall between AMSU Field of View (FOV) positions.  TC eye 
diameters < 20-km may result in cases where problems 1-4 occur simultaneously with much of the 
eyewall being located within the AMSU FOV. 
      

Horizontal resolution is the most important of the four major error sources.  Intensity estimate 
errors of more than 40 hPa are possible for storms with very small pinhole eyes (< 10-km such as 
Hurricane Wilma). 

 
There are currently two operational AMSU-based intensity algorithms.  CIRA has developed an 
algorithm that attempts to retrieve the vertical temperature structure (Fig. 1.a.9, left) that is then 
combined with a number of additional AMSU-based predictors to derive a MSLP and maximum 
sustained wind (MSW) estimate.  The CIMSS algorithm uses the raw Tb anomalies (Fig. 1.a.9, right) 
which have been matched to MSLP observations along with AMSU FOV and TC structure information 
to estimate MSLP. 
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Figure 1.a.9.  Representation of AMSU-A retrieved vertical Tb anomaly from CIRA (left) and horizontal 
raw Tb anomaly for channel 8 from CIMSS (right) for Hurricane Floyd on September 14, 1999. 
      
Limb corrections are applied to AMSU data to compensate for decreasing Tbs as one moves away 
from nadir.  A data set including 90 AMSU TC overpasses (Atlantic) was also created to help remove 
biases resulting from poor AMSU eye resolution (Herndon, 2004).  All eye sizes < 50-km and 
coincident with reconnaissance eye reports from 1998-2002, radar and microwave imagery (AMSR-E, 
TMI, SSM/I) were compiled to help remove any systematic biases.  Figure 1.a.10 highlights the 
problems between sensor footprint and eye diameter for Hurricane Michelle.  Eye size is derived by 
the ADT algorithm for “clear eye” cases and from the radius of maximum winds (RMW) entered into 
ATCF.  An initial estimate of MSLP is performed using the raw Tb anomaly.  If the eye size is small 
compared to the AMSU FOV then a bias correction is subtracted.  The Tb signal can also change 
slightly from one estimate to the next as a function of storm position within the scan swath.  To 
account for these changes, a second regression predictor (distance in FOV steps from nadir) was 
added.  The end result is slight intensity increases for cases near the swath edge and slight decreases 
for those cases near nadir.  Improved performance was validated and the modification was adopted 
for real-time use in 2003. 
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Figure 1.a.10.  AMSU FOV example for Hurricane Michelle illustrating non-resolved (top) and 
resolved (bottom) eye size cases (right side) and resulting bias corrections (left panel).  Bias 
correction is applied when eye size is smaller than AMSU FOV. 
 
Because not all storms form in the same ambient pressure environment the algorithm was refined to 
estimate MSLP anomaly instead of MSLP.  The outer closed isobar from ATCF is used as the 
environmental pressure. 
 
The CIMSS AMSU algorithm uses pressure units for intensity estimates since we have a higher 
confidence with respect to accuracy of the MSLP training data than the MSW data.  More recently, a 
conversion to wind estimates has been included at the request of TC warning centers.  Initially the 
wind estimate was derived from a simple pressure/wind relationship developed by Kraft for Atlantic 
TC’s.  Because this method used del-P, it was also easily used in other basins where the ambient 
pressure environment is often lower.  However, this method has proved unsatisfying since a simple 
pressure/wind relationship is insufficient for all cases.  Improved wind estimates will be derived directly 
by comparing the MSW to Tb anomalies as is done for the pressure estimate.  Further adjustments 
are planned based on measures of convective vigor from available IR and microwave channels. 
 
Hydrometeor contamination problems decrease effective Tbs, requiring a correction using AMSU-A 
channels 2 and 15.  Figure 1.a.11 is an example of this effect.  A two-channel difference can 
determine if Tbs are being depressed due to hydrometeor scattering.  A correction is then applied to 
the raw Tbs resulting in a new set of regression coefficients (Wacker et al, 2004). 
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Figure 1.a.11.  Channel 7 Tb (K) showing hydrometeor contamination (left, with artificial bullseye) and 
Tb map after rain corrections (right) mitigate rain impact. 
 
The CIRA algorithm begins with a statistical temperature retrieval (Goldberg et al 2001) to estimate the 
true atmospheric temperature from the AMSU limb-corrected Tb at 40 vertical levels.  Of these 40 
levels, 23 are used in the TC intensity algorithm.  AMSU-derived cloud liquid water (CLW) values are 
used to correct the temperature profiles and remove the effects of scattering due to liquid water.  A 
second correction is then applied to account for the effects of ice scattering.  The hydrometeor 
corrected temperatures are then interpolated to a radial grid and azimuthally averaged from the 
estimated TC center (interpolated from TC warnings) out to a radius of 600-km.  Surface temperature 
and surface pressure boundary conditions are supplied by the NCEP global analysis data.  
Geopotential heights are then derived as a function of pressure using the hydrostatic equation from 50 
hPa to 920 hPa.  With the height and temperature data for all levels above the surface the hydrostatic 
equation is then integrated downward to obtain the surface pressure field within the domain.   
 
The original CIRA TC intensity algorithm used 20 potential estimators to estimate TC MSLP and MSW 
(Demuth et al, 2004).  In addition the algorithm provides information about TC wind structure with 
estimates of 34, 50 and 65 knot wind radii.  In 2005 four additional estimators were added: (Demuth et 
al, 2006): 
 
TMAX2  The squared value of the maximum temperature perturbation 
CLWAVE2  Squared value of CLW content (CLWAVE) 
TMAXxCLWAVE2       TMAX multiplied by CLWAVE2 
P600*   Surface pressure (hPa) at r = 600 km 
*These values are not derived from the AMSU data. 
 
The above parameters were matched to more than 2600 MSW and MSLP values from Best Track data 
covering TC’s in the Western Pacific, Indian Ocean and Southern Hemisphere from 2002-2004 and the 
Atlantic, East Pacific and Central Pacific from 1999-2004.  The resulting multiple regression forms the 
basis of the algorithm to predict MSLP and MSW for storms within 700 km of the AMSU sub-point.  A 
similar statistical approach using sub-sets of the same parameters is used to estimate the 34, 50 and 
65 kt wind radii.  However in order to improve the wind radii estimates only cases in which 
reconnaissance data was available within 12 hours of the AMSU pass time were used for the radii 
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algorithm development (N= 255, 170 and 120 for the 34, 50 and 65 kt radii respectively).  Wind radii 
estimates are produced for all 4 quadrants of the TC allowing an estimate of wind asymmetry. 
 
Tropical cyclone eyewall replacement cycles (ERCs) are associated with significant, and often rapid, 
intensity changes, but we presently have no algorithms in place to diagnose their onset. The inception 
of an ERC can be identified by secondary eyewall formation (SEF) as outer rainbands begin to encircle 
the existing single eyewall. Using official intensity forecast errors validated against aircraft 
reconnaissance, we find that stronger storms, such as those that undergo ERCs, are typically 
under-forecast.  In cases with Vmax > 100 kt, 24-hr intensity forecasts have a bias of –1.4 kt. In 
comparison, near the time of SEF, 24-hr forecast bias increases to +2.4 kt and intensity is 
systematically over-forecast (Kossin et al, 2006).  The mean absolute 24-hr forecast error near the 
time of SEF increases by 20% since forecasters are unable to anticipate SEF processes that typically 
create short-term weakening.  Therefore, accurate intensity forecasts will depend in part on our ability 
to diagnose and forecast SEF. 
 
Ideally, SEF monitoring via geostationary data is highly preferred due to superb temporal sampling, but 
vis/IR data is severely challenged by obscuring cirrus residing above the strong storms undergoing 
SEF. Upper-level cirrus masks the convective spiral band structure and makes it difficult to observe the 
symmetric organization of this outer convection into a secondary eyewall. A solution to this challenge is 
the application of microwave satellite data, which penetrates non-raining clouds and enables analysts 
to monitor the outer band convective evolution. SEF signals have been identified in microwave satellite 
imagery and an objective SEF-index has been created that can be applied operationally. The index 
gives a “YES/NO” classification based on Linear Discriminant Functions, and a probability of YES/NO 
using Bayesian Classification with K-Nearest Neighbor probability density functions. 
 
The algorithm is being combined with a similar index that diagnoses the formation of annular hurricanes, 
and is being constructed by members of the NOAA/NESDIS RAMMB team. Since annular hurricanes 
tend to maintain a more steady intensity than average while they are annular, they represent a very 
different population than storms that undergo ERCs and exhibit more intensity variance than average 
during the ERC. An index that can diagnose both SEF and annular hurricane formation should serve as 
a useful modifier of intensity change predicted by numerical or statistical guidance. 
 
 
c. Rainrate Applications 
 
A recent NOAA/AOML/HRD effort has filled an important gap by formulating a TC rainfall climatology 
via TMI data referred to as R-CLIPER.  Lonfat and Marks, 2004, incorporated three years (1998-2000) 
of global TMI data to map rainfall in 260 TCs.  The high resolution TMI data captures much of the TC 
rainfall events and is superior to coarser data sets such as SSM/I, SSMIS, and AMSU-B.  TMI rain 
data was azimuthally averaged and binned by storm basin and intensity to permit a climatological 
profile of rain intensity radially outward from storm center.  The National Hurricane Center 
incorporates R-CLIPER and official track forecasts to create a graphical 24 and 72-hr rain accumulation 
forecast for all landfalling storms (see Fig. 1.a.12 for example with Hurricane Frances).  The products 
are a starting basis forecasters can use and modify depending on specific storm characteristics (e.g., 
bigger than normal for Cat 2 storm). 
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Figure 1.a.12.  Example R-CLIPER rain accumulation (inches) graphic depicting forecast rainfall 
totals for Hurricane Jeanine during a Florida landfall in Sept. 2004.  Available in near real-time at NHC, 
Miami. 
 
NOAA’s Tropical Rainfall Potential (TRaP) technique generates 24-hour rainfall forecasts using a 
combination of microwave derived rainrates and official TC track forecasts (Ferraro, et al., 2005).  
Microwave overpasses produce a snapshot of rainfall that is then advected along the forecast track 
output from the National Hurricane Center (NHC, Miami) or the Joint Typhoon Warning Center (JTWC, 
Pearl Harbor, HI).  Although the methodology does not take into account storm rotation and 
growing/decaying rainbands and cells, it produces ballpark values that can assist forecasters and 
emergency managers.  As one might expect, best results occur when the highest spatial resolution 
imager (TMI) served as the base rainfall map.  Products using SSM/I data and its inherently poorer 
spatial resolution faired worse. 
 
Passive microwave imagers have been the focus of numerous efforts to create physically-based 
rainrates that are inherently more accurate than IR-inferred estimates.  Thus, the satellite rainfall 
algorithm community has trended towards “merged” techniques that capitalize on the accuracy of PMW 
and temporal sampling of GEO IR.  Ready access to global passive microwave data in near real-time 
(1-4 hours) and digital geostationary data sets now enable multiple merged algorithms for operations 
and research (Turk and Bauer, 2005).  NOAA creates the CMORPH product that uses geostationary 
cloud motions to advect microwave-derived precipitation forward in time (Joyce et al., 2004).  NRL 
brings together rainrates from ten microwave imagers/sounders to dynamically update the relationship 
between IR-based cloud top temperatures and rainrate (Turk and Miller, 2005).  Huffman, et al, 2003 
incorporate a slightly different methodology to create microwave-IR correlations via a Multi-satellite 
Precipitation Analysis (MPA).  These rain monitoring efforts are geared toward global applications that 
encompass a true diversity in precipitation regimes, but can be applied to TCs. 
 
In addition, a new inversion-based algorithm at NASA GSFC using both TRMM TMI and PR data is 
under development.  Vertical profiles of precipitation ice water and liquid water content are created via 
these merged data sets and validation statistics are quite promising (Jiang and Zipser, 2006).  The 
ability to take advantage of combined TMI/PR data and 3-D information is critical to algorithm 
advancement. 
 
d. Scatterometer Data Applications 
 
Since the FIFTH INTERNATIONAL WORKSHOP on TROPICAL CYCLONES in Cairns, Australia, 
December 2002, there has been a substantial increase in the world-wide use of the QuikSCAT 



 

 
 

198

scatterometer to aid in many basic forecasting requirements over the ocean. With this has come a 
better understanding of certain meteorological and oceanographic events that up to now have not been 
adequately observed over these data sparse regions. Examples are plenty, including improvements in 
marine ocean surface applications such as with ice movement and predicting accurate sea heights and 
swell. Numerical models (NWP) have improved with the better understanding of the marine boundary 
layer and more extensive surface data assimilation. The occurrence and timing of extreme ocean 
weather events such as the persistence of large areas of hurricane-force winds were previously not 
well understood until they were more accurately witnessed with the QuikSCAT data. And for almost all 
aspects of the tropical cyclone warning process (genesis, positioning, structure, intensity, extratropical 
transition/dissipation), the QuikSCAT data have been at the forefront of providing the tropical cyclone 
forecaster and researcher a better understanding of the many tropical cyclone processes.  
 
One reason why the QuikSCAT scatterometer data have been such a success is because the 
forecaster and analyst have gained a better understanding of how to use the data and how to better 
interpret some of the known problem areas such as its range of accurate wind speeds, the ambiguity 
selection process and the effects of rain. This knowledge has also helped the developers of QuikSCAT 
improve the product as well. Of key importance is the need to integrate all available satellite-based 
remote sensing data into a combined analysis. In this way, each additional source of data can 
complement the other and lessen some of the problem areas. Another important development is 
through the sophisticated methods currently being used to obtain special high resolution data via the 
processing of the pulse information in the QuikSCAT source. In this section some of the new 
techniques used in the analysis of tropical cyclones are demonstrated and hints at how this may help to 
gain a better knowledge of the tropical cyclone structure are presented. First a recap of the sources and 
types of data available for near real-time use is given. 
 
QuikSCAT Data Sources and Data Types: The QuikSCAT satellite is a polar-orbiting, 
sun-synchronous satellite with an equator-ascending time of approximately 0600 local (+/- 30 minutes) 
(Fig 1.a.13). Wind vector solutions and up to four ambiguity solutions are stored in 25 km X 25 km wind 
vector cells (wvc) over an 1800 km wide swath. Besides including the position of the center of each cell, 
each wvc also contains various flagging indicators that include possible contamination with rain, land, 
and ice.  
 

 

 
Fig 1.a.13:  Examples of daily QuikSCAT Near-Real Time (NRT) passes which are generally available 
within 2 ½ hours of data time from the NOAA/NESDIS site.  
 
 
Daily Global Views: There are two primary US sources of near real-time global QuikSCAT 
scatterometer data available to the general public: the US Navy’s FNMOC (public) site and the 
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NOAA/NESDIS site (Fig 1.a.14). In addition, both sites offer selective enhanced views for active 
tropical cyclone warnings and INVEST areas. The global FNMOC display offers two variations of 
selected wind vectors for display: a Near-Real Time (NRT)-NOAA/GFS Analysis (GFS) version 
(identical to the data displayed by NOAA/NESDIS) and a NRT-Navy NOGAPS (NOGAPS) version. 
Both versions originate from the same QuikSCAT1 wind retrieval algorithm, but use a different 
Numerical Weather Prediction (NWP) model (GFS versus NOGAPS) to help in the ambiguity selection 
process (the method of determining which of up to four (1-4) solutions for any point is the most likely 
choice). The global NOAA/NESDIS NRT-GFS version is identical to the FNMOC NRT-GFS except for 
the plotting routines as described in Fig 1.a.14.  

 
 
Fig 1.a.14. Characteristics of FNMOC and NOAA/NESDIS QuikSCAT wind and ambiguity displays. 
 
Tropical Cyclone Views: Both the Navy and NOAA/NESDIS offer specialized QuikSCAT views for 
tropical cyclones and possible Suspect Areas (INVEST) as initialized in real-time by either the Joint 
Typhoon Warning Center (JTWC) or the National Hurricane Center (NHC). The NOAA/NESDIS 
QuikSCAT Storm Page (seen in Fig 1.a.15) offers a comparison for each Suspect Area between 
coincidentally plotted wind (at 25 km) and ambiguity plots and high resolution plots of Normalized 
Radar Cross-Section (NRCS), 12.5 km data and Ultra High-Resolution(UHR)images for each pass over 
a particular suspect area (see next section for further explanation). The specialized Navy displays can 
be found in either the Tropical Cyclone pages of FNMOC or the Navy’s Naval Research Laboratory 
(NRL) (Hawkins et al.) These two sources provide very convenient overlays of scatterometer winds and 
ambiguities on top of either coincidental IR or Visual imagery or over special-enhanced microwave 
imagery.  These overlays are designed to help the analyst with both ambiguity selection and rain 
enhancement effects: two of the most difficult concerns for scatterometer interpretation (Fig 1.a.16). 
 

NOAA/NESDIS  http://manati.wwb.noaa.gov/quikscat/FNMOC: (PUBLIC ACCESS) 

https://www.fnmoc.navy.mil  
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Fig 1.a.15. NOAA/NESDIS TC Storm view provides four types of displays. The first 3 (a) containing 
winds, ambiguity solutions, and NRCS images centered over the latest JTWC or TPC/NHC warning the 
fourth image (b) is available on a regular basis from the global view page. 
 
 

 

 

 

 

 

 

 

 

a) b)

NOAA/NESDIS Storm Page 
http://manati.orbit.nesdis.noaa.gov/cgi-bin
/qscat storm.pl 
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Fig 1.a.16. Integrated views of QuikSCAT winds and ambiguities over visual (top two) and microwave 
(85Ghz - middle two) and 85h (bottom) imagery. The ‘X’ marks the center of the circulation. 
 
 

Microwave 85 GHz   QuikSCAT Winds                                       

Visual imagery             QuikSCAT Winds                                

Microwave 85h GHz QuikSCAT Winds   
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Special Ultra High-Resolution (UHR) Data Set at 2.5 km: As briefly described in the previous IWTC 
2002 report, the Normalized Radar Cross-Section (NRCS) images (shown above) have an average 
pixel size of 2.5km with an effective resolution of 6 km. The raw backscatter data offer an amazing view 
of surface conditions in the vicinity of tropical cyclones (TCs) as well as other high resolution 
forecasting features of interest. Using some of the same features to create the NRCS images, the BYU 
Center for Remote Sensing has developed a method, using the four NRCS views to create an ultra high 
resolution image containing wind vectors (and color coordinated for easier interpretation).  Although 
considerably more noisier than the lower resolution data, they have been found to present great insight 
into the details of the tropical cyclone structure and are now regularly produced as part of the above 
tropical cyclone storm data set. These images often detail the changes in wind speed both within and 
in-between the outer rain bands (Fig 1.a.17). 
 

 

                              
Fig 1.a.17.  New 2.5 km ‘ultra-high’ resolution available over each tropical cyclone invests area. 
Presented with wind vectors. 
 
Understanding how to use QuikSCAT Data: As seen above, integrating the QuikSCAT data with 
other remote imagery is a good way to determine where rain may be affecting the retrieval process and 
also provides a manual method to select the proper ambiguity solution. In many cases one can see 
how the correct ambiguity solutions line up with the cloud lines or rain bands (see Fig 1.a.4, above). 
Similarly, in areas where rain is suspect of artificially giving a false high wind speed (typically in areas 
where the real wind speed is less than 30 to 35 kt), overlaying the scatterometer over a recent satellite 
image will provide a way to see which areas this is likely to happen and which areas it is not (Fig 1.a.18).  
The method of integrated reconnaissance can work in two ways since a comparison with a satellite 
image can help determine the correct wind intensity and position for the scatterometer analysis, having 
a good scatterometer analysis can help the analyst provide a good reference for selecting positions and 
intensities on poorly defined infrared or visual imagery (Fig 1.a.19).     
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Fig. 1.a.18. Determining intensity by eliminating possible rain-enhanced winds for TS Blanca (02E). 
 
 

 
 
Figure 1.a.19. The scatterometer position is used to help direct the fix for the 37 GHz low level position. 
It was then translated to a visual image that was closest to the MI data, and then compared to the 
on-time image that was to support the next warning. Confidence in the fix position is clearly higher than 
if the IR image was used by itself. 
 

 
Examples of combined MI and QuikSCAT interpretation in Tropical Cyclones: The following are 
examples of how combining the QuikSCAT data with that of other recent satellite-based remote 
sensing data can provide a clearer and more accurate analysis of the tropical cyclone’s position, outer 

37 GHz 
IR Enhanced 
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wind radii, structure and characteristic during both the genesis phase and the extratropical transition 
phase of development, and finally provide a ‘minimum’ (at least) maximum intensity for those systems 
just at or below hurricane intensity. In a special case, the high resolution NRCS image is shown to even 
reveal the structure of the eye wall replacement cycle. 
 
a) Positioning: One of the crucial points of any analysis and perhaps one of the easiest to resolve with 
the combined data (assuming a surface circulation exists). A practical characteristic of many 
developing depressions is that the low pressure (and circulation) center tends to form within a light 
wind/rain-free region: two features that are relatively easy to identify in the NRCS and 37 GHz imagery 
(Fig. 1.a.20).          
                       

 
 
Fig. 1.a.20. Initial analysis of TD 03E (Carlos) using combined MI (85 and 37GHz) and QuikSCAT data 
(NRCS, winds, ambiguities).                 
 
b) Determining a ‘minimum’ maximum TC intensity: This is perhaps one of the most difficult 
assessments to make.  For intense TCs (above ~45-65kt), the analyst must understand the 
QuikSCAT limiting factors to determine high wind speeds such as the wind retrieval process itself, the 
25km resolution of the data, and the tendency for heavy rain regions to attenuate the signal. For 
weaker TCs (below ~30-40kt), QuikSCAT wind retrievals tend to misinterpret heavy rain as a (incorrect) 
higher wind speed with a isotopic directional signal that is cross-track to the sensor’s view angle. In this 
situation, the MI has shown promise in distinguishing the proper wind speeds and directions (see 
Fig.1.a.6, above). 
 
c) Intense Tropical Cyclones and Eye Wall replacement cycle: In this case there is rarely any 
confusion between the tropical cyclone’s circulation and the environment because the heavy rain and 
winds coincide.  The small ‘dark’ (low rain and low wind region) eye provides for very precise 
positioning of the TC . Here, the heavy rain pattern around the TC center looks similar to a microwave 
but often with a smaller central feature.  In some cases other characteristics of the TC structure are 
seen such as concentric eyes or an asymmetric wind field (Fig 1.a.21).  
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Fig. 1.a.21. NRCS views of (a) Super Typhoon Mitag and (b) Typhoon Sinlaku. In each case concentric 
eyes are evident. Center positions are precisely indicated due to the small calm and rain-free area. 
 
d) Determining outer wind radii. Information gained from the analyses in a) and b), above, provide a 
good starting point for determining outer wind radii. This process is also dependent upon the TC 
intensity (for determining 50kt (or possibly 64kt) wind radii) and relative location and intensity of the rain 
bands. In Fig. 1.a.15, an example is shown where the MI may help in these higher wind radii 
determinations even when there is no overlapping scatterometer data. In weaker TCs a combination of 
MI and NRCS imagery may help distinguish the artificially high wind speeds in the heavy rain from the 
expected environmental wind buildup in towards the center as also revealed in Fig. 1.a.22.  
 

 
Fig. 1.a.22.  Wind radii determination in intense TCs. 
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e) Evidence of extratropical transition (ET).  Loss of deep (ice seen in the 85 GHz) convection near 
the TC center and expansion of the winds away from the center and into a horseshoe-like appearance 
are some of the characteristics of ET in the MI data (Fig. 1.a.23 and 1.a.24). 
 

 
   
Fig. 1.a.23.  MI characteristics of ET for TY Chan-hom. 
 

 

 

 
Fig 1.a.24.  Wind characteristics during the extratropical transition of Hurricane Cindy. 
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e. Future Sensors 
 
Microwave imagers will be augmented with the addition of four (4) SSMIS sensors on DMSP spacecraft 
as noted in Table 1.a.1.  These launches will likely occur between 2007-2012, but dates are unknown 
due to many variables including existing sensor health.  There are no microwave imagers on the 
current NOAA polar orbiter series, nor the European equivalent (METOP-1, 2, 3), but were originally 
planned for the United States’ converged National Polar-orbiting Operational Environmental Satellite 
Series (NPOESS).  The Conically scanning Microwave Imager Sounder (CMIS) has now been 
removed from the NPOESS sensor suite and the contract will be recompeted, with launch no sooner 
than the second satellite (~2016).  A total of three (3) microwave imagers may eventually fly on 
NPOESS and contribute to the global TC structure mapping effort. 
 
The Chinese will add the Microwave Radiometer Imager (MWRI) onboard their FY3 spacecraft in the 
near future.  The ten-channel imager will contain 37 and 89 GHz channels that will continue 
compliment existing capabilities. 
 
The French/Indian MADRAS microwave imager is scheduled to fly on the Megha-Tropiques satellite in 
the 2008-2009 timeframe in a 20-degree tropical inclination.  The sensor should provide a wealth of 
TC views and includes the 37 and 89 GHz channels.  In addition, the Japanese will likely fly a GCOM 
microwave imager similar to AMSR-E in ~ 2012 that would provide excellent AMSR-E like resolution 
microwave channels. 
 
NASA’s Global Precipitation Mission (GPM) includes a microwave imager (GMI) and a dual polarization 
radar (DPR) on the same platform, similar in context to the current TRMM sensor suite (Smith, et al, 
2004 and Hou et al., 2005).  The combined imager and radar in a 66 degree inclination orbit will 
provide the superb spatial resolution required to capture TC structure and sorely needed cross 
calibration with other microwave imagers.  In addition, a second spacecraft will contain a GMI in a 
tropical inclination that will enhance the opportunities to fly over TCs on multiple consecutive orbits.  
GPM launch is tentatively slated for the 2013 timeframe. 
 
EUMETSAT is studying the need for a microwave imager on future METOP spacecraft and might add 
one for METOP-4.  If so, this would provide a welcome addition to the constellation in the mid-morning 
orbit. 
 
Microwave sounders have been routinely utilized as “imagers” by creating images from their 89 GHz 
channels.  Although, the spatial resolution is poor and varies across the swath, the huge 2350-km 
swath and three operational sensors provide huge potential advantages.  While the spatial resolution 
is inadequate to resolve many TC features, the storm “context” they provide and decent resolutions at 
nadir often provide valuable input.  Data from the Advanced Microwave Sounding Unit (AMSU-B) and 
the new Microwave Humidity Sounder (MHS on NOAA-18) have proven beneficial.  This bodes well 
for continued use since both NPOESS and METOP carry microwave sounders with 89 GHz channels.  
In addition, other countries are slated to contribute additional microwave sounders that should assist in 
temporal sampling enhancements. 
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Table 1.a.1:  A listing of past, present and future passive microwave imagers potentially available for 
tropical cyclone monitoring.  Note that launch dates are highly variable and subject to frequent 
changes and delays (NRC, 2006). 
 
f. Training efforts 
 
An excellent introduction for forecasters and newcomers is the Cooperative Program for Operational 
Meteorology, Education, and Training (COMET) module available online: 
http://meted.ucar.edu/npoess/tc_analysis/.  Taking a global approach, it introduces passive microwave 
imaging, discusses elementary techniques for fixing storms, explains the difference between passive 
and active remote sensing, covers conical vs. cross-track sensing techniques, introduces several 
special cases (double eye wall, cirrus covered eye, low-level detached center, etc.), and surveys the 
changing state of polar satellites and sensors.  A main purpose is to train forecasters at facilities like 
the National Hurricane Center and the Joint Typhoon Warning Center.  Figure 1.a.25 contains an 
example graphic, highlighting a rare tropical cyclone moving into Brazil. 
 
In addition, the Naval Research Laboratory maintains several tutorials at: 
http://www.nrlmry.navy.mil/training-bin/training.cgi. (Choose “Tropical Cyclones” on the left frame and 
then select between SSM/I and TRMM.)  These tutorials contain detailed case studies to illustrate 
passive microwave image interpretation.  The topics include polarization correction; images of 85 vs. 
37 GHz; use of 4-panel composites; interpretation of rain, water vapor, and wind speed products; and 
the distinction between ice and liquid precipitation within storms.  Special attention is given to the 
detection of storm centers in microwave products. 
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Figure 1.a.25:  COMET/NRL web-based graphic illustrating the use of TMI 85 GHz polarization 
corrected temperature (PCT) to extract storm structure while system is landfalling into Brazil on 28 
March 2004 at 0501 GMT.  
 
 
1.a.5.  Summary and Recommendations 
 
The length of this report is an indication of the advances that have been made in satellite remote 
sensing of TC structure since the last IWTC. We are better understanding the physics and signals from 
the MW/scatt data, and IR data analyses are trending more towards objective techniques. The next four 
years will bring a focus on multi-spectral data integration to take advantage of each sensor’s 
capabilities. It should be an exciting time for researchers and forecasters as we tackle TC intensity and 
structure monitoring from space. 
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