
 
 
 

IN-SITU VERIFICATION OF REMOTE AIRCRAFT ICING DETECTION USING S-BAND  
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. Introduction 

    The presence of supercooled large drops (SLD) 
t temperatures below 0o C poses a significant 
hreat to aviation safety. SLD are subject to 
ontact freezing or riming when they come into 
irect contact with an aircraft. The result is the 
ormation of ice, disrupting the airflow around 
ircraft. SLD typically occur at temperatures of 0 to 
20o C, with droplets between tens of microns to 
ver one millimeter in diameter (Vivekanandan et 
l. 2000).  
    A comprehensive icing detection system should 
e sensitive to both pure liquid and mixed phase 
onditions. In order to avoid aircraft icing 
ncounters, ground-based remote detection of 
LD over the range of the airport approach 
atterns is desirable.  
    Effective ground-based remote icing detection 
echniques have been proposed using highly 
ensitive cloud radars (Vivekanandan et al. 2000; 
einking et al. 2000). However, the maximum 

ange coverage of cloud (millimeter wavelength) 
adars is smaller than a typical S-band radar. 
loud radars also suffer from of Mie scattering 
ffects and attenuation in the presence of 
recipitation sized hydrometeors.  
    Recent studies have shown the utility of polari-

etric radar measurements to distinguish between 
ifferent hydrometeor types (Doviak and Zrnic 
993; Straka et al. 2000; Vivekanandan et al. 
999; Ellis et al. 2000). Preliminary studies to 
erify hydrometeor identification algorithms using 
n-situ aircraft measurements have shown 
ncouraging results (Ellis et al. 1999; Goeke et al. 
000).  
    In this paper we evaluate the potential of 
emotely detecting icing conditions with a polari-
etric S-band radar. To accomplish this, radar 

ata and fuzzy logic particle classifications 
Vivekanandan et al. 1999) are compared to in-situ 
ircraft microphysical data. Once the radar 
haracteristics of icing conditions are more fully 
nderstood, the fuzzy logic algorithm is easily 
ptimized. Aircraft/radar comparisons are 
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performed using in-house software that objectively 
matches aircraft location to the closest radar 
measurement in time and space. Using the 
objective matching algorithm allows larger 
quantities of data to be compared much more 
easily and reliably than manual methods.  
     The NCAR S-Pol radar has recently been 
deployed in the Mesoscale Alpine Precipitation 
(MAP) study in northern Italy in coordination with 
instrumented aircraft. On September 20, 1999 
NCAR’s Electra aircraft flew a mission through 
stratiform precipitation and measured numerous 
icing events using the Rosemont icing probe. In 
this paper we present preliminary results of the 
objective radar/aircraft comparison. 
     This study is part of a continuing effort to verify 
the polarimetric radar signature of icing conditions 
and the particle classification algorithm 
performance. This technique is unlikely to replace 
cloud radars for detecting aircraft icing due to the 
higher sensitivity of cloud radars. However, S-band 
polarimetric radars are well suited for 
discriminating the precipitation sized particles that 
produce serious problems for cloud radars due to 
Mie scattering and signal attenuation. Also, the 
WSR-88D radar network covers numerous airports 
and is due to be upgraded with dual-polarimetric 
capabilities. The current C-band Terminal Doppler 
Weather Radar (TDWR) network could be similarly 
converted in the future. It may be feasible to 
combine the data from cloud radars and weather 
radars to obtain more complete remote aircraft 
icing detection. 
 
2. Polarimetric signature of icing conditions 
 
     The S-Pol radar alternately transmits horizontal 
and vertical polarized radiation, while simul-
taneously receiving both. In addition to the 
standard reflectivity factor (ZHH), the radar 
measures differential reflectivity (ZDR), linear 
depolarization ratio (LDR), correlation coefficient 
(ρHV), and specific differential phase (KDP). The 
measurements depend on: particle size, shape, 
and orientation, phase (liquid or solid) and bulk 
density.  
     Differential reflectivity is the ratio of the horizon-
tal co-polar (horizontal transmit, horizontal receive) 
received power to the vertical co-polar return and 
can be viewed as the power-weighted mean axis 
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ratio of the particles in the observed volume. Liquid 
drops falling at equilibrium are deformed by 
aerodynamic forces into an oblate shape, and their 
oblateness is directly proportional to size. Small 
drizzle and cloud drops remain spherical resulting 
in near zero ZDR and small ZHH, while larger drops 
have larger ZHH and ZDR values (0.3 - 2.0 dB).  
     Correlation coefficient (ρHV) is the correlation 
between horizontal and vertical co-polar received 
signals. Decorrelation occurs in wet or tumbling 
particles and mixed phase conditions resulting in 
ρHV  values < 0.96. Pure rain and pure ice both 
result in ρHV values > 0.98. 
     For automated icing detection we use the full 
suite of observations, as well as a temperature 
profile, in a fuzzy logic framework (Vivekanandan 
et al. 1999). Clearly, ZDR, ρHV and LDR play 
prominent roles in identifying icing conditions. 
Unfortunately, low density snow and ice crystals 
may not have measurable polarization signatures 
due to the signals’ sensitivity to particle density 
(refractive index). In that case, the polarimetric 
signature of snow/ice will be very similar to that of 
small drizzle and cloud drops.  
     In real time, the temperature profile is typically 
obtained using a proximity sounding. Often the 
time and space separation of sounding to the 
region of interest limits the validity of the 
temperature profile. In order to alleviate this 
discrepancy an automated melting layer detection 
algorithm has been developed. The height of the 
0o C isotherm can then be inferred from the 
computed brightband level. 
 
3. Results and aircraft-radar comparisons 
 
     Ellis et al. (2000) showed two examples from 
the PRECIP98 field experiment conducted on the 
east coast of Florida in late summer 1998. The 
University of North Dakota’s Citation aircraft 
penetrated a small convective turret at a 
temperature near –10o C. During the cloud 
penetrations the aircraft encountered supercooled 
large drops (SLD) and mixed phase icing 
conditions. The multi-parameter signatures from 
the S-Pol observations were consistent with the 
aircraft data. Further, the fuzzy logic hydrometeor 
classification algorithm successfully identified both 
the pure SLD and mixed phase conditions. In 
those cases the particles were relatively large, 
resulting in reflectivity (ZHH) values of 
approximately 25 to 30 dBZ. For this range of ZHH, 
low density ice was unlikely to be the dominant 
species and did not confound the polarimetric 
signatures.  

   The Electra research aircraft, equipped with 
particle imaging instruments (PMS), Rosemont 
icing probe and standard measurements 
(temperature, altitude, wind, etc.), flew numerous 
missions during the 1999 MAP field program. On 
the September 20 flight, several mild icing 
episodes occurred within the S-Pol radar’s volume 
scans at temperatures near –15o C. Figures 1 and 
2 show results of the radar/aircraft data matching 
software for segments of the flight when icing 
occurred.  Plotted are aircraft icing rate (mm/s) 
computed from the Rosemont probe, ZHH (dBZ), 
ZDR (dB) and ρHV  versus time (in sec.). Following 
Liu et al. (1994), ρHV  was corrected for the effects 
of low signal-to-noise ratio. The cross-polar power 
was mostly in the noise, meaning the LDR 
measurements were not available.  
     The icing rate was computed from the airborne 
in-situ Rosemont probe observations. The probe 
detects the presence of super-cooled liquid using a 
vibrating rod. Only super-cooled liquid accretes to 
the rod whereas the ice particles bounce off the 
sensor. As the liquid water freezes onto the 
sensor, its vibration frequency is reduced. The 
change in frequency is proportional to icing rate. 
When accretion reaches the maximum limit, the 
probe is heated to remove the ice before the next 
measurement cycle. 

 
Figure 1. Coincident time series plots of r
aircraft observations. a) aircraft icing (mm
(dBZ, solid line) and ZDR (dB, dashed line
ρρρρHV. 
 
     The data shown were matched within
minutes, 0.5 km in the vertical and 2.5 k
horizontal. Air parcel trajectories were es
using the aircraft winds to account for ad
Data are only plotted if a match was foun
signal-to-noise ratio was more than 7 dB
noise, resulting in the time plotted in not 
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equal to the elapsed time. The aircraft was 20 to 
100 km from the radar. 
     Figure 1a depicts two icing regions labelled I 
and II based on the icing rate derived from the 
Rosemont probe measurements. In region I ZHH is 
< 0 dBZ and ZDR varies between 0 and 1dB. Lower 
values of reflectivity suggest the mean particle size 
is small. The combination of low ZHH and ZDR > 0 
dB is in good agreement with PMS probe 
observation of small non-spherical ice crystals. 
Correlation coefficient is significantly lower than 
unity in region I, possibly due to comparable ice 
and liquid reflectivity components in the radar 
sampling volume. Typically, the cloud liquid 
reflectivity is lower than 0 dBZ. Thus ZHH < 0 dBZ 
and ρHV < 1 indicate mixed phase, or riming, icing. 
Reflectivity in region II is greater than 10 dBZ, ZDR 
is near 0 dB and the corresponding ρHV is near 
unity. In contrast to region I, polarimetric measure-
ments can only infer the region is dominated by 
irregular ice particles. The PMS data confirm the 
existence of larger ice crystals in region II. 

 
Figure 2. As in Figure 1, for a different time
 
     Figure 2 is similar to Figure 1 for a diff
icing event. Again, region I contains ZHH 
near 0 dBZ, ZDR between 0 and 1 dB and
below unity. Ground clutter contamination
evident by the high fluctuations in ZHH, ZD
ρHV. Ground clutter contamination can red
It is unclear if the reduction in ρHV  within r
due to the mixed phase signal or ground c
contamination. In this case, region II conta
icing. However, the ZHH, ZDR and ρHV va
similar to region II in Figure 1, which conta
icing. Again, the PMS data confirms the e
of larger ice crystals in region II of Figure 
     In both cases the reflectivity values are
(10 – 20 dBZ) in region II than in region I 

mixed phase ρHV signatures. The higher ZHH 
values and the PMS probes indicate the presence 
of large ice crystals (> 1.5 mm), which dominate 
ZHH and ρHV. In this case ρHV  will not be able to 
detect the presence of small cloud drops mixed 
with the larger ice particles.  
 
4. Discussion 
 
     Preliminary analysis of the MAP and PRECIP98 
data sets show that polarimetric radar has the 
potential to remotely detect varying aircraft icing 
conditions. Some of the limitations of S-band 
polarimetric radar for this purpose have been 
pointed out, but need to be more fully understood. 
Correlation coefficient may only be able to detect 
mixed phase icing conditions when the reflectivity 
contribution from the liquid and solid particles is 
comparable. 
 
Acknowledgements 
 
This research is sponsored by the National Science 
Foundation and the Federal Aviation Administration. The views 
expressed are those of the authors and do not necessarily 

Time (sec) 

 I I 
a)

represent the official policy of the FAA. 
 
References 
 
Doviak, R, J., and D. S. Zrnic’, 1993: Doppler Radar and  
     Weather Observations. Academic Press, 562 pp. 
Ellis, S. M., J. Vivekanandan, and E. A. Brandes, 1999:  
     Verification of polarimetric radar based  cloud micro- 
     physical results using aircraft observations. In Preprints,  
     29th Int. Conf. on Radar Meteorology,  Montreal Canada,  
     Amer. Meteor. Soc., 180-183.  
Ellis, S. M., J. Vivekanandan, E. A. Brandes, J. Stith and R. J.  
     Keeler, 2000, 9 th conf. on ARAM, Orlando Florida, Amer.  

b) 

 
c)
I

 

 period. 

erent 
values 
 ρHV  
 is 
R and 
uce ρHV . 
egion I is 
lutter 
ins no 

lues are 
ined 

xistence 
2. 
 higher 

with 

     Meteor. Soc., 245-250. 
Goeke, S., E. Barthazy, S. M. Ellis, J. Vivekanandan, and Z.  
     Zeng, 2000: In situ verification of polarimetric radar-based  
     hydrometeor types. 13 Int. Conf. on Clouds and Precip.,  
     Reno NV, Int. Commission on Clouds and Precipitation. 
Liu, L., V. N. Bringi, V. Chandrasekar, E. A Mueller and A.  
     Mudukutore, 1994: Analysis of the Copolar Correlation  
     Coefficient between Horizontal and Vertical Polarizations.  
     Jour. Atmos. Ocea. Tech., 11, 950-963 
Reinking, R. F., S. Matrosov, C. Ryerson, R. A. Kropfli, and B.  
     W Bartram, 2000: Detection and  isolation of super-cooled  
     large drops with millimeter polarization radar - proof of  
     concept. 9th Conf. On Aviation, Range and Aerospace  
     Meteorology 11 – 15 Sept., Orlando Fl., 537- 542 
Straka, J. M., D. S. Zrnic and A. V. Ryzhkov, 2000: Bulk  
     Hydrometeor Classification and Quantification Using  
     Polarimetric Radar Data: Sythesis of Relations. Jour. Appl.  
     Meteo., 39, 1341-1372 
Vivekanandan, J., D. S. Zrnic’, S. M. Ellis, R. Oye, A. V.  
     Ryzhkov, and J. Straka, 1999: Cloud microphysics retrieval  
     using S-band dual-polarization radar measurements. Bull.  
     Amer. Meteor. Soc., 80, 381-388. 
Vivekanandan, J., G. Zhang, and M. K. Politovich, 2000: Multi- 
     frequency and polarization radar-based detection of liquid  
     droplets. Elsewhere in these proceedings. 


