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Abstract 
 
 Two techniques to compute range resolved liquid water content (LWC) are 
compared. The first technique uses only radar reflectivity to estimate LWC from a power 
law fit derived from modified Gamma drop size distributions. The second technique uses 
overlapping observations from a radar and passive microwave radiometer. The total 
liquid water path from the radiometer is preserved along the radial and distributed 
proportional to the square root of the reflectivity.  
 
1. Introduction. 

The determination of cloud liquid water content (LWC) and median drop 

diameter (MVD) has both practical and theoretical implications for the study of cloud 

microphysics. Accurate knowledge of LWC and MVD could be useful in addressing 

fundamental questions about the sources, sinks and life span of super-cooled liquid drops 

(SLD). Also, the role of SLD in the electrification of thunderstorms is important, but has 

yet to be quantitatively defined (Saunders et al. 1996). The remote detection of aircraft 

icing conditions is of interest to the FAA and aviation industry. The severity of aircraft 

icing depends on both LWC and MVD (Ellis et al. 2000).  

It is important to quantify the spatial distribution of LWC and MVD for the study 

of cloud processes and aircraft icing conditions. For this purpose a multi-sensor approach 

is desirable. This is true because weather radars cannot, in general, discriminate cloud 

and drizzle drops from ice crystals and small snowflakes, and passive remote sensors 

measure only range integrated quantities. It is possible, however, to combine the 

measurements in order to constrain the LWC and MVD retrievals to physically relevant 

values. In this preliminary study, we use measurements from collocated polarization 

diversity radar and dual wavelength scanning radiometer to retrieve range resolved LWC 



and MVD. Section 2 briefly describes the instrumentation used, section 3 gives the 

LWC/MVD retrieval algorithms, section 4 provides some preliminary results and section 

5 discusses some conclusions and future work including comparisons with MODIS 

satellite retrievals. 

2. Instrumentation 

2.1 Polarization radar 

Dual polarimetric radar is a powerful tool for the identification and quantization 

of hydrometeors. The radar used in this study is the National Center for Atmospheric 

Research’s (NCAR) S-band polarimetric (S-Pol) weather radar. It is a 10 cm wavelength 

radar with a one degree half power beam width and 150 m gate spacing. S-Pol alternately 

transmits horizontal (H) and vertical (V) polarized pulses and simultaneously receives 

both. It has a mechanical switch to isolate the polarization states with an isolation near 60 

dB. In the following the term co-polar refers to the signal received from the polarization 

state that was transmitted, e.g. transmit H and receive H. Conversely, cross-polar refers to 

the signal received from the opposite polarization than was transmitted, e.g. transmit H 

and receive V.  

In addition to the standard radar moments data of reflectivity, radial velocity and 

spectrum width, dual polarization radar measurements include differential reflectivity 

(ZDR), linear depolarization ratio (LDR), co-polar correlation coefficient (ρHV), 

differential phase (ΦDP). ZDR is the ratio of co-polar received powers, represented in dB, 

i.e. 10log10(ZHH/ZVV), where the subscripts represent receive/transmit polarizations. ZDR 

can be thought of as a reflectivity weighted axis ratio and is useful for discriminating 

rain, hail and wet snow. LDR is the ratio of the cross-polar to co-polar powers, i.e. 



10log10(ZVH/ZHH). Symmetric raindrops will have little de-polarization, while irregularly 

shaped or wet particles will strongly depolarize the signal. Large raindrops with a mean 

canting angle will also have a measurable LDR signal. The correlation coefficient is the 

correlation of the H and V co-polar powers. De-correlation occurs when the radar cross 

section in H is different than in V. Examples of targets that have a ρHV signal include: 

irregularly shaped particles such as hail and graupel, ground clutter, mixed phase 

conditions when the power contribution from each phase is comparable and wet or 

melting particles (riming graupel, or bright band). The differential phase is the difference 

in phase shift between the H and V signals and is dependent on particle shape and phase; 

ΦDP is much more sensitive to liquid than ice and can be used to compute rain rate. The 

advantage of a phase based rain rate computation is that it is insensitive to partial beam 

blockage and less sensitive to contamination by the ice phase (hail and graupel). 

These polarimetric variables are dependent on particle shape and refractive index. 

Cloud particles and small drizzle drops are round (Prupacher and Klett, 1997) and 

therefore do not have any measurable polarimetric signature. Small, dry ice crystals and 

aggregates have low refractive indices and therefore no polarimetric signature either. 

Therefore at small particle sizes, the radar is unable to distinguish the phase of many 

clouds. Exceptions include mixed phase clouds for which the contribution to received 

power from liquid is comparable to ice and highly oriented ice crystals that result in 

measurable ZDR. 

2.2 Radiometer 

 The radiometer used in this study is a two channel (20.6 and 31.65 GHz) “mail 

box” scanning radiometer. It has a 5 degree beam width and takes a 10 second average 



for each measurement. The radiometer scans much more slowly than the radar resulting 

in space and time mis-matches in the two measurements. To mitigate this effect, only 

data in which the radar and radiometer scans overlapped at a given elevation angle are 

chosen.  

 The liquid water path (LWP) is estimated using the NOAA linear statistical 

retrieval algorithm which is based on long term radiosonde observations. The LWP is 

given by the relationship (Li et al., 1997),  

LWP(mm) = –0.0132 – 8.8X10-4(TB20) +2.2X103(TB31),    Eq. 1 

where TB20 and TB31 are the brightness temperatures (K) for the 20.6 and 31.65 GHz 

channels respectively. The coefficients for equation 1 vary with climatological region. 

 

3. LWC retrievals. 

 In this paper 2 methods to estimate liquid water content (LWC) are compared. 

The first uses only radar data and assumes a purely liquid cloud, while the second uses 

the combination of radar and radiometer data. 

3.1 Radar retrieval 

 For liquid clouds, droplet size distributions (DSD’s) can be modeled as a 

modified Gamma function (Vivekanandan et al. 1999). The modified gamma DSD is a 

three parameter fit to the number density of drops N(D) as  

)exp()( 0 DDNDN Λ−= µ ,        Eq. 2 

 where D is droplet diameter, µ is the distribution shape parameter, Λ is the slope 

parameter and N0 is the number concentration. For the Rayleigh scattering approximation 

the reflectivity (Z) is proportional to the sixth moment of the DSD and the LWC is 



proportional to the third moment. For the Rayleigh approximation to be valid requires, 

generally that D < λ/16, where λ is the radar wavelength. The radar wavelength used in 

this study is 10 cm, resulting in observations well within the limits for Rayleigh 

scattering. Therefore both parameters can be computed from the modified gamma DSD 

parameters as follows (Vivekanandan et al. 1999), 

[ ]γα
γ γα /)7(/)7(

0 +Γ
Λ

= +−

N
Z         Eq. 3 

[ ]γα
γ

π
γα /)4(

106 /)4(3
0 +Γ

Λ
= +−−x

N
LWC       Eq. 4 

where Γ specifies the gamma function evaluated for the values in brackets.  

 Vivekanandan et al. (1999) varied the modified gamma parameter over a 

physically relevant range and determined the following power law relationship between Z 

and LWC, 

Zl = 0.34LWC1.42          Eq. 5 

where Zl is the reflectivity of liquid droplets in mm6m-3 and LWC is in gm-3. The range of 

the DSD parameters was determined by aircraft measurements (Cober et al. 1996). Figure 

1 shows the computed reflectivity (dBZ) versus computed LWC (gm-3) with the fitted 

curve. This estimator for LWC has the advantage of being physically based and the 

disadvantage of assuming purely liquid water. This assumption is not generally 

applicable to clouds with temperatures below 0o C.  

   



 

Figure 1. Relationship between LWC and Z computed from modified gamma DSD’s 
(from Vivekanandan et al. 1999). 
 

3.2 Radar and radiometer retrieval 

 A second method to retrieve range-resolved LWC takes advantage of both radar 

and radiometer measurements. The method preserves the total liquid water path from the 

radiometer while distributing it in proportion to the square root of reflectivity (Williams 

et al. 2001), i.e., 
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where r is range, tot designates total, Σ represents the sum over valid values of Z along 

one ray and ∆r is the range resolution of the radar. This approach assumes that Z ~ LWC2 

(i.e. 6th moment is proportional to the square of the 3rd moment) with the same constant 

of proportionality for the entire ray.  



 Preserving the total LWC from the radiometer prevents gross errors arising from 

the reflectivity contribution of ice clouds. However this technique will not guarantee the 

LWC to be properly range resolved within an individual radial. 

 Reflectivity cannot be used by itself to estimate the median volume diameter 

(MVD) because it depends on both drop size and number concentration. However, given 

the LWC estimate and assuming a special case of the gamma DSD where µ = 0, known 

as the exponential DSD, the MVD can be defined as (Vivekanandan et al. 1999) 

MVD3 = 2.16 x 10-4Z/LWC        Eq. 7 

where MVD is in mm, Z is in mm6m-3 and LWC is in gm-3. 

4. Results. 

During the Improvements of Microphysical Parameterization through 

Observational Verification Experiment (IMPROVE) on the coast of Washington, the 

NCAR S-band polarimetric radar (S-Pol) was collocated with the scanning dual channel 

radiometer. Figure 2 shows reflectivity measurements from the S-Pol radar collected on 

23 January 2001 during the IMPROVE field program. The scan shown is a plan position 

indicator (PPI) at an elevation angle of 19.5 degrees. This elevation angle was chosen 

because this was the elevation angle which best matched the radiometer data in time. 

There is a cloud deck over the radar between the altitudes of approximately 1 and 4 km 

above the ground resulting in the reflectivity signature at a range of 3 km to 12 km in 

range. The freezing level at this time was approximately 1 km above the ground. Notice 

the ring of ground clutter returns close to the radar resulting from a single strong target 

 



 

Figure 2. Reflectivity (dBZ) from S-Pol during the IMPROVE field deployment. The 
observations are for 23 January 2001 at 21:43 UTC. The range rings are plotted every 3 
km and the 30 degree azimuth spokes are also plotted. 
 

being seen by the main, side and back lobes of the radar. The polarimetric variables were 

used in a simple way to eliminate the clutter from the retrievals. 

The radiometer retrieved liquid water path (LWP) is shown in Figure 3. The x-

axis is azimuth angle and the y-axis is elevation angle. The 19.5 elevation angle of the S-

Pol scan is sketched with the solid black line. The anomaly in the data at an azimuth near 

270 degrees is an artifact of the scanning of the radiometer and is not physically relevant.  

Figure 4 shows the LWC retrieval from the radar measurements using equation 4. 

At first glance the values seem high for a winter time cloud located mostly above the 

freezing level. Further examination confirms this fact. By integrating the retrieved LWC  



 

Figure 3. Liquid water path (mm) retrieved from the scanning radiometer. 

 

Figure 4. Retrieved LWC in gm-3. The retrieval is from radar data alone. The radar is 
located at (0,0) and the axes are distance from S-Pol in km. 
 



to obtain the LWP and comparing it to the radiometer measured LWP, it is revealed that 

the radar retrieval is roughly a factor of 10 higher. 

The results of using the radar/radiometer combined technique to retrieve range 

resolved LWC is shown in Figure 5. The values are much more reasonable than for the 

radar only retrieval because the technique preserves the LWP from the radiometer along 

each radial. It is likely that the differences in the two retrievals arise mostly from the 

presence of ice in the cloud. This could be in the form of mixed phase conditions or 

separate ice and liquid layers within the cloud. It is not possible to discriminate between 

ice, liquid and mixed phase along the radial with the combined method. 

 

Figure 5. Retrieved LWC in gm-3. The retrieval is from the combination of radar and 
radiometer data. The radar is located at (0,0) and the axes are denoted as distance in km. 
 

 Using the LWC estimate and the reflectivity measurement the median volume 

diameter (MVD) is estimated using equation 6. The results are plotted in Figure 6. Notice 

in regions of similar reflectivity values, in regions of large LWC the MVD is smaller and 



in regions of small LWC and relatively high reflectivity the MVD values are large, a 

physically consistent result. 

 

Figure 6. Retrieved MVD in mm. The radar is located at (0,0) and the axes are denoted as 
distance in km. 
 

 Another temporal match between the radar and radiometer occurred on 23 

January 2001 at approximately 20:40 UTC at an elevation angle of 10 degrees. The PPI 

scan of radar reflectivity is shown in Figure 7. The results of the range resolved LWC 

retrieval from the combined method are plotted in Figure 8 and the MVD results in 

Figure 9.  

 The reflectivity pattern reveals two regions of locally strong returns, one to the 

southwest and the other to the northwest of the radar. The southwest maximum is the 

stronger of the two. There are large values of LWC to the southwest of the radar and 

smaller values to the northwest. The MVD retrieval reveals larger droplets to the 

northwest where the LWC is lower and smaller droplets to the southwest where the LWC 

is higher. 



 

Figure 7. PPI of reflectivity (dBZ) from 20:39 UTC 23 January 2001 at an elevation 
angle of 9.9 degrees. 

 

Figure 8. LWC (gm-3) retrieval from using the radar and radiometer for the data in Figure 
7. 



 

Figure 9. MVD (mm) retrieval from using the radar and radiometer for the data in Figure 
7. 
 

5. Conclusions and future work 

 A method to retrieve LWC and MVD using both radar and radiometer 

measurements was shown to have more realistic results than the retrieval using only the 

radar. Improvements to the method could be obtained by taking advantage of ice 

signatures from the polarimetric radar data. In other words if the radar indicates ice phase 

than exclude those gates from the LWC retrieval. 

 The coastal location of the instruments during IMPROVE is fortuitous because 

the observations were taken over the ocean enabling the comparisons with MODIS 

satellite retrievals. The satellite passed over the region approximately 30 minutes prior to 

the second case presented in section 4. The MODIS water path (gm-2) is shown in Figure 

10 with the IMPROVE region sketched by the white solid line and the S-Pol location by 

the white circle. Notice there is a maximum in water path to the west and southwest of 

the radar qualitatively agreeing with the results in Figure 8.The effective radius from the 



MODIS measurements is shown in Figure 11. There is a maximum in effective radius 

northeast of the radar, again in qualitative agreement with the radar/radiometer retrieval 

(Figure 9).  These comparisons are in no way conclusive, but justify further examination 

and quantitative analysis. The overlapping of the measurements from the three  

 

 
Figure 10. MODIS retrieval of LWP (gm-2) for 20:10 UTC, 23 January 2001. The 
location of S-Pol is denoted with the white circle. 
 
instruments (polarimetric radar, radiometer and MODIS) over the ocean represents a 

unique opportunity to test and compare liquid water retrievals. 

The IMPROVE data set also includes microphysical data from aircraft, dual 

Doppler data from 2 bistatic receivers and special soundings. We would like to combine 

this data to get a more complete diagnosis of the cloud including microphysics and 

dynamics.  

 

 



 

 
Figure 11. As in Figure 10 for the equivalent droplet radius (micron). 
 

 Adding a second frequency to the radar will enable the measurement of 

differential attenuation between the wavelengths that can be related to LWC. The 

wavelengths must be different enough to obtain an appreciable differential attenuation, 

which necessitates the use of a short wavelength (e.g. k-band). The Rayleigh 

approximation may not be valid using these short wavelengths in the presence of 

precipitation sized particles. Therefore caution must be used to avoid contamination by 

Mie scattering.   
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