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Abstract: In order to correct attenuated millimeter-wavelength (Ka-band) radar 
data and address the problem of instability, an attenuation correction methodology 
(attenuation correction with variation trend constraint; VTC) was developed. Using 
synchronous observation conditions and multi-band radars, the VTC method 
adopts the variation trends of reflectivity in X-band radar data captured with 
wavelet transform as a constraint to adjust reflectivity factors of 
millimeter-wavelength radar. The correction was evaluated by comparing 
reflectivities obtained by millimeter-wavelength cloud radar and X-band weather 
radar.  Experiments showed that attenuation was a major contributory factor in 
the different reflectivities of the two radars when relatively intense echoes exist, 
and  the attenuation correction developed in this study significantly improved 
data quality for millimeter-wavelength radar. Reflectivity differences between the 
two radars were reduced and reflectivity correlations were enhanced. Errors 
caused by attenuation were eliminated, while variation details in the reflectivity 
factors were retained. The VTC method is superior to the bin-by-bin method in 
terms of correction amplitude and can be used for attenuation correction of shorter 
wavelength radar assisted by longer wavelength radar data. 
 
Keywords: millimeter-wavelength cloud radar; attenuation correction; dual-radar; 
data fusion 
 

 
1. Introduction 

The role of clouds in Earth-atmosphere radiation transmission and balance is 
an important factor that affects climate change [1]. Furthermore, it is also a key 
factor for weather forecasting and for performing artificial weather modification. 
Therefore, the observation and analysis of macro and micro cloud parameters is 
important. Compared with centimeter-wavelength radar, millimeter-wavelength 
cloud radar (MMCR) has higher sensitivity, a larger dynamic range, smaller 
antenna size, lower transmitted peak power, and finer temporal-spatial resolution; 
thus, MMCR represents an effective means for cloud observation [e.g., 2, 3]. MMCR 
bridges an observational gap in Earth’s hydrological cycle by adequately detecting 
clouds and precipitation [4], and has been employed by a number of studies [e.g., 
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5–11]. However, the data from MMCR working at 35 GHz (Ka-band) and 94 GHz 
(W-band) are usually significantly more attenuated than centimeter-wavelength 
radar data [3]. The intensities and areas of echoes are degraded and clouds or 
precipitation behind intense echoes cannot be detected. Attenuation errors in raw 
data are transferred into sequential quantitative productions; therefore, it is vital to 
analyze and correct attenuation errors in order to allow for further quantitative 
applications. 

Lhermitte [3] studied the attenuation and scattering of millimeter-wavelength 
radiation by clouds and precipitation. So far, most of the available attenuation 
correction methods are modified from those used with centimeter-wavelength 
radar. For conventional radar, empirical relationships between specific attenuation 
( HA ) and the radar reflectivity factor ( HZ ) have been adopted for the correction of 
reflectivity [12, 13]; however, because HA is calculated according to measured (or 
attenuated) rather than intrinsic (or unattenuated) HZ , methods of this kind are 
inherently unstable [13] and can lead to over-correction or insufficient correction. 
In order to address this problem, numerous constraints on the attenuation 
correction procedure have been considered. Surface reference technology (SRT) 
[e.g., 14, 15] obtains path-integrated attenuation (PIA) by calculating the 
differences between the reflectivities of precipitation and reference echoes (e.g., 
mountain echo under clear sky conditions), while dual-wavelength methods obtain 
PIA by comparing the reflectivities of radars at different wavelengths [15, 16]. Seto 
[17] modified the H HA Z− relationship by using the dual-frequency ratio (DFR) 
of HZ and SRT for dual-frequency precipitation radar (DPR) on the core satellite of 
the Global Precipitation Measurement (GPM) mission. However, the accuracy of 
these methods is significantly influenced by the reflectivity accuracy of the 
reference echo. 

For dual-polarized radar, PIA can be estimated using the total differential 
propagation phase ( DPφ ) based on the approximate linear relationship between 

HA  and the specific differential phase ( DPK ) [e.g., 18-20]; the proportionality 
factor between HA  and DPK is very sensitive to temperature, drop size 
distribution (DSD), and drop shape variations [18, 21]. Finally, the self-consistent 
method with constraints was devised to estimate the optimal H DPA K− relationship 
[22, 23]. However, DPK can be heavily polluted by noise, in particular light rainfall 
[e.g., 23-25], and so for MMCR whose main targets are clouds and light rainfall, 
correction methods based on DPK may introduce significant additional error. 

The existing correction methods described above rely on the radar itself and 
have numerous defects. As an alternative, attenuation correction methods assisted 
by other radars or instruments have been developed. Stereoradar methods were 
developed to retrieve reflectivity by using the data from two radars [26]. 
Radiometer measurements have been introduced into the correction of radar 
reflectivity [27]. PIA obtained by microwave link has also been used [e.g., 28–31]. In 
networked radar environments, reflectivity and specific attenuation along each 
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beam have been obtained by combined backscatter and forward scatter equations 
of the precipitation medium with constraints on PIA [32]. 

With the current level of development for meteorological radar, it is becoming 
more common for multiple cloud and precipitation observation radars to be 
working concurrently, using the same or different wavelengths and covering 
overlapping observation areas. This situation is especially common in countries 
and regions where centimeter-wavelength weather radar networks have been 
established and mosaic productions of network-wide radars are available (e.g., 
China, Europe, the United States).  

In this study, a new method for reducing the error introduced by attenuation 
of MMCR data was developed. The attenuation correction with variation trend 
constraint (VTC) method compensates for the reflectivities of MMCR by using the 
variation trend of reflectivities in X-band weather radar (XR) as a constraint. 
Analyzed radar data showed that the VTC method can effectively reduce 
attenuation errors in the reflectivities of MMCR, while also addressing instability 
problems and maintaining variation details. 

 
2. Materials and Methods 
2.1 Evaluating attenuation impact on MMCR reflectivity 

Attenuation originates from absorption and scattering. For MMCR, 
attenuation mainly includes two parts: atmospheric absorption due to oxygen and 
water vapor, and attenuation due to liquid water [3]. Atmospheric absorption can 
be calculated according to the Stepanenko absorption model [33]. Since MMCR 
usually works at the Ka-band (35 GHz) and W-band (95 GHz), both of which are 
atmospheric windows, attenuation due to atmospheric absorption is negligible and 
can be ignored; therefore, only attenuation caused by water vapor in clouds needs 
to be considered. 

To analyze the impacts of attenuation on the reflectivity of MMCR, with an 
aim to optimize and evaluate an attenuation correction methodology, a 
comparative analysis of reflectivities was conducted. Radar data were collected 
from two radars (Table 1): a Ka-band ground-based MMCR and an XR used for 
weather surveillance. These radars were working synchronously in the World 
Meteorological Organization (WMO) 8th radiosondes inter-comparison and 
integrated remote instruments experiment, conducted in July 2010 in Guangzhou 
Province, China. 
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Table1. Main characteristics of the MMCR and XRa 
Parameter 

Radar 
Wavelength

/cm 
Gate 

width 
/m 

Antenna 
beam 

width /° 

Range 
/km 

Peak 
power 

/w 

MMCR 0.86 50 0.4 30 699 

XR 3.2 62.5 0.99 62.5 56975 

a. Millimeter-wavelength cloud radar (MMCR) and X-band weather radar of the World Meteorological Organization 
(WMO) 8th radiosondes inter-comparison and integrated remote instruments experiment (July 2010, Guangzhou Province, 
China) 

 
The MMCR and the XR were situated less than 20 m apart, and the 

post-calibration system bias of both was less than 1 dB. In order to eliminate 
random noise error and the impact of clutter, quality control was performed on the 
reflectivity data before analysis and correction. 

When the sizes of the particles are significantly smaller than wavelength, the 
Rayleigh scattering approximation is valid and the reflectivity factor can be 
expressed as: 

4
6 3

25
( ) ( ) ( )H H

w

Z mm m D N D dD
k

λ σ
π

− = 
     

(1) 

 
where λ  is the wavelength, D  is the volume equivalent spherical diameter,
( )H Dσ represents the radar cross section at horizontal polarization, ( )N D  is the 

number of water drops per unit volume per unit size interval, and wk  is the 
dielectric factor of water. The reflectivity factor in dBZ can be defined as: 
 

( ) ( )6 -3
1010logH HZ dBZ Z mm m=

      (2) 

 
In these expressions, HZ is independent of radar wavelength and is controlled 

by the DSD in the resolution volume. However, in reality the reflectivity factors of 
the same target observed by two radars at different wavelengths may be different 
because of factors including attenuation, non-Rayleigh scattering, differences in 
resolution volumes, system errors, and random error. Among these, system and 
random errors can be removed by calibration and quality control. For the 
non-Rayleigh scattering effect, Nakamura [34] and Chandrasekar [35] analyzed the 
difference between the equivalent reflectivity factor and the reflectivity factor, 
while Lhermitte [3] showed that for precipitation with a rainrate of 10 mm/h, 
reflectivity factors measured by centimeter-wavelength radar and Ka-band radar 
are almost the same. For precipitation with a rainrate of 100 mm/h, the reflectivity 
factor measured by Ka-band radar is ~40 dB , while for centimeter-wavelength 
radar it is ~50 dB ; therefore, the differences in reflectivity factors due to 
non-Rayleigh scattering are usually less than 10 dB . Differences in the resolution 
volumes of the two radars, which result from different beam widths and range 
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resolution widths, also result in different reflectivities. 
 

2.2 VTC development 
 

Without the impact of attenuation, variation trends in the reflectivity factors of 
MMCR and XR should generally be identical. This has been indirectly confirmed 
by numerous studies that took the reflectivities of longer wavelength radar as ‘true’ 
values to evaluate attenuation retrieval methods for shorter wavelength radar 
[eg.36-38]. On this basis, it is reasonable to correct the reflectivity of MMCR for 
attenuation by using the variation trends in XR reflectivity as constraint. The VTC 
method was developed in four steps: 

Step 1: to enable attenuation correction using data collected by radar at 
another site, MMCR and XR radar data in constant altitude plan position indicator 
(CAPPI) were converted from the polar coordinate system into the absolute 
geographic coordinate system, and from a conical scanning surface to a constant 
altitude plane. 

Step 2: along each constant line of longitude or latitude in the overlap region, 
the reflectivity profiles of both radars were decomposed at different scales using 
wavelet analysis in order to produce the low frequency component( mmCA ) and high 
frequency component ( mmCD ) of the MMCR reflectivities, and the low frequency 
component of the XR reflectivities ( XCA ). 

Step 3:a weighted summation method was applied to adjust the mmCA with 
respect to XCA  using the expression: 

'
mm mm mm X XCA W CA W CA= × + ×      (3) 

 
where '

mmCA  is the adjusted low frequency component of the MMCR reflectivities, 
and mmW  and XW are the weight coefficients of mmCA and XCA , respectively. In 
order to preserve variation details in the uncorrected MMCR reflectivities to the 
greatest extent possible, a weight coefficient selection methodology based on the 
principal of maximum energy was utilized to determine mmW and XW  adaptively. 
The square sum of wavelet coefficients was calculated using a 5-point sliding 
window of mmCA and XCA using the expression: 
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where mm jCA  and XjCA  are the wavelet coefficients of point j  in mmCA and XCA , 
respectively. The greater the energy of the wavelet coefficients, the greater the level 
of detail that will be retained. The weights of point i  are calculated by: 
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Therefore, at point i , equation (3) can be transformed into: 
 

'
mmi mmi mmi Xi XiCA W CA W CA= × + ×                   (8) 

 
Step 4:the corrected reflectivity profiles of the MMCR ( )mmZ

P were 

reconstructed with the adjusted low frequency component ( '
mmCA ) and the original 

high frequency component ( mmCD ) using the expression: 
 

'
( ) Re ( , )
mmZ mm mmP construction CA CD=       (9) 

 
 
3. Results and Discussion 
3.1 Attenuation and differences in reflectivity 

Data were selected when the difference between the observation times of the 
two radars was less than 3 min, and when the difference between observation 
elevations was less than 0.1º. From 25 July 2010 to 30 July 2010, there were 116 
matching pairs of plan position indicator (PPI) data. Statistical analysis showed 
that the mean reflectivity factors of the MMCR were significantly lower than that of 
the XR (by 13.58 dB ), with a correlation coefficient of 0.46 (Table 2). 

 
Table2. Differences between reflectivity factors of MMCR and XRa 

Statistics 
Radar 

Reflectivity factors of echoes detected by both radars 
Mean/dBZ Std dev/dBZ Correlation 

MMCR −13.44 15.60 
0.46 

XR 0.14 13.29 

a.Millimeter-wavelength cloud radar (MMCR) and X-band weather radar of the World Meteorological Organization 
(WMO) 8th radiosondes inter-comparison and integrated remote instruments experiment (July 2010, Guangzhou Province, 
China) 

 

The locations of the intense echoes detected by the two radars showed good 
agreement (Figure 1). Compared with the XR, the MMCR detected weaker echoes, 
and the areas of weak echoes detected near the MMCR were larger. This higher 
sensitivity enabled the MMCR to observe clouds and weak precipitation (e.g., 
echoes observed at 235–270 º with a range of 3–10 km; Figure 1a) that were not 
detected by XR. However, reflectivities and areas of intense echoes were smaller 
than those detected by the XR, in particular on the far side of the radar. Strong 
attenuation was produced by heavy precipitation; therefore, clouds and/or 
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precipitation behind intense echoes were not always detected (e.g., echoes at 20–30 
º with a range of 24–30 km ; Figure 1c and d). 

 

 
Figure 1. Plan position indicator (PPI) at 6º elevation in the (a) millimeter-wavelength cloud 
radar (MMCR) and (b) X-band weather radar (XR) at 13:22 on 26 July 2010, and in the (c) 
MMCR and (d) XR at 9:18 on 28 July 2010. 
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Figure 2. Comparison of radial reflectivities of the millimeter-wavelength cloud radar (MMCR) 
and X-band weather radar (XR) along the (a) 257º azimuth in Fig. 1a and Fig. 1b, and along the 
(b) 23º azimuth in Fig. 1c and Fig. 1d. Breaks in the data represent points where no echo was 
detected. 
 

The radial reflectivities near the two radars showed good agreement, except 
for the echoes that only the MMCR detected (Figure 2). As both attenuation and the 
range increased, the reflectivity differences between the two radars also increased. 
The largest difference in reflectivity factors was observed at 39 dB  (Figure 2b). 

In contrast with the XR, the reflectivities of the MMCR fell significantly as 
distance increased, indicating that attenuation had greater impact on reflectivity 
than resolution volume. More specifically, attenuation always caused the 
reflectivity to degrade, while differences in the resolution volumes caused both 
increases and decreases in reflectivity. 

In summary, the reflectivities of the MMCR and the XR agreed well when 
echoes were close, or when there were no intense echoes in the path of 
electromagnetic wave propagation. In contrast, when echoes were distant from the 
radars, or when there were intense echoes in the wave propagation path, the 
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reflectivities of the MMCR were lower than those of the XR, primarily as a result of 
attenuation.  
 
3.2 Experimental outputs 
 

In order to assess the VTC method, MMCR CAPPI data from 3- km  altitude 
between 25 and 30 July 2010 were corrected for attenuation (Figure 3). During this 
time interval, 56 pairs of volume scan data from the two radars had observation 
times that were less than 3 min apart, and these were used to test the VTC method. 
The results were compared with those of the bin-by-bin attenuation correction 
method, in which different H HZ A− relationships were used according to HZ [39]. 

 

 
Figure 3. Constant altitude plan position indicator (CAPPI) at 3-km altitude in the 13:22 26 July 
2010 reflectivity data of the (a) millimeter-wavelength cloud radar (MMCR), (b) X-band 
weather radar (XR), and (c)MMCR after the attenuation correction with variation trend 
constraint (VTC).(d) shows the comparison of MMCR reflectivities before and after VTC 
correction, along with data from XR and the MMCR after bin-by-bin correction along a 
constant line of latitude line 10km south of the MMCR. 
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Figure 4.Constant altitude plan position indicator (CAPPI) at 3 km altitude in the 9:18 28 July 
2010 reflectivity data of the (a) millimeter-wavelength cloud radar (MMCR), (b) X-band 
weather radar (XR), and (c) MMCR after the attenuation correction with variation trend 
constraint (VTC). (d) shows the comparison of MMCR reflectivities before and after VTC 
correction, along with data from XR and the MMCR after bin-by-bin correction along a 
constant line of latitude line 20 km north of the MMCR. 
 

The reflectivities and echo areas in the MMCR data became enlarged after 
correction, such that the echo distribution was closer to that of the XR (Figure 2; 
Figure 4). Echo degradation was reduced (e.g., the echoes at 20 km  range and 
with an azimuth of 25–35 º; Figure 4a). Comparison of reflectivity profiles along 
constant lines of latitude (Figure 3d; Figure 4d) showed that the VTC method made 
the overall variation trends in the MMCR reflectivities closer to those of the XR 
reflectivities, while still retaining the variation details in the MMCR reflectivities. 
Furthermore, the correction amplitudes of the VTC method were greater than 
those of the bin-by-bin method. The maximum correction value reached 27 dB  
(Figure 4d), which is consistent with the findings of our previous analysis. 
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Figure 5. Histogram of reflectivities in 3-km constant altitude plan position indicator 

(CAPPI) of millimeter-wavelength cloud radar (MMCR) and X-band weather radar (XR) before 
attenuation correction, after VTC attenuation correction, and after bin-by-bin attenuation 
correction at (a) 13:22 on 26 July 2010 and (b) 9:18 on 28 July 2010. 

 
The number of relatively larger reflectivity points in the MMCR data before 

correction were significantly lower than those in the XR data, but increased notably 
after correction, with the VTC correction resulting in a greater increase than the 
bin-by-bin method (Figure 5). After attenuation correction with the VTC method, 
the mean reflectivity factor of the MMCR increased significantly (by 8.98 dB ) and 
becomes closer to that of the XR (Table 3); furthermore, the correlation between the 
3- km  CAPPI data of the MMCR and the XR increased notably (by 0.2). Again, the 
improvement using the VTC method was greater than that using the bin-by-bin 
method. It is important to note that because this study focuses on the correction of 
the reflectivities already obtained by the MMCR, and the VTC method presented 
here was prohibited from performing corrections where no echo was detected by 
the MMCR. However, without this limitation, the VTC method can recreate echoes 
detected by the XR but not by the MMCR. In other words, the data fusion of the 
two radars can be achieved. 
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Table 3. Differences in MMCR and XRa reflectivities before and after attenuation correction 

Statistics 
Radar 

Reflectivities of echoes detected by both radars 

Mean/dBZ Std Dev/dBZ Correlation 

XR 7.94 18.51  

MMCR 

Before correction −6.53 19.47 0.41 

After VTC 2.45 20.62 0.61 

After bin-by-bin  −4.16 20.58 0.48 

a.Millimeter-wavelength cloud radar (MMCR) and X-band weather radar of the World Meteorological Organization (WMO) 
8thradiosondes inter-comparison and integrated remote instruments experiment (July 2010, Guangzhou Province, China) 

 
3.3 Impact of distance between radars 
 

The VTC method can be used for the attenuation correction of shorter 
wavelength radar data assisted by longer wavelength radar data. The locations of 
the shorter and longer wavelength radar do not need to be the same; however, 
factors including the layout and wavelength differences of the two radars can affect 
the accuracy of the VTC method. 

It is assumed that variation trends in reflectivity along the same path but 
detected by the radars of different wavelengths would be similar without the 
impact of attenuation. However, as discussed, the resolution volume difference 
caused by different beam widths and pulse repetition frequencies (PRF) results in 
“common volume” reflectivity differences. These reflectivity differences increase 
with increasing distance between radars, especially when the weather system is 
convective and has high spatial variations in reflectivity. At the same time, the 
distance between radars can change the “gaps” between adjacent elevations in 
volume scan data. This can also introduce errors into CAPPI data through 
interpolation, which result in errors within the final VTC method. Therefore, when 
using the VTC correction, the distance between the two radars should be as short 
as possible. However, if the “blind” detection zone above the longer wavelength 
radar is within the detection area of the shorter wavelength radar, then the 
accuracy of the VTC method will also be influenced because there will be no data 
to extract the variation trend in the “blind” detection zone. Therefore, the VTC 
method works best when the longer wavelength radar is very close to the 
shorter-wavelength radar, or located just near the edge of the observation range of 
the shorter wavelength radar. 

 
3.4 Impact of radar wavelength differences 
 

As the difference in wavelength between the two radars increases, the 
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differences in “common” volume reflectivities due to non-Rayleigh scattering also 
increase. However, if the difference between the wavelengths of the two radars is 
too low, the variation trend extracted from the reflectivities of the longer 
wavelength radar will be useless because the attenuations suffered by the two 
radars will be almost the same. Therefore, the VTC method works best when the 
wavelengths of the two radars are adjacent in the standard wavelength list (e.g., Ka 
and X band, X and C band, C and S band). 

 
3.5 Impacts of observation time and clutter 
 

Observation time mismatches can result in “common” volume reflectivity 
differences, especially when the temporal variability of the weather system is high. 
To address this problem, radars should operate at high scan rates. The different 
clutters suffered by radars can also result in reflectivity differences and effective 
clutter mitigation must also be performed before the VTC attenuation correction. 

 
4. Conclusions 
 

High-quality MMCR data are the basis of quantitative applications. To reduce 
attenuation-based error in MMCR data, and to address problems of unstable 
correction, which are inherent in conventional attenuation correction methods, a 
new correction methodology using variation trends as constraint was developed 
and evaluated. On the basis of the results, a number of conclusions can be drawn. 

Compared with centimeter-wavelength radar, MMCR can detect weaker 
echoes; however, if intense echoes are in the wave propagation path, the 
reflectivity factors of MMCR will be lower than those of centimeter-wavelength 
radar, mainly because of attenuation. The proposed VTC method can correct the 
reflectivity factors of MMCR by using variation trends in the reflectivities of XR as 
a constraint. In this study, after correction with the VTC method, the mean value of 
MMCR reflectivities and the correlation with the XR reflectivities both increased, 
where the correction amplitude was larger than that achieved using the bin-by-bin 
correction method. Furthermore, the variation details in the MMCR reflectivity 
data before correction were effectively retained. The accuracy of the VTC method 
is affected mainly by the distance and wavelength differences between radars. 

Future development of the VTC method will focus on the collection of 
additional radar data and the analysis errors caused by layout and the wavelength 
differences between the two radars. Data fusion of the reflectivities in MMCR and 
XR data using the VTC method will also be investigated in order to improve the 
retrieval accuracy of macro and micro cloud parameters. 
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