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The variance of the radial velocity (hereafter called the “variance”) directly derived from 

Doppler radar measurements was rarely exploited in current experiments for several reasons. 

First of all, the variance derived from Pulse Pair Processing (PPP – Groginski, 1972; 

Lhermitte, 1972) suffers insufficient accuracy: Sirmans and Bumgarner (1975a, b) indicates 

that variance is estimated with a bias (predictable if the spectrum functional form is known); 

Srivastava et al (1978) estimate variance accuracy as ± 2m2 s-2, which is unsufficient in 

quantitative studies. Passarelli and Siggia (1981) showed that the PPP performed poorly for 

broad spectra, and for narrow spectra with low signal-to-noise ratios. Other ways for 

obtaining more accurate variance for scientific use are the Maximum Entropy Method (MEM) 

or the Fast Fourier Transform (FFT) performed on time series of the signal returned from 

hydrometeors (HM) whose performances were compared by Sweezy (1978) who estimated 

that MEM was as promising as FFT for variance accuracy but suffered at that time for 

computation efficiency. As for FFT, in each receiving gate, either the whole spectrum is 

recorded leading to a (too) big amount of data, or only the first moments of the spectrum are 

recorded, generally the three first ones (i.e., the reflectivity, the mean velocity and the velocity 

variance) providing a more reasonable data set.   

Many systems all around the world use PPP for simplicity and fastness, while those using 

FFT do not generally exploit the variance for two main reasons. First, since this parameter is 

considered of secondary importance with respect to reflectivity and velocity (essential  

parameters in radar meteorology studies), the use of variance was limited. Second, the 

variance itself results from several contributions whose respective importance depends on the 

type of meteorological event and on the way it is sampled by the radar (radar sequence). 

However, if accurately calculated, the variance σD
2 of the observed velocity (i.e. the velocity 

along the radar beam) could be of great scientific interest as shown later. As it will be also 
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shown, the various contributions to the variance depend in particular of the angle of elevation 

of the radar beam with respect to the horizontal.  

The present paper deals with the variance obtained as the third moment of the spectrum 

calculated by FFT in the radar Ronsard (Nutten et al, 1979, Riguet et al, 1998), and more 

specifically aims at giving an interpretation of the variance in the particular case of vertical 

scanning (i.e the “vertical” contribution). Therefore, a preliminary recall of the various 

contributions to the variance (“horizontal” and “vertical”) is given in section 2, along with the 

method of analysis of the variance data. Results on a case study of stratiform precipitation 

observed during the MAP experiment (Bougeault et al, 1000), are presented in section 3. 

Section 4 relates to other case studies of MAP and in particular to more convective events. 

Finally, the conclusion also contains some ideas of future experiments and/or algorithms to 

validate and extend  these first results.  

 

 

���$QDO\VLV�RI�WKH�PHDVXUHG�YDULDQFH�
The variance σD

2 of the observed velocity (i.e. the velocity along the radar beam) contains 

several contributions, namely (see Doviak et Zrnic, 1984 ; Chapman et Browning, 2002): 

 

σD
2 = σs

2 + σr
2 + σf

2 + σt
2    where :  

 

σf
2  is the contribution due to the terminal fall velocity of hydrometeors;  

 

σs
2  is the contribution due to the wind shear (and /or to the effect of large energy eddies) ; 

 

σr
2 is the contribution due to antenna rotation ; 

 

σt
2 is the contribution due to the turbulence within the sampling volume.         

 

The present study focuses on σf
2 whose contribution is maximum at the vertical and we show 

further that other contributions, rather “horizontal” in essence can be independently estimated 

or neglected for the chosen experimental cases.   
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The data set used here to perform tests on the variance is extracted from data obtained during 

the MAP experiment. Recall this international experiment aimed at scrutinizing the role of the 

Alps in triggering and organizing precipitation in the Po Plain (Northern Italy) gathered a 

great number of instruments and involved simultaneous processing of several numerical 

models. Concerning the instruments, particular importance was given to three Doppler radars, 

namely the Swiss Meteorology operational radar of Monte-Lema,  the French C-band Doppler 

Ronsard, and the US S-band  Dual Polarization Doppler radar. During the whole field phase 

(autumn 1999), all radars worked properly and allowed many precipitation events to be 

observed, among which several were stratiform. All data analysed in the present paper come 

from the Ronsard data bank. In this radar, FFT are performed for 512 gates 200 m spaced 

apart, and the first three moments (reflectivity, wind velocity and variance) of the spectrum 

are recorded. Many volumetric conical sequences performed within stratiform precipitation 

were recorded. These sequences (always of the same type in the present paper) consisted of 

20 consecutive cones at increasing elevations from 0.1 up to 69.4 degrees. These elevations 

were chosen in order to best fulfil the space. Although measurements at the radar vertical 

(elevation = 90 degrees) would have been ideal for the purposes of the present paper, we used 

data obtained at elevation 69.4 degrees (the maximal elevation available in the sequences 

programmed during the MAP experiment).  This of course induces an additional error  due to 

the residual contribution of the horizontal wind, as further discussed in the present section.  

The choice of stratiform precipitation in the whole data set for testing the method had several 

advantages in terms of simplicity for data interpretation. First, conditions are changing slowly, 

so that measurements from one sequence to the next one also changes slowly, leading to 

looking at many successive sequences with smoothed variations of the mean reflectivity and 

the mean velocity fields (the latter can be considered as linear). Second, the frequent presence 

of a bright band allows clear distinction of the phase (solid or liquid) of the hydrometeors 

responsible for radar backscattering (the radar signal). In these conditions, one can expect 

easier interpretation for the variance of the velocity (the third moment).   

The method used for data analysis is the following:  

First, a day is selected during which radar data from stratiform precipitation have been 

recorded for a long time period. Thus, several successive volumetric conical sequences are 

selected.  
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For each sequence, a VAD processing of the whole scanned volume allows obtaining  the 

vertical profile of the three wind components, and of the terminal fall velocity of the HM 

(Testud et al, 1980). In this case, data from all elevations are processed. Averaging reflectivity 

within each horizontal plan provides the vertical profile of the mean reflectivity.  

As for the variance, its mean vertical profile is also obtained by averaging data within each 

horizontal plane, but, since no scan was done at elevation 90 degrees (the radar vertical), only 

data at elevation 69.4 degrees (the highest available) are retained to strongly reduce the 

contamination by other variance contributions, as seen now: Fall velocity contribution to 

variance σf
2 is modulated by sin2[elevation (in degrees)] = sin269.4, = 0.875, while 

“ horizontal”  contributions  are modulated by cos2(69.4) = 0.124.  

The contribution due to antenna rotation σr
2  is at worst only 0,01 m2 s-2 , i.e. σr  §�����P�V-1 at 

elevation 69.4 degrees.          

The contribution due to the turbulence within the sampling volume σt
2 can be estimated from 

the variance measured at low elevation (less than 10 degrees). We find a value about 0,6-0,9 

m2 s-2 at low altitude (within rain). Within ice, it should be even smaller. When this turbulence 

is “ projected”  at high elevation, the corresponding variance contribution is [0.6-0.9] x cos2 

(69.4)/cos2 (10) =  0.124/0.970 §������-0.12 m2 s-2 . If the turbulence was of equal importance 

horizontally and vertically, the corresponding contribution would be stronger [0.6-0.9] m2 s-2 .   

 

The contribution σs
2 due to the wind shear (effect of large energy eddies) is probably 

negligible outside frontal surfaces: a shear 2 m/s on the horizontal wind due to the arrival of 

cold front, would result in 2 m/s standard deviation of the wind which, projected onto the 

vertical , yields 0.7 m s-1, that is  σs
2 §������P2 s-2. In case of no wind shear,  σs

2 §�����P2s-2   

(limit due to measurement error).          

The total contribution to the “ horizontal”  variance (without that of Vf) may be estimated as 

0.2-0.3 m2 s-2.  

Note that averaging velocity or reflectivity data provides mean values which represent the 

first order solution of the corresponding quantities. Similarly, averaging variances within a 

horizontal plane provides the mean spectral width of the Doppler spectrum since the variance 

of mean value of a parameter is the mean of the individual variances of this parameter (see 

Appendix).   
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Still, the variance can be highly variable, due to the heterogeneousness and to the variability 

of the population of HM. This the reason why after considering the mean variance in 

subsection 3a, a more detailed (second order) analysis of the results, based upon the histogram 

of the variance is given in subsection 3b.  

 

���$SSOLFDWLRQ�WR�0$3�,23��������2FWREHU��������
 

The Intensive Observation Period (IOP) 10 was studied from 0615 to 1630 (all times UTC). 

There is no precipitation at 0615, then appears a layer with precipitation between 0630 and 

0700, but only above 3000 m (in solid phase). The period 0715-1145 is characterized by 

stratiform precipitation up to 6-8 km height, then appears a precipitation–free layer at 3-4 km, 

approximately, from 1200 to 1315, then from 1330 until 1630, precipitation is progressively 

confined to the lower two kilometres. The whole studied period totalizes 41 sequences (since 

the Ronsard radar scanned a volumetric sequence each 15 minutes), so that for these 

sequences, vertical profiles of terminal fall velocity Vf of HM, mean reflectivity REF and 

mean variance VAR are available. We select here the time period during which stratiform 

precipitation is continuous (0715-1145).  

 

D��0HDQ��YDULDQFH��
 

)LJV���D�I show vertical profiles of terminal fall velocity, mean variance and mean reflectivity 

at six consecutive times. The sequences shown in Fig. 1 refer to the period 1045-1200.  
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�)LJ�����9HUWLFDO�SURILOHV�RI�YDULDQFH��IDOO�YHORFLW\�DQG�UHIOHFWLYLW\�RQ����2FWREHU�������,23����
 

On )LJ��� the Vf�profiles exhibit the classical distinction between rain (liquid phase), below 

the 0°C isotherm, and the ice phase, above. The REF profile clearly shows a bright band 

feature (reflectivity maximum just below the 0° isotherm).  

Within the ice phase, one can see at 1145 and 1200 UTC (Figs. 1ef) about 5000 m altitude, a 

local increase of the fall velocity, about 3 m s-1 instead of 0.5-1 ms-1. )LJ�� also shows VAR 

profiles, which has different characteristics above and below the 0°C isotherm: above the 0°C 

isotherm, the variance in ice phase is low, generally 0.5  m2 s-2, which is expected since, on 
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the one hand, ice particles fall with velocity 0-2 m s-1, on the other hand the maximum 

variance of the various ice particles fall velocities is about 1 m2 s-2. Thus within the ice phase, 

these small variations of the variance are generally very small and not easily detected, while 

the corresponding Vf variations are. However, the 1145 profiles (Fig.1e) for which Vf reaches 

3 m s-1 induces a variance increase up to 1 m2 s-2 which is visible on the variance profile, but 

this case, which could correspond to the existence of a graupel layer, is a favourable one.  

This interpretation is completed further in the next subsection.  

 Below the 0°C isotherm, the fall velocity is about 6 ±�2�ms-1, typical of raindrops, while the 

variance increases significantly (compared to the ice area), with values such as 3.5-5 m2 s-2  

(for example at sequences between 0845 and 1015). This means that the standard deviation (s. 

d.) of the wind is 2 ± 0.2 m s-1.   

 This is consistent with the presence of raindrops with diameters in the range 1-1.8 mm  

(Mason, 1971).   

 

E��9DULDQFH�KLVWRJUDP��
 

A second order analysis of the parameter “ variance”  relying upon the histogram of the 

variance is then performed at each altitude (in fact at each altitude slice 200 m width). This 

histogram is built in the following way: 10 classes of variance are represented namely, 0-0.25, 

0.25-1, 1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9 (in m2 s-2). These classes are first calculated in 

numbers (number of points of the given class in a given horizontal plane) then converted in 

percentages of the same points under the same conditions and plotted in isolines. The 

examples displayed )LJV�� �DI correspond to the cases displayed on )LJV� �DI, and clearly 

exhibits three regions (rain, mixed phase and snow).  

The snow region above the 0°C isotherm (at 2.7 km) is characterized by an unimodal 

spectrum in 50-60 % of the cases (variance = 0.25 m2 s-2 in most of them), but a significant 

percentage 40-50 % concerns class 2 (0.25-1 m2 s-2) and sometimes class 3 (1-2 m2 s-2). 

Between 1130 and 1145 UTC, the variance histogram jumps from 2 to 3 m2 s-2, which could 

mean that one (or several) more HM with higher terminal fall velocities are significantly 

present (Figs 2de). This could be the signature of the presence of graupels in the considered 

layer as suspected in the previous paragraph.  
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�
�
)LJ�����9DULDQFH�KLVWRJUDP�IRU����2FWREHU������IRU�WKH�VDPH�WLPHV�DV�)LJ����
 

The mixed phase region is apparent appears below 2.5 km with a mean variance 0.6 m2 s-2. At 

2.1 km and 1.9 km, the variance increases (0.7 and 2.3 m2 s-2, respectively), and its histogram 

widens. In the present case, these two altitudes sign the transition due to the melting layer              ��
�
The rain region  is characterized by a considerable enhancement of the variance and of the 

classes of variance which define the variance histogram. All classes are concerned and the 

most populated class varies with altitude: at 1 km, 15-25% of the points have variance  2-4 m2 

s-2  .     
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���2WKHU�FDVHV��
 

Other IOPs characterized by stratiform precipitation, namely IOP 6 (13 October 1999), IOP 8 

(20 10 1999) , IOP 14 (4 November 1999) were studied in the same way as IOP 10, and 

exhibit similar profiles for Vf and the velocity variance. In those cases too, the variance varies 

dramatically from the rain region 4-6 m2 s-2, to the snow region 0-1 m2 s-2, also in good 

correlation with the changes in the terminal fall velocity (4-10 m s-1 below, 0-2 m s-1 above the 

0°C isotherm, respectively). See )LJV�����.  

 )LJ�����9HUWLFDO�SURILOHV�RI�YDULDQFH��IDOO�YHORFLW\�DQG�UHIOHFWLYLW\�RQ����2FWREHU�������,23���
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 )LJ�����9HUWLFDO�SURILOHV�RI�YDULDQFH��IDOO�YHORFLW\�DQG�UHIOHFWLYLW\�RQ����2FWREHU�������,23���
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 )LJ����9HUWLFDO�SURILOHV�RI�YDULDQFH��IDOO�YHORFLW\�DQG�UHIOHFWLYLW\�RQ���1RYHPEHU�������,23����
 

The presence of graupels is suggested by an enhancement of the terminal fall velocity (from 1 

m s-1 in snow to 2 m s-1 in graupels) but its signature on the mean variance is very tiny and not 

really visible on the profiles. It is however visible on the histogram of the variance, which 

shows a tendency to spread out toward higher values, which may be interpreted as the 

presence of hydrometeors with higher fall velocities mixed with classical snowflakes with 

slower fall velocities. This is visible in the case of IOP 6 at 1214 and 1245 (Fig. 6ab): there is 

a light enhancement of the variance width on the variance histogram at 1215 at 3500m 
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altitude, which is not present at 1245. IOP 8 (21 October 1999) at 0600-0715, and of  IOP 14 

(4 November 1999) at 1115-1300 show similar layers with enhanced Vf and velocity variance 

(variance histograms not shown for these cases).  

 )LJ�����9DULDQFH�KLVWRJUDP�IRU����2FWREHU�������FRUUHVSRQGV�WR�)LJ������
�
The variance is also a good tracer of the passage rain-snow even in the case of very light 

precipitation as seen on the example of IOP 16 (11 November 1999) displayed on )LJ���.   
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 )LJ�� �� 9HUWLFDO� SURILOHV� RI� YDULDQFH�� IDOO� YHORFLW\� DQG� UHIOHFWLYLW\� RQ� ��� 1RYHPEHU� �����
�,23����
 

A particular point must be made on IOP2A (17-18 October 1999), characterized by observed 

convective rain and hail. In that case, a frontal rain band initialised and organized at the 

mesoscale as a SW-NE squall line crossing the Alps toward the Southeast, and another band 

triggered by the local orography along the same direction merged together when they came 

close to each other. Hail appeared during this phase of merging, and the resulting band, 

initially bi-dimensional as long as it was over the Alps turned to a three dimensional structure 
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when reaching the Pô plain. Hail was identified from 1930 to 2030 by applying the algorithm 

for hydrometeor identification of Straka and Zrnic (2000) to data of the US S-POL 

polarimetric radar which was working in coordination with the RONSARD and Monte Lema 

radars. Figs. 8a-d  show fall velocity and variance profiles between 2045 and 2200. Evolution 

from stratiform (at 2045 UTC) to convective (from 2145 UTC) precipitation is apparent. 

Mean reflectivity increases from 20 to 40 dbZ. The variance profile which is still “ stratiform”  

at 2045, with 2 regions with strong variance below the 0°C isotherm and weaker variance 

above, becomes progressively homogeneous with altitude, with very strong values probably 

indicative of the presence of hail. Battan and Theiss (1972) who observed particles with a 

vertically-pointing X-band radar, report velocity spectra of hail are characterized by variances 

ranging from 3 to 12 m2 s-2.�The profiles of variance histograms also show such a tendency 

during the same period (Fig. 9).  

The variance profile with altitude seems to be a good indicator for separating convective from 

stratiform areas.   

 )LJ�� �� 9HUWLFDO� SURILOHV� RI� YDULDQFH�� IDOO� YHORFLW\� DQG� UHIOHFWLYLW\� RQ� ��� 6HSWHPEHU� �����
�,23�$��
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 )LJ�����9DULDQFH�KLVWRJUDP�IRU����6HSWHPEHU�������FRUUHVSRQGV�WR�)LJ������
 
�
&RQFOXVLRQ�DQG�SHUVSHFWLYHV��
The present study has illustrated the usefulness of the parameter “ velocity variance” , at least 

in stratiform precipitation. It has first shown that in such situations, the variance could be used 

in order to discriminate the liquid precipitation region from the solid precipitation region, by 

simple inspection of the mean profile of variance as a function of altitude at high elevation 

(preferably at vertical incidence). The obtained profiles agree fairly well with the terminal 

velocity profiles which need that a complete volumetric sequence be processed. Second, the 

analysis of the variance histogram has shown that in the liquid region, the variance could help 

providing the raindrop size distribution by simple examination of the mean terminal fall 

velocity and of the standard deviation of the various classes of velocities about this velocity. 

In the solid phase region, the histogram (with generally fewer classes with smaller variances) 

could help identifying HM with greater Vf such as graupels. The particular case of hail rather   

concerns convective precipitation areas, but it was also shown in this paper that the variance 

had a clear signature as shown by Battan and Theiss (1972).  

 

HM classification by radar uses the polarimetric observables obtained by means of dual 

polarization radars. Such is the case for the classification proposed by Straka and Zrnic, 

(2000) in which a fuzzy logic algorithm provides for each measurement, which HM (out of a 
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list of 11) is the most likely to be present. Since these algorithms are improved by the 

knowledge of a temperature profile (not always available), they should be also improved by 

additional kinematic information such as the terminal fall velocity of HM and/or the variance 

velocity (measured at the vertical of the radar), and even the variance histogram, at least 

within stratiform precipitation.   

�
�
�
$SSHQGL[��
 

Let a parameter  M= (M1+M2+  … +MN)/N   

with σ2 (MI) = Constant= σ2    (I = 1, 2, …, N) 

Then: σ2 (M) = N σ2 (MI) /N2 = σ2 /N          (A1)  

 

In the general case, M  is a weighted mean but Eq.A1 generally remains a good approximation  

In that case, if again:  σ2 (MI) = constant =σ2 , then:  

M= (λ1M1+λ2M2+  … +λNMN)/ (λ1+λ2+  … +λN)   

σ2 (M) = Σ[(λI
2 σ2 (MI)] / (λ1+λ2+  … +λN)2 = σ2  Σ[(λI

2 ] / (λ1+λ2+  … +λN)2     (A2) 

 

As an example, if  λ1=1;  λ2 =2;   … λN =N   , then  

σ2 (M) = σ2  Σ[(12+22+…N2) ] / (1+2+…+N)2 = (2/3) (2N+1) σ2 / N(N+1)    (A3) 

For great N, σ2 (M) §������ σ2 / N of the same order of magnitude as σ2 (M) given by Eq. A1.  

 

If σ2 (MI) is not constant, one may define a constant σ2  = λI
2  σ2(MI)  with 0< λI

2  < 1 

Then σ2 (M) = Σ[(λI
2 σ2 (MI)] / (λ1+λ2+  … +λN)2 = N σ2  /(λ1+λ2+  … +λN)2      (A4)  

If no λI  are smaller then 0.5, then  σ2  /N < σ2 (M)  < 4 σ2  /N     (A5) 

�
�
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Présentation de l’IPSL : IPSL overview :
• L’Institut Pierre-Simon Laplace (IPSL) est une fédéra-
tion de recherche qui regroupe six laboratoires en région
francilienne (CETP, LBCM, LSCE, LMD, LODYC, SA).

• The Institut Pierre-Simon Laplace (IPSL) is a federa-
tive research institute that gathers six laboratories in the
Paris area (CETP, LBCM, LSCE, LMD, LODYC, SA).

• L’IPSL est sous la tutelle conjointe du Centre Natio-
nal de la Recherche Scientifique, des Universités Pierre
et Marie Curie et Versailles Saint-Quentin, du Commis-
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mic energy research center), IRD (France’s cooperative
research and development agency) and France’s four lea-
ding institutions of higher learning in the sciences : Uni-
versity Pierre et Marie Curie, University Versailles Saint-
Quentin, Ecole Normale Supérieure and Ecole Polytech-
nique.

• L’IPSL remplit une triple mission de recherche, d’en-
seignement et de service d’observation. L’étude des diffé-
rentes composantes de l’environnement terrestre (océan,
atmosphère, biosphère, cryosphère, surfaces continen-
tales) constitue l’objectif central de recherche de l’IPSL.
Cette étude va de l’échelle locale à l’échelle globale, elle
concerne l’évolution passée et future de la planète Terre,
l’étude de l’environnement ionisé de la Terre et celle des
environnements planétaires. Elle se fonde sur une ap-
proche incluant développements expérimentaux, obser-
vation et modélisation.

• The missions of IPSL include research, teaching and
scientific monitoring. The research programmes conduc-
ted within the Institute include the study of the main com-
ponents of the Earth’s environment from the local to the
global scale (ocean, atmosphere, biosphere, cryosphere,
continental surfaces). These research concern the past
and future evolution of the planet Earth, the study of
the ionised environment of the Earth and of planetary
atmospheres in the solar system. These scientific activi-
ties are based on experimental developments, observation
and modelling.

• L’IPSL et ses laboratoires sont rattachés aux Ecoles
Doctorales "̆aSciences de l’Environnement" et "Astro-
physique" d’Ile-de-France.

• The Institut Pierre-Simon Laplace and its laborato-
ries are part of the Graduate Schools "ăEnvironmental
Sciences" and "Astrophysics" of Ile-de-France.
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Laboratoires :
• Centre d’Etudes des Environnements Terrestre et Planétaires [CETP] http ://www.cetp.ipsl.fr
• Laboratoire de Biochimie et Chimie Marines [LBCM]
• Laboratoire des Sciences du Climat et de l’Environnement [LSCE] http ://www-lsce.cea.fr
• Laboratoire de Météorologie Dynamique [LMD] http ://www.lmd.jussieu.fr
• Laboratoire d’Océanographie Dynamique et de Climatologie [LODYC] http ://www.lodyc.jussieu.fr
• Service d’Aéronomie [SA] http ://www.aero.jussieu.fr


