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Abstract

In Doppler radar analysis of the atmosphere the speetrum width is rarcly lIsed

but it contains information about turbulence. Turbulence is not the only cffeet that

contributes to the broadening of the speetrum. Another elfect is the cross-beam wind,

which can be dominant in broad-beam radars such as windprofilers. Once this cffeet

is removed, the so-called residual width then serves as an indication of turbulence.

A large snowstorm is used in this study for the computation of the residual width.

Strong wind and wind shear were observed during the storm. The time-height pattern

of residual width bears a close resemblance to that of wind shear. This supports the

interpretation of the residual width as being an indication of turbulence induced by

wind shear. Energy dissipation rates are also estimated for the snowstorm. In sorne

regions values as large as 800 cm2s-3 are observed. These arc large, but within the

range of what has been reported by others. The same techniques were applied to the

study of clear-air turbulence to relate radar ref1ectivity with turbulence.
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Résumé

Dans l'étude de l'atmosphère à l'aide d'un radar Doppler, la largeur du spectre est

rarement utilisée, mais elle contient de l'information sur la turbulence. La turbulence

n'est pas le seul effet qui contribue à l'augmentation de la largeur du spectre. Une

autre cause de cette augmentation est le vent horizontal qui coupe le faisceau, cet

effect est dominant pour les radars avec un faisceau large comme les profilateurs

de vents. Une fois cet effet enlevé, la largeur résiduelle du spectre sert d'indice de

turbulence. Pour ce mémoire une tempète de neige très intense est la source de

données pour le calcul de la largeur résiduelle. Durant cette tempète les vents ainsi

que le scisaillement du vent étaient très important. Le patron, en coordonné temps

hauteur, de la largeur résiduelle du spectre ressemble de près a celui du scisaillement

de' total du vent. Ceci supporte l'interprétation de la largeur résiduelle comme étant

un indice de turbulence induit par un scisaillement de vent. Des estimations du taux

de changement de dissipation de l'énergie sont présentées. Dans certaines regions des

valeurs de 800 cm2s-3 ont été observées. Ce sont de grandes valeurs, mais elles sont

dans les limites des mesures fait par d'autres dans le passé. Ensuite les techniques

utilisées pour la neige sont appliquées à l'étude de l'air clair pour relier la refiectivité

des radars à la turbulence.
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Chapter 1

Introduction

Measurement of turbulence with radar is not a new topic. One of the first

estimates of turbulence in a snow event using a Doppler radar was made by Rogers

and Tripp [19] in 1964. They concluded that the rms turbulent wind in snow ranges

from 0.4 to 2 mis and that the turbulence of a scale smaller than the radar resolution

(in their case about 100 m) contains 75 %of the eddy energy, the rest being in larger

scales. Atlas and Srivastava [1] described a method to measure turbulence with

a non-Doppler radar and made comparisons with a method used with a Doppler

radar, a method similar to the one used in chapter 3 of this thesis. Bl!lrresen [3] in

1971 did a study of turbulence and wind shear in a snowstorm, using the Doppler

spectral variance. He concluded that the turbulent areas correspond in general to

a zone where the total vectorial shear measured over a 600 m interval exceeded

1O-2sec-l. More recently in 1990, Sato [21] also used the spectral width to find

regions of turbulence with a vertically pointing radar. Hardy and Gage [11] reviewed

the history of radar studies of clear air, and Gossard [8] reviewed the radar research

on the atmospheric boundary layer, in which he includes turbulence. Hocking [13,

15] also reported measurements of turbulence. His measurements were made not

in precipitation but in clear air. He used the spectral widths to calculate energy

dissipation rates from clear-air echoes.
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The main objective of the research in this thesis is to measure turbulencc with

a different kind of radar, a small wind profiler. The first goal is to derive the field

of turbulence associated with a snowstorm by examining the width of the Doppler

spectrum of the vertical velocity, removing the contamination of the cross-beam

wind component. The relation between this field and the wind shear is analysed. An

analysis of turbulence in scales larger than the radar volume is also included, based

on a study of the time variations of the mean vertical Doppler velocity. Estimation of

the energy dissipation rate is made using methods developed by Frisch & Clilford [7]

and Hocking [13]. The spectral width and the radar rel!ectivity are used to investigate

echoes which result from refractive index l!uctuations in the clear atmosphere.

Chapter 2 is a description of the equipment, mainly the wind profiler, used in

this research. In Chapter 3 the theory for retrieval of turbulence from the spectral

width is explained as weil as the dilferent aspects of turbulence as seen by a wind

profiler. Chapter 4 contains the data and analysis of the Marcll 13, 1993 snowstorm.

It contains information from the wind profiler pertinent to the study of turbulence.

Chapter 5 is an attempt to estimate the field of energy dissipation rate for the

snowstorm. Chapter 6 deals with interpretation of clear-air turbulence using the

spectral width and the radar rel!ectivity. Different examples of clear-air ecllOes are

analysed in that chapter.
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Chapter 2

Equipment

Since May 1992, the Department of Atmospheric and Oceanic Sciences of

McGill University has operated a small, UHF wind profiler on the roof of its building

in downtown Montreal. It is one of a series of boundary-layer profilers designed by

the NOAA Aeronomy Laboratory. It is a S-beam system, employing a vertical beam

and four oblique beams at 210 from the zenith in the North, South, East and West

directions. It uses a wavelength of 32.8 cm and has about the same sensitivity to

moderately refiecting clear air as to light rain. For the observations used in this

study, the range resolution was lOS m. Table 1 contains ail the relevant parameters.

A wind profiler needs at least two orthogonal oblique beams and a vertical

beam to compute the wind accurately. The two extra beams in our system are not

standard for a wind profiler; they can give a better accuracy of the measurements,

but usually only research profilers have five beams. The beams work in sequence.

The sequence used in this research was one vertical beam then the four other beams:

Vertical-East-North-South-West.

The recorded data consist of complete Doppler spectra at typically SO positions

in range. Collecting data for one beam takes approximatly 30 s. A complete cycle

then takes around 2.S minutes. This can give us information for up to 24 individ

ual wind profiles per hour. With those different profiles we usually do a consensus

3



•

•

•

average over 15 or 30 min. This then gives two or four average wind profiles per

hour. '\lhen no precipitation is present, the profiler can often detect cIear-air echoes

and measure the wind up to an altitude of about 3 km. Usually dnring stratiform

precipitation, the radar detects echoes up to 5 km. In showers and thunderstorms

the range can extend to 10 km.

Table 1. Montreal Wind Profiler characteristics
used during the Storm of the Century
Frequency 915 MHz

Wavelength 32.8 cm
Peak Power 500 W

Antenna Aperture 1.8 m x 1.8 m
Antenna Type 64 element array

Number of Beams 5
Pointing Directions Vertical; 210 zenith

angle at cardinal points
Beamwidth 90

Pulse duration 0.7 JI. s
Interpulse Period 49-56 Il s
Range resolution 105m

Number of Range Samples 30-80
Maximum Radial Velocity ± 10-23.7 mis
Number of Spectral Points 64

The data collected are written to an optical disk. Once the disk is full the data

can be used for analysis. The data are transfered to a Silicon Graphics workstation

from which we do the analysis. Regular plots made for the archives incIude consensus

winds and summary plots of reflectivity and mean Doppler velocity in the vertical

beam. The profiler operates continuously. Since October 1993, a Radio Acoustic

Sounding System (RASS) has been added to the profiler to measure the hourly

temperature profiles up to a varying altitude which is ordinarily about 800 m.

4
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Chapter 3

Theoretical background

3.1 Radar velocity speetrum

A Doppler radar measures the position and the radial velocity of a target. The con

vention for the Montreal Wind Profiler (MWP) is that positive velocities are towards

the radar and negative, away. This is donc by measuring the difference between the

frequency transmitted and the frequency returned to the radar. Frequency is related

to radial velocity by• t.f = 2vr
,

>. (3.1)

•

where >. is the wavelength of the radar and t.f is the change in frequency between

the emission and the reception of the signal, the Doppler shift. The radial velocity,

positive towards the radar, is related to the velocity vector V of the scatterer by

Vr = -V· r where r is a unit vector in the radar pointing direction. The region

where the radar measures data is the pulse volume. The number of scatterers found

in thàt volume is usually very large so that the distribution of their velocities can

be approximated by a continous distribution. This distribution is called the Doppler

spectrum s(v) and usually approximates a Gaussian shape. Fig. 3.1 shows a real

spectrum of velocity. It can be described by its width or variance j spectral variance

0'; and its mean velocity :< Vr >. They are the first and second moments of the

5



storm ot the Century. March 13. 1993

2204 EST 3150 In
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Velocit.y (ln/S)

Figure 3.1: Doppler Spectrum of snow in vertical beam

spectrum. In general the mean velocity is the quantity used for physical interpreta

tion such as the computation of thé wind field. By using both the mean velocity of

the spectrum and the width t and their vat:iation with time, we can have information

about the turbulence in the atmosphere. The present research deals with the data

taken from the vertical beam OOIYi the other beams serve for the computation of the

wind consensus.

3.2 Turbulence

Atmospheric turbulence exists over a range of scales. The wind profiler is af-

. fected by those scales in different ways. The scales generally smaller than the sampIed

volume contribute to the spectral widthj those larger than the volume show up as

time variations in the mean Doppler velocity (Rogers and Tripp [18]). Figure 3.2

illustrates the effect schematically. Small-scale irregularities in the wind introduce a

range of Doppler velocities in any measurement, but have little effect on the mean.

Large-scale irregularities, on the other hand, shift the entire spectrum one way or

6
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Figure 3.2: Pulse volume a) Small scaIe turbulence, b) large scaIe

the other without strongly afi'ecting the spectral width. In fact the variance of the

mean vertical velocity O'~v> over a certain period of time gives us information about

the energy content of the large scal~ turbulence.

The problem is that turbulence is not the only factor that causes a broadening

of the spectrum. The important factors for a vertical beam are [21]:

• the horizontal wind blowing the scatterers across the beam

• different falI speeds of the scatterers

., small scale turbulence

'.

Assuming independence of each factor the variance of the Doppler spectrum

0'; is then the summation of all the different broadening variances[21]:

(3,2)

where al is the variance from the small scale turbulence, O'j is the variance due ta

the fall speed distribution of the scatterers and O'~ is the variance due ta the cross

beam winci. If we subtract the last two processes from 0'; ,we can then determine the

variance due to small scale turbulence. An estimate of the total velocity variance due

7



• 1.0 turbulence over a certain averaging time is then obtained by adding thc avcrage

variance 1.0 the variance of the mean Doppler velocity [19]; ",j'Ol =< "'; > +"'~,,>

3.3 Broadening of the spectrum by the horizontal
wind

Because of the finite width of the beam, horizontal wirrds that cross the vcrtical

beam affect the mformation received by that beam. If we look al. Fig. 3.3 , at point

a the profiler sees a vertical velocity larger then the real value because the horizontal

wind has a component in the direction of the profiler. But al. point b the componcnt

is opposite 1.0 the profiler. The effect can be approximated for a vertically pointing

beam as [12]

(3.3)

•

•

where V is the speed of the hori2:ontal wind and 0 is the beamwidth. Fignre 3.4

shows this relation for a 9° beamwidth. This relation has been used in the past by

BJilrresen [3], and Hocking [15], in studies of turbulence. The effect of the horizontal

wind is the most important broadening factor in many of our observations, and il.

is removed from the Doppler variance in this research 1.0 give us information about

turbulence.

3.4 Broadening of the spectrum by differential fall
speed

When dealing with precipitation, the fall speed distribution also contributes 1.0

the broadening of the spectrum. Snow usually falls between 1-2 rn/s. Hitschfeld and

Dennis [12] have calculated that this gives a Doppler standard deviation of 0.25 m/s

al. most. Using sorne simple assumptions, il. can be proven that this contribution is

8
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• ncgligiblc in normal situations. The first assumption is a general one. We assume

an exponential size distribution of snowflakes in the form of

(3.4)

with

(3.5)

and

(3.6)

where D is the melted diameter and R the precipitation rate in mm/h [20]. The

reflectivity Z, can be found with

Now using approximate relations for snow from Langleben [17], the fall speeds

at the ground have the form of
•

it gives

Z
_ N.6!
- A7 .

(3.7)

(3.8)

(3.9)

where A and B depend on the kind of snowflake, and D is the melted diameter in cm.

Typical values of the parameters are 160 and 234 for A and 0.3 for B, depending on

the kincl of snowfiake (dendrite or columns and plates). Now we need to calculate the

mean fall speed and the mean of the fall speed squared (both refiectivity weighted)

to find the variance of the Doppler spectrum. The mean speed is

•

1 {CO 6
< v. >= Z Jo v.N(D)D dD.

Replacing v. from Eq. 3.9 we obtain

A {CO
< v. >= Z Jo N(D)D6+B dD.

11

(3.10)

(3.11)



where < v. > is in mis and Z in mm6m-3• Similarly the mean square fall specd is

•

•

•

Integrating Eq. 3.11 gives

ANa r(7 + B)
<v.>= Z A7+8'

By replacing A from Eq. 3.8 we find

_ ANor(7 + B) ( Z )(7+8)/7
< v. >- Z 6!N

o
'

which gives as value for dendrites in cgSj

(
Z )0.o,13

< v. >= 213 No

In conventional units

(
Z )0.0'13

< v. >= 0.65 No '

2 _ A2Nor(7 +28) (~)(7+28)/7
< v. >- Z 6!N

o
•

With A = 160 and B = 0.3 we find

(
Z )0.086

< v~ >= 46024 No '

again in the proper units(< v~ > in m2s-2 and Z in mm6m-3 ) i

(
Z )0.086

< v~ >= 0.43 No .

The variance is

(
Z )0.086UJ =< v~ > - < V. >2= 6.0 X10-3 No .

Assuming a typical Z-R relation for snow in the form of [10]

Z = 2000R2

12

(:1.12)

(:1.13)

(UI)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



• and using this relation with Eq: 3.5 givcs

(3.21)

Inscrting Eq 3.21 in Eq:3.19 lcads to

(3.2~)

whcre Z is in mm6m-3 and uJ in m2s-2 • The reliectivity in the snow nevcr exceeds

50 dBZ. This high reliectivity would give uJ = 0.03 m2s-2 , which is often negligible

compared to the values observed. For columns and plates j A =234 and B =0.3, so

(3.23)

•

•

with Z is in mm6m-3 and uJ in m2s-2 • For 50 dBZ, this gives uJ = 0.04 m2s-2, a

value also negligible compared to most of the observed values of the spectral variance.

Since this effect does not broaden the spectrum in a significant way, the turbulence

field may be aproximaed by u~ - u;.

13
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Chapter 4

Data and Analysis of the Storm of
the Century

4.1 Observations

During the weekend of March 13 and 14, 1993, Montreal had one of its biggesL

snowstorms in years. More than 40 cm of snow reached the gronnd in less Lhan

24 hours. This storm is commonly cal1ed the storm of Lhe cenLury because of iLs

intensity, especial1y in the United States. The storm was less inLense in MonLreal.

But still this set of data is one of the best examples of a snowstorm Lhe wind profiler

has recorded since the beginning of its operation in 1992. The data used in Lhis

research are from 1000 EST on March 13 before the snow started Lo fal! on Lhe

ground to 1000 EST on March 1'1 after the snow stopped. That represents nearly

575 beam cycles, which include approximately 34500 speetra for each beam.

To reduce the effects of ground clutter and external radio-frequency inLerfer

ence, the data were filtered based on the signal to noise ratio. Al1 values having SNR

less than -5 dB were rejected. Fig 4.1 shows the field of SNR for the entire duraLion

of the storm, 24 hours of data with altitudes ranging from 210 meters above Lhe

•
profiler to almost 8 kilometers. One reason for choosing the -5 dB threshold is

14
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that it removes most of the extraneous Înterference that occurred between 0300 and

0600 on March 14. The rest of the interference was removed by an algorithm in the

programs which analyses the data. For most of the data used the SNR is very high.

We had values of more than 20 dB that clay during the strong part of the storm when

most of the snow was reaching the ground, between 1800 on March 13 and 0400 on

March 14. This is clear from the refieetivity field of Fig 4.2.

One thing to note on Fig. 4.1, around 0100 at 2 km in height, is that thcre is
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Figure 4.4: Wind Speed field

a region of weaker SNR which gives "hales" in our dataset. The SNR field and the

reflectivityare naturaly clasely related: a strong refiectivity gives a strong signal.

Fig. 4.3 shows the wind field over Montreal for the duratian of the snowstorm.

The two contour !ines are for winds stranger than 30 mIs and 50 rn/s. Regions

where winds are not plotted can be due ta either low signal ta noise ratio or faHure

ta achieve a consensus for the averaging periad. Fig. 4.3 has the wind averaged aver

30 minutes for the simplicity of the plot but a 15-minute consensus was used in the

analysis described later. Figure 4.3 shows that the mast important change in the

direction is at about midnight on March 13. The winds were light at the beginning

of the storm) but became quite intense after 2200 and in fact continued ta be strang

on the morning of March 14.

Ta give a better indication of the wind speed) Fig. 4.4 is a plot of the speed

with a consensus time of 15 minutes. A low-level jet at about 1 km can be seen on

17
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both Fig. 4.3 and 4.4 between 2200 and 0700.

4.2 Residual Variance

The data taken from the vertical beam give us the vertical velocity of the

scatterers with respect to the ground. Figure 4.5 is the mean vertical velocity field

for this case. The values are ail close to 1 rn/s, in fact 75% of the values calculated

for the vertical velocity are between 0.5 and 1.5 rn/s. We have 28858 data points on

this plot. It is clear from the downward velocities that ail the precipitation was in

the form of snow for that day. At the beginning and the end of the 24-hour period,

we can see negative values for the vertical velocity (3.45 % of the total), which would

ordinarily mean that the scatterers were moving upwards. Because the observations

are at close range and at times with little or no snow to provide an echo, they may

be due to ground clutter. Except for these data at low altitudes at the beginning

and at the end of the plot, this is a very good set of observations.

In chapter 3 we saw that the spectral variance u~ is composed of three major

parts: u~ , uJ and u~ . If we remove the variance u~ due to the cross beam wind

from the total spectral variance u~ this should give an approximation of turbulence

since the variance due to differential fall speed uJ is negligible in snow. Wc call the

result of this subtraction u~, the residual variance. Thus,

(4.1)

•

Fig. 4.6 is the field of the total spectral variance u~ for the storm. We can clearly see

the increase of the variance in time at ail altitudes during the first haH of the storm.
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Figure 4.7: Spectral Variance vs Horizontal Wind

This is associated with the increasing wind speed. Figure 4.7 shows the theoretical

contribution of the wind to the spectral variance, as plotted earlier in Fig 3.3, with

the data from the storm.

Subtracting the variance due to the cross-beam wind component from the total

spectral variance gives Fig. 4.8. This is a very important plot. Much of this thcsis

is based on interpreting t.he residual variance. There arc three notable fcatures on

this figure. The first is the region above 3 km from 1500 to 2200 wherc the residual
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•

variance is greater than 1 m2s-2 • The second region of interest is below 1 km from

1700 to the end of the storm where there also are large values of the residual variance.

The third feature is the remaining region of small values, less than 1 m2s-2 • The

calculation of the residual variance also gave sorne values less than zero, which are

physical1y impossible. Those are the data that are below the theoreticalline on Fig.

4.7 . Since they represent less than 2 %of the data, they have not been plotted on

Fig 4.8 and are not used in any other calculation.
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4.3 Wind Shear

Now that we have a field of residual variance, we must investigate thc nature

of this field. Is it really turbulence? A way to look for instability in the atmosphere

is to examine the wind field for shear instability. The wind profiler gives us the

horizontal vector wind as a function of altitude and Ume. The wind vcttor may he

written

(4.2)

where Y = Y(z) is the horizontal wind speed and 0 = O(z) is the wind direction.

The shear vector is

â V() iO (âV .yâO )- z =e -+1 - .
âz âz âz

The magnitude of the shear vector is therefore

(4.3)

I:zV(z) = St = JS~ +SJ, (4.4)

where Sa = 1~~ 1 is the speed shear component and Sd = Vi ~~ 1 is the dil'cctional

shear component.

From the data, we can compute the total shcar magnitude Sft as weIl as the

separate speed and directional components. For the computation we used the wind

derived from 15-min consensus averages.

The speed shear at an altitude i was computed using the wind speed at the

altitudes below and above ,

Zi+l - Zi-l

22
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Figure 4.9: Directional Wind Shear

•
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The total shear was computec1 by resolving the wind vcetor into its u and

v components, and then calculating the change in thcsc componcnts wit.h IlCight.,

squaring and taking the square l'Oot of the sumo

The directional shear was computed from Eq. 4.4 as

(4.7)

Figures 4.9, 4.10 and 4.11 arc respectively the directional, spccd, and total

shear fields. The directional wind shear in Fig. 4.9 has a weil defined zone of impol'~

tance, from 2000 on March 13, to 0800 on the 14. The structure is complcmcntary

to the speed shear pattern. The largest values of the speed shear can bc found {rom

1600 to 2100 at altitudes above 3 km and below 1 km from 1400 to thc end of the

storm. Another region of strong speed ~hear is between 1.5 and 2.5 km for about 3

hours starting at 0100. The total wind shear, Fig. 4.11, has one majol' intcresting

feature. From 1600 at 4km there is a region of intense wind shear, which descends

with time to 1.5 km the next day around 0300.

Comparing Figs. 4.9·4.11 with the pattern of residual variancc in fig 4.8 shows

that there is general1y an association betwecn regions of strong shear and regions of

large residual variance. The association is closest with the pattcrn of total shcar.

This finding supports the interpretation of the residual variance as shcar-induced

turbulence.

An attempt to quantify the relation between the total shear and the residual

variance was made. To examine that relation, blocks in Ume and in space Were

choosen in which large values of both Ur and St were found. Those data are from
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1500 to 2200 at attitudes above 3 km for the first block and from 1300 to 0800 at

altitudes below 1 km for the second block. These blacks arc indicated on Fig. 4.11.
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Figure 4.11: Total Wind Shear

Wc considered least-squares fits ta the data of the form Ur = A+BSf where C

is a paramcter that varied from 0 ta 5. The best correlations were obtained with C

close to 1.0, implying that the best fit is a linear one. The correlation coefficient found

in black 1 was 0.20 with A = 0.67 and B = 6.85; Fig 4.12a shows that regression.

For block 2, Fig 4.12b, A = 0.38 and B = 26.36 with a correlation coefficient of
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0.67. And for the whole field (Fig. 4.12c) the results are A = 0.50, B = 13.17, and

r = 0040.

4.4 Large Scale Turbulence

So far wc have examined turbulence through the quantity Ur, the residual

Doppler spread. This quantity indicates the strength of turbulent irregularities of

scales general1y smal1er than the radar resolution volume. By 100king at the variation

in time of the mean vertical velocity wwe can estimate the strength of the turbulence

in cddics of scales larger than the resolution volume [19] , throllgh the relation

(4.8)

The average is done at every altitude of observations over periods of 30 min starting

at 1000 on March 13. Figure 4.13 is the resulting field of u; .
Most of the values, 99.3%, are less than 1 m2s-2• In fact, 63.3% of the values

are less than 0.05 m2s-2• This is small but not unanticipated; Rogers and Tripp [19]

wrote that 75 % of the energy resides in scales smaller than 100 m. If we add these

values to the residual variance averaged over the same 30 min periods we can obtain

the total turbulence intensity. Figure 4.14 is the UTot field, defined by

(J'To~ = JO'~ +(J'~ (4.9)

it is not much different from the pattern of residual variance in Fig. 4.8, because the

values for the large scale turbulence are usually small compared to the small scale

turbulence. We can again plot a scatter diagram versus the total shear. The result

is very close ta the plots of Fig. 4.12.
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(4.10)
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•

•

We have in Fig 4.15a a linear regression where A = 0.70 and B = 7.11 with a

correlation coefficient of 0.27 for block 1. For the second block, in Fig 4.l5b, we

have A = 0.41 and B = 29.87 with a correlation coefficient of 0.59. The correlation

between the total turbulence and the total shear is much better for block 2. For the

complete field the regression gives A = 0.53 and B = 12.33 with a correlation of

0.37.

4.5 Richardson Number

1'0 generate turbulence, a velocity gradient is required. We have that gradient

in the form of wind shear. The static stability of the atmo&phere counters the effect

of this gradient. A measure of the relative importance of mechanical and density

effects is the dimensionless Richardson Number :

N2
Ri=52

where N is the Brunt-Viiisiilii. frequency [~~~P/2 and S is the wind shear. The Brunt-

Viiisiiiii frequency is a measure of the static stability of the atmosphere and the shear

is a measure of the destabilizing effect oC the wind [5]. Shear-induced pertubations

are suppressed in regions where Ri is large. ThereCore in regions where the small

scale turbulence is intense, we may expect to find small values oC Ri. But to compute

the Richardson number we need a temperature profile. Sorne choices are offeredj one

is to take a real sounding, but the nearest ones available are Crom Albany, N. Y.

or Maniwaki, Quebec, both sorne distance from Montreal. VanZandt et al [23] used

an average profile of temperature from twice-daily regular radiosonde from a nearby

station over the six-days when their experiment waS running. This gives a smooth

profile oC temperature. Another solution, the one used here, was to obtain
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temperature from a mesoscale numerical model. (See Appendix A for more details).

Figure 4.16a shows the temperature field from the model for Montreal with a time

resolution of 3 hours and a height resolution of 150 mb. Fig. 4.16b is the Brunt

VâisaIâ frequency. Altitudes above 5 km have absolute stability and sorne layers of

saturated neutrality. There is an inversion at 3 km between 1400 and 2000. This

is a real feature, consistent with the temperature profile from Maniwaki at 1900

(Fig 4.l7).Fig. 4.16c is the field of Ri-l, the reeiprocal of Richardson numbcr, which

bears a close resemblance to Fig. 4.8.

•

•

•
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It seems appropriate to plot the reciprocal of the Richardson number, because

this expands the dynamic range of the smaU values of Ri that are expeeted to be

associated with turbulence. Here, we considered least-squares fits to the data of the

form Ur =A +BRiC. The best values found for C were around -0.25. In region 1 IVe

found the best fit Ur = 0.54 +0.34Ri-o.25 with a correlation coefficient is 0.38. We

can see this on Fig. 4.18~...h better fit is found for block 2, Ur = 0.42 + 0.42Ri-o.25

with a correlation coefficient of 0.42. Fol' aU the data, we have Ur =0.30+0"IORi-O
•
25

and r = 0.49.
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Chapter 5

Energy Dissipation Rate

One way to quantify the turbulence is through the variance quantities consid

ered earlier, a~, a~, and alot. These are quantitive measures of turbulence intensity,

but they depend on the parameters of the radar used to measure them. They depend

on such quantities as pulse length and integration time. Another method, indepen

dent of the radar is the energy dissipation rate. The transformation of the residual

variance into the energy dissipation rate e is not straighforward. Hocking [14] has

an estimation of the energy dissipation rate as

e = 0.45a~N (5.1)

•

where al is the variance of the Doppler spectrum due to turbulence and N is the

Brunt-Viiisiiiii frequency. There are two important factors [14] that determine if

Eq. 5.1 is appropriate. The radar resolution must be comparable to or larger than

LB, the outer scale of turbulence, and the integration time should be around a

minute. Figure 5.1 is the field of e computed using Eq. 5.1. There are two prominent

areas where the values are greater than 100 cm2s-3, corresponding approximately to

blocks 1 and 2 of Fig. 4.10.

But if the resolution of the radar is smaller than LB and the integration time

is in the order of a second we should use use the Frisch and Clifford [7] formula as

35



o.

500.

1000.

1000

,1

1800 2200 0200 0600
Easlern Standard Time

1400

0.0 -1--r-...,.........,......-r--r-~-r--..----r---.-,..--,,........,~--,.---r~--r---r----r--.--.--.-4-'----"-'

1000

7.0 March 13, 1993 Energy Dissipation Rale {cm**Z/sH 3}

~

6.0

5.0

~'1 1 200.
l,' 1

"~I .4 '~ 1
4.0 Ill, l'P,I' l-',1 l, l,, ' , 1~ _, ,...... , J " • \ ill 1 1:-El 1 1,1.1 ' q, 1 100.

~

'~j~~~lll-- :,
Q) 3.0 1

'l:l
;:l

'{ '\1'1~ 1
. l 'l, '! \ 50.....

~ l' t 'i:< 2.0 1.lp,

1.0
25.
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correeted by Bohne [2} :

(5.2)
1 [ u; ]3/2

ê = J l.35A (1 _li)

where A is a constant, "Y2 is a parameter that depends on radar pulse length and

beamwidth, and d is a parameter that depends on range, pulse length, and beamwidth.

Specifically,

(5.3)
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6={3 },,2 = 4 [1- (~)2] when f3 > a (5.4)

where, for the Montreal Wind Profiler f3 = 44m and a = 0.066R where R is the

radial distance. Thus, (5.3) is the appropriate relation for R ~ 667m and (5.4) is

appropriate for doser ranges. Bohne [2] gives 1.35 for the value of A, but Gossard et

al [9] indicate that its value ranges from 1.53 to 1.68. Vincent and Meneguzzi [24] did

obtain, with a model, a value of 2. A value of 1.6 seems to be a good compromise.

Fig 5.2 is the field of e computed with the Frisch & Clifford equation. There is one

region, below 1 km, where the values for e are greater than 100 cm2s-3•
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The difficllity with our observations is that the averaging time and thc radar

resolution are larger than appropriate for the Frisch and Clifford thcory and smallcr

than appropriate for the Hocking theory. The outer seale LB cannat he obtained

directly from our observations, but Weinstock [26] has shawn that LB can bc wl'Ïttcn

as

(5.5)

38

which appHes for shear generated turbulence in statically stable regions. Dy using

Eq. 5.1 or Eq. 5.2 wc can obtain values of ê, which can he combincd with N dclcr

mined earlier (see Fig 4.16) to yield LB. Figure 5.3 contains two averaged profiles

over a 24-hour period of LB based on Eq 5.5. Profile a was computed with Eq. 5.1

and profile b with Eq. 5.2.
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Figure 5.3: Average Profile of LB based on a) ê from Hocking , b) ê from Frisch
& Clifford. The dashed line is the effective linear dimension of the radar samplcd
volume.



The vertical resolution of the radar for these observation is 105 meters. The

horizontal resolution varies with height as r = 0.16R. The effective linear dimension

of the radar resolution may be t.aken as the cube root of the resolution volume.

This funetion is the dashed Hne on Fig 5.3. This figure shows that regardless of

how the outer scale is computed, and for aU altitudes except the interval hetween

approximately 2 and 4 km, the outer scaIe is comparable to or larger than the radar

resolution volume. Consequently we conclude that the Frishch-Clifford theory is the

more appropriate one for our observations and Fig 5.2 is the more accurate picture

of the energy dissipation rate.
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Figure 5.4: Samples of the energy dissipation rate

Figure 5.4 [4] shows measurements of ê reported by others over a range of

altitudes. 'The dashed line is the average profile during the Storm of the Century.

The data from the profiler are within the normal ranges. They are somewhat higher

than the nLeipzign wind profile and within the range of values for cumulus cloud.

The values for ê inferred from energy spectrum, namely the Hicat Data (a) , severe

storms (f3) , and cumulus cloud (or) were aIso calculated From spectral variances. The

39



•

•

•

values found with the Montreal \vind Profiler are biggcr then t,hc oncs on Fig 5.4 for

altitudes below a kilometer, probably because of the strong low-lcvcl wind and wind

shear.
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Chapter 6

Clear air

6.1 Turbulence and clear air echoes

The Montreal Wind Profiler very orten detects layers of clear-air echoes. The

radar measures refiection that depends on both the strength of the turbulence and

the spatial variability of the refractive index [6]. This index depends on the potential

temperature, the pressure and the humidity. In Chapter 3, we saw how to estimate

turbulence in precipitation from the Doppler spectrum. This can also be used in

clcar air, except that the broadening from differential fall speed becomes irr<llevant

here. What we called the residual variance is now the variance due to turbulence:

(6.1)

•

In this chapter, the symbol u~ will be used for the "theory, and u~ for the data.

The goal of this chapter is to compare the refiectivity of clear air with the residual

variance. Both quantities are related to turbulence.

6.2 Comparison of Z and 0-;
A simple way to find a relation between the refiectivity Z and u~ is from

Tatarskii [25], assuming a thin layer where the turbulence is isotropie and homo-
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• geneous

(!L2)

where C~ is a structure parameter describing the strength of refractivit,y lIuct.uat,ions,

M is the mean vertical gradient of generalized potential rcfractive index, LB is the

outer scale of turbulence, and a is a universa! constant. Aiso

•

1.,1/3 A 2
B ex uV

or

We also have

and

Z ex C~

Thus

It means that we should expeet

(IL:!)

(6.'1)

(6.5)

(6.6)

(6.7)

(6.8)

for a thin atmospheric layer. This proportionality can also be demonstrated by using

Eq. 5.2:

(6.9)

and from Hocking [14]

•
(6.10)
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• where F = fraction of the beam filled with turbulence

N = Brunt-Vaisala frequency

M = gradient of refractive index

Wc can convert C~ in terms of the reflectivity Z using from Rogers et al [18J

(6.11)

where C~ is in m-2/ 3, Z is in mm6m-3, and A, the wavelength of the profiler is in m.

For the wavelength of 33 cm, the relation 6.11 becomes

c2 = 4.46 X 10-14Z.n

Combining Eq 6.9, 6.10, and 6.11 we have

(6.12)

(6.13)

•
z _ 0.7Fl/3 (~) 2/3 p"pu;

- 4.46 X 1O-14 N2 0 1.35A (1- ft)"

Considering a thin layer of the atmosphere, the right hand side of Eq 6.13 becomes

proportional to u;. Thus

(6.14)

•

6.3 Data Analysis

6.3.1 Method 1: Direct Analysis

Three different days were chosen for the study of c1ear air. Since the results for

those days are similar, only the data for July 6, 1993 will be described with the direct

approach. Let us first have a look at all the data for a twelve-hour period without

precipitation, from 0400 to 1600 hrs. To avoid groùnd c1utter we used only the data

above 1000 m. Fig. 6.1a is a plot of the spectral variance versus the horizontal wind

for July 6.
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• The line is the theoretical curve for the contribution of the horizontal wind to the

spectral variance (Eq. 3.3). We saw a similar plot for the March 13, 1993 snowstorm

in Chapter 4 (Fig. 4.7). In that plot, only 2 % of the data were below the theoretical

curve. Herc, however, the residual variances are smaller and 35% of the data are

below the theoretical curve. Those data correspond to negative residual variance.

They are not used in this section. From Eq 6.8 and Eq 6.14 we expect a linear

relation between Z and al if ail other factors such as LB and M are constant. A plot

of 10giO al vs the refiectivity factor is shown on Fig 6.1b. A linear regression was

made on that scatter plot. The regression is 10giO al = -1.25 +0.03dBZ. This gives

the following relation

al = 0.06Z0.3 (6.15)

•

•

It is too much to expect to find al ex: Z for a range of 3 km in altitude and 12 hours

in time because of the variability in height and time of M and LB, Separating height

into intervais of 500 m should give regions where those variables are more constant.

The first region is from 1000 m to 1500 m in height. In that layer we have a

similar proportion of negative values for a~: 31 %. Table 2 shows the percentage

with height

Table 2. Clear Air data, July 6, 1993
Height(m) %of negative

residuai variance
1000-1500 31
1500-2000 22
2000-2500 48
2500-3000 61
3000-3500 60
3500-4000 63

Figure 6.2 contains plots like Fig. 6.1a, but with only the data from 1000-1500 m for
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a and 1500-2000 m for b. These intervals are where the data sccm lo be clos(!r to t.he

theoretical curve for the broadening of the spcclrum by the horizontal wind. Thcsc

are the regions where the data follow a similar relation as Eq. 6.1'!. 'l'hc relation

round there is 0'; ex: Zo.s. Figure 6.3 contains the scatter plots for thcse Lwo regions.

Table 3 contains the exponent for Z and the correlation coefficient found for cadI

layer. However, choosing a difrerenl part of a layer in lime can givc differcllt result.

Using data from 1500 to 1900 m and from 0,100 to 0700 hrs givcs an cxponcnt of

-0.04.

Table 3. Clear Air data, July 6, 1993
Height(m) exponent r
1000-1500 0.4 0.34
1500-2000 0.'1 0.35
2000-2500 0.1 0.09
2500-3000 -0.6 0.09
3000-3500 -1.0 0.43
3500-4000 0.02 0.01

6.3.2 Method 2: Average of a~

Ta apply Method 1, we had ta reject a lot of data because they did not sccm

ta have a physical meaning since the variance cannat be negative. Anothcr way to

examine the data is ta take the average of all the residual variances, positive and

negative, over ranges of values for the reflectivity. We averaged the residual variance

over intervals of 10 dBZ and plotcd it versus the median of the range. We saw earlicr

that the relation expected between 0'; and Z is linear. A weighted regrcssion bascd

on the number of data points used ta do the average was done between loglo 0'; and

dBZ for each of the three days at intervals of 500 m. Fig 6.4 is the wcightcd lincar

regression for the three lowest altitude ranges for July 6, 1993. From the linear

regression we can find a relation

(6.16)
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where the exponent B is 10 times the slope of the weighted regression. Table 4 shows

the exponent found for July 6, 1993. The theory says that the exponent shollid be

one. The table indicate values of 0.6 and 1.5 for the exponent, which Illay be taken

as reasonably close to theoretical expectation.

Table 4. Clear Air data, Jllly 6, 1993
I-Ieight(m) exponent data points
1000-1500 0.6 2724
1500-2000 0.6 2417
2000-2500 1.5 1273

I-Iowever, the exponents found for June 25, 1993 are far from the theory. Table 5

shows positive and negative values for the exponent.

Table 5. Clear Air data, June 25, 1993
Height(m) exponent data points
1000-1500 0.2 1499
1500-2000 -0.1 621
2000-2500 0.1 592
2500-3000 -0.9 93
3000-3500 -1.6 22

Finally the data from July 9, 1993 also disagree with theory. That day gives positive

and negative exponents. The two to altitude ranges have values close to the theory,

but with very few data points.

Table 6. Clear Air data, July 9, 1993
I-Ieight(m) exponent data points
1000-1500 -0.4 1375
1500-2000 -0.1 1295
2000-2500 -0.3 666
2500-3000 0.6 561
3000-3500 0.7 273
3500-4000 1.0 174

Most of the height intervals show a positive value for the exponent of Z, but not a

value close to 1. This shows that an equation of the form of 6.16 may approximate

the data, but the exponent B is generally less than 1. On the average for the three

days, B = 0.4.
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Chapter 7

Discussion and Conclusions

The main objective of this resea.rch was to measure turbulence with a small wind

profiler. This was done using data from a large and intense snowstorm by subtracting

the contribution of the cross-beam wind to the spectral variance measured in the

vertical beam. The valuef for the resulting variance, the so-called residual variance,

look reasonablej only 2 % of the data give negative values, 27 % of the values were

greater than 1 m2/s2 for block 1 and 52 %for block 2. This corresponds to values

around 100 cm2s-3 in terms of energy dissipation rate for block 1, and values greater

than 500 m2/s2 for block 2. It was also found that the contribution of the turbulence

with scales larger than the radar resolution to the total turbulence is small compared

to that of scales less than the radar resolution.

By comparing the residual variance to the wind shear, it was found that the

turbulence is more closely associated with the total shear than with the speed or

directional shear. A linear fit between the total shear and the residual standard

deviation gave Ur = 0.70 +7.118. for block 1 and Ur = 0.41 +29.878. for block 2.

Lookillg at another storm with less intense wind did not reveal as strong a relation

between the total shear and the turbulence as for the storm of the century.

A calculation of the Richardson number was done using temperature profiles

from a mesoscale numerical model and the total wind shear. In block 1, 94 %of the
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values of rii were less than l, and 96 % in block 2. This shows that the st.abilit,y of

the atmosphere is small in those regions. The best relations fonnd between Ri and

a, were a, = 0.35 +0.39Ri-1/o1 for block l, and a, =0.42 +0.42Ri- I /.\ for block 2.

A similar analysis was applied 1.0 clear-air echoes, 1.0 look for a relat.ion between

rel1ectivity and turbulence intensity. II. was found that there is a tendcncy for the

residual variance 1.0 increase with reflectivity, but not al. the rat.e cxpected from a

simple theoretical argument which predicts al ex Z. On the average we fonnd that

the residual variance was proportiona1 1.0 ZO"I, though there was much variability

about this relation. The discrepancy may be explained by partial beam filling, which

is more likely for thin, clear-air rel1ective layers than for snow. Also the signal is

generally weaker during clear air days, giving more potentia! for noise influence.

Future research should include more snow cases 1.0 see if the dependence be

tween the speed shear and the turbulence holds, as weil as more clear air cases with

stronger echoes and great.er vertical extent 1.0 reduce the importance of noise clfects

and partial beam filling.
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Appendix A

RFE Model

The temperature profiles used in this research came from a new version of the Re

gional Finite Element (RFE) model[16] used by the Canadian Meteorological Center

(CMC). It was used by Z. Huo, a Ph.D student in this department, to provide a high

resolution and more realistic four dimensional dataset for the study of the deepening

mechanisms associated with the Mareil 13 and 14 , 1994, snowstorm. Here is a table

of the initial data given by the mode\. They were linearly interpolated to be on same

time and height as the data from the wind profiler. The model gave a profile each

three hours.
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time - 15 Z
Height (dm) Temperature (c) Potcntial

Temperature (1\)
906.17 -39.10 330.05
798.90 -31.89 325.58
703.35 -25.56 321.62
616.68 -18.37 320.01
537.26 -13.67 316.26
464.0,1 -8.30 314.13
395.90 -5.07 310.17
332.74 -3.64 30<1.78
274.02 -3.33 291.22
168.93 -6.26 284.'15
121.51 -5.91 279.93
76.52 -3.28 278.11
33.46 -0.18 276.99
-7.81 2.50 275.65

time = 18 Z
Height (dm) Temperat\ll'e (c) Potential

Temperature (K)
893.64 -40.'13 328.17
787.60 -34.67 321.82
692.72 -26.64 320.21
606.74 -21.16 316.52
528.17 -15.94 313.50
455.60 -10.6,1 311.36
388.04 -6.47 308.55
325.10 -4.51 303.79
266.64 -4.66 297.26
212.44 -6.04 289.97
162.03 -7.18 283.46
114.72 -6.16 279.67
69.73 -3.14 278.25
26.65 -3.51 277.14
-14.65 2.64 275.79
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time = 21 Z
Height (dm) Temperature (c) Potentiai

Temperature (K)
882.53 -40.19 328.52
776.51 -35.22 321.08
682.19 -28.57 317.71
596.79 -22.57 314.74
518.59 -17.07 312.11
446.43 -12.47 309.19
379.39 -8.29 306.44
316.90 -6.43 301.62
258.92 -7.00 294.68
205.25 -8.64 287.15
155.31 -9.30 281.20
108.29 -7.24 278.54
63.45 -3.70 277.68
20.49 -0.82 276.35
-20.67 1.85 275.00

time = 24 Z
Height (dm) Temperature (cl Potential

Temperature (K)
872.48 -40.30 328.36
767.17 -37.09 318.56
673.37 -29.86 316.03
588.64 -24.95 311.75
511.07 -18.74 310.08
439.43 -14.66 306.60
373.22 -12.82 301.21
312.09 -12.63 294.61
255.57 -13.40 287.60
203.15 -13.96 281.38
154.08 -12.77 277.51
107.58 -9.82 275.83
63.18 -6.11 275.19
20.61 -3.24 273.90
-20.17 -0.59 272.56
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time - 27 Z
Height (dm) Temperature (c) Potentia!

Temperature (1\)
867.92 -42.25 325.61
763.39 -38.51 316.64
669.95 -30.38 315.35
585,43 -25.76 310.73
508.24 -20.32 308.15
437.37 -18.75 301.75
372.39 -17.65 295.61
312.40 -17.33 289.30
256.88 -17.55 283.00
205.25 -17.65 277.37
156.89 -16.37 273.67
111.01 -12.98 272.52
67.13 -9.20 272.01
25.05 -6.16 270.93
-15.29 -3.54 269.61

time = 30 Z
Height (dm) Temperature (c) Potentiai

Temperature (K)
865.70 -43.41 323.97
761.62 -39.64 315.12
668.59 -31.27 314.20
584.42 -26.95 309.23
507.92 -23.54 304.23
438.11 -23.12 296.57
374.32 -22.07 290.51
315.31 -21.10 285.03
260.58 -21.02 279.16
209.64 -20.56 274.21
161.67 -17.90 272.04
116.03 -14.19 271.25
72.35 -10.46 270.71
30.45 -7.27 269.81
-9.72 -4.66 268.49
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time - 33 Z
lIeight (dm) Temperature (c) Potentiai

Temperature (K)
863.65 -43.74 323.50
760.07 -41.42 312.71
667.75 -32.99 311.97
584.30 -29.36 306.20
508.60 -26.26 300.91
439.59 -26.22 292.89
376.65 -25.18 286.91
318.29 -23.50 282.32
264.03 -22.72 277.28
213.35 -21.77 272.90
165.66 -19.59 270.24
120.32 -15.94 269.42
76.93 -12.09 269.03
35.27 -8.62 268.44
-4.69 -6.02 267.13

time = 36 Z
Height (dm) Temperature (c) Potentiai

Temperature (K)
861.93 -43.27 324.17
758.87 -43.81 309.48
667.50 -35.29 308.97
584.96 -32.33 302.47
510.05 -28.07 298.71
441.38 -27.10 291.83
378.69 -26.57 285.29
320.74 -25.30 280.28
266.84 -24.38 275.43
216.55 -23.95 270.53
169.27 -21.75 267.93
124.31 -18.02 267.24
81.27 -14.09 266.97
39.90 -10.37 266.66
0.22 -7.79 265.36
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lime = 39 Z
Height (dm) Temperature (c) Polential

Temperature (K)
861.60 -42.00 325.96
757.89 -·13.26 310.23
667.07 -38.38 304.96
585.33 -33.76 300.68
510.95 -30.43 295.83
442.96 -29.19 289.37
380.76 -28.46 283.11
323.27 -27.07 278.28
269.68 -25.37 274.35
219.61 -25.14 269.23
172.60 -23.54 266.02
127.92 -19.34 265.86
85.08 -15.15 265.87
43.83 -10.81 266.21
4.21 -8.23 264.92
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List of Symbols

en Structure parameter of the refractive index fluctuation

D Melted diameter of snowllake

t:..J Doppler Shift

e Energy dissipation rate

• f Frequency of the radar

J( Constant

LB Outer scale of turbulence (or Buoyancy scale)

,\ Wavelength of the profiler

N(D) Snowllake size distribution

N Brunt-Vaisiila. frequency

R Rainrate

Ri Richardson Number

s(v) Power spectrum of Velocity

St Total wind shear

S. Speed wind shear

Sd Directiona1 wind shear

•
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r vectorial radial distance• 0'2 Spectral variance•
0'2 Variance due to turbulence,
0'2 Variance due to fall speed distributionJ

0'2 Variance due to cross-beam windw

0'2 Residual variancer

2 Total variance due to turbulenceO'To'

2 Variance of mean vertical velocityu<v>

0 Beamwidth of the profiler

v. Fall speed of snowfiakcs

V r Radial vertical velocity as seen by the radar

V Horizontal wind speed

V Vectorial target velocity (in chapter 1)

• Horizontal wind specd vector (in chapters 3 and <1)

w VertIcal wind

Z Reficctivi ty

•
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