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SECTION 1. REPORT SUMMARY

1.1 BACKGROUND

In many cases, it has been necessary to estimate atmospheric pollu-

tion from known sources without adequate measures of turbulence. Several

schemes have been formulated to estimate turbulent diffusion. There are

fewer schemes for accurately estimating turbulence. To estimate diffusion,

Pasquill, in an unpublished note, suggested six stability classes express-

ed in terms of wind speed and degree of insolation. Gifford(1) prepared

graphs of vertical and horizontal cloud growth using Pasquill's ideas.

[In 1964, Turner (2) estimated net radiation froal cloud cover, ceiling

height, and solar angle. The United States Nuclear Regulatory Commission

(NRC) (3 ) categorized stability classes as a function of vertical tempera-

ture gradient (AT/Az).

Two significant controlling parameters for turbulence in a steady-

state surface boundary layer are surfacA) roughness (zo) and Monin-Obukhov

length scale (L). Relatively independent of height, L can be determined

from the wind speed and vertical temperature gradients. Panofsky and

Prasad (4) have related vertical turbulence to hei ht (z), z and L. Data
f o t h G e t5 ) a a ( 6 ) ( 7 )

from the Great Plains, Wangara and Kanvab experiments can be

used to clarify the relationships between turbulence and the various

profile parameters. Panofsky's L, zo and z do not totally define vertical

turbulence (a E). It can be shown that wind speed (i) is a fourth in-
fluence. Golder(8) used l/L and zo to define the stability class in tne

lowest 16 meters, but ingnored the additional influence of wind speed.

The NRC aT/Az basis of classific&tion ignores the influence of wind speed
and stability as defined by Richardson's number (Ri) or 1. In short,

none of the current classification systems include all the variables

which influence turbulence, and most fall to consider the change of this

influence with height.

r1
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r1 1.2 PURPOSE OF STUDY

The purpose of this study is to demonstrate from Great Plains,

Wangara, an4 Kansas data that a more comprehensive system of turbulence

estimation in tue surface boundary layer can be devised for an individ-
ual site. The classification will not be universal. The required re-

gression Pquations will be site-dependent. The output will be the

a horizontal turbulence (oA) and u profiles. The input will be wind
speed, net radiation (R), and surface roughness.

1.3 DESCRIPTION AND SCOPE OF STUDY

A simple basis of AT/Az estimation is quantified. Methods of cal-

culating z0 are demonstrated. Regression equations are formulated for
Kansas data to show that the standard deviations of the vertical eleva-

tion angle and the horizontal azimuth at 5.66 meters are primarily
ZO

functions of - and 5. Vertical gradients of aE and GA are functions

of the power-law wind-profile exponent (p). In turn, p is a function

of Lo and u.

1.4 SUMMARY OF RESULTS

Regression equation~s for oA and oE at 5.66 m developed for Kansas

data predict values highly correlated to the observed. vA can be ad-
"6quately predicted for 1 hour but is. less predictable for 15.minutes.

1.5 CONCLUSIONS

Vertical and horizontal turbulence can be accurately predicted for

the- surface boundary layer, from measured values of ve;'tical tempera-
tura gradient, surface roughness, horizontal wind speed, and vertical

:wind speed gradient. Vertical. temperature gradient can be estimated
from_,iasured'nat radiation during the day and from net radltion plus

wind speed at night. The power-law wind-speed exponent p can be esti- j: Z0

matei from the derived quantity .-- and observed wind speed.

22
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The above would suggest that after the first site evaluation using

[ full instrumentation, that aE and values could be obtained from the

resultant regression equations based on wind speed, roughness, and net

radiation measurements only. This is contrary to the findings of Luna,

(9) who found that only direct measurements of turbulence would suffice.

Vertical gradients of aE and oA are governed by power-law exponents a

and o. In turn, s and a are functions of p.

1.6 RECOMMENDATION

Published data from future micrometeorological experiments should

include data on cloud cover and height as well as measurements made

with an integrating net radiometer. The regression equations resulting

from such experiments would indicate possible bases of obtaining more

universal dimensionless equations for intensity of turbulence.

SECTION 2. OETAILS OF STUDY

2.1 OBJECTIVES

The objective of this study is to use past data to indicate a

method of minimizing the cost of making a continuous collection of

turbulence data. Requirements include:

a. In-depth studies of particular sites to compare measured

turbulence parameters with wind and temperature profile data

b. Determination of a basis of estimating vertical temperature

gradient from measured net radiation and wind speed

c. Demonstration that it is feasible to utilize aT/Az and u to

calculate: I) OE and aA

ii) p

iii) a and 0

3 f
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d. Indication that measured net radiation and wind speed at one

level can be used to produce estimates of turbulence superior to those

resulting from the use of sun's angle, cloudiness, and wind speed dur-

ing the day; or cloud cover and wind speed at night

2.2 LITERATURE REVIEW

2.2.1 Turbulent Diffusion Typing MethodsI (10)a. F.A. Gifford review. In the Gifford review, several typing

methods are discussed. Some of these methods are summarized in Table 1.

If one assumes rectilinear expansion from source to 100 meters,

values of aE a'd aA can be determined for each Pasquill stability cat-

egory as given in Turner (2 ). These values appear in Table 2.

Prasad(ll) related Ri to bulk Richardson's number (B). B is a

particularly convenient parameter, since at any given height, it de-

pends on vertical potential temperature gradient and wind speed only.

b. Comment.

All of the above systems include cloud-growth rates different

from a constant times distance to the power of 1. The choice of

stability class, release height and cloud-growth rate are primary con-

siderations. The choice of aE and aA and their change with height are

secondary.

2.2.2 Theory

Similarity theory states that steady state vertical turbulence normal-

ized by friction velocity (u,) in the surface boundary layer is complete-

ly determined by surface roughness, height and lonin Obukhov length

scale. The surface boundary layer is the layer of air above the earth's

surface in which u, is constant with height. L can be calculated from

Ri. Businger(12) showed that:

Ri - 0.74 €(I - for 0 (1)

(1- 9
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Table 1. Diffusion Classificacion Systems

System Stability Classes Indicator

1. Pasquil' 6 Insolation, cloud cover and wind
specd

5 2. Brookhaven National
Laboratory 5 AT/Az per 123 neters (m) and

108 m u

3. Turner 7 Solar Angle, cloud amount and
height%*, 10 m a

4. Golder 6 l/L and xo  (2-16 meters)

5. Cramer 4 Measured values of eE and aA

6. TVA 6 °K/lO0 m for 75-250 mAZ

7. Briggs 7 Insolation, cloud cover and
wind speed

a. 8 = potential temperature in degrees (0) Kelvin (K)

Table 2. Relations between Pasquill Class, E and aA

Turbu- Pasquill Stability Class

lencef A B C D E F

OEO 0 7.35 5.21-7.35 3.35-5.2 2.31-3.34 1.61-2.3 <1.6

cAO >13 8.88-13 5.76-8.87 3.98-5.75 2.81-3.97 <2.8

5
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M .I
z = height above the ground

Ri = 0.744 + 4.7 2- ( +43~ifor > 0.

~cai ~snumber is obtained from:

Ri (3)

where ~ g = acceleration of gravity, m/second2 (s 2

T = absiolute temperature, 0C

a9 3z = vertical potential temperature gradient, C/

u /3z = vertcal wind speed gradient, -

To determine whether a given set of data are steady state, u* is ob-
tained for different vertical layers from the eauations:

4- (ln(z/z0)- *1 c) < 0 (4)

and ul / ) 1 4.7c) C > 0 (5)

where k =von Karman 's constant =0.35

=21n((l + x)/2) + ln((l + X2)/2) -2tan X + ir/2 (5a)
X (I - 154)1/4

Having satisfied the requirement of constant u*, with height, the
next one is to find a satisfactory substitute for RI, since the verti-
cal wind speed gradient is frequently not available. Bulk Richardson 's
number is a candidate since it can be calculated from a0/az, uand T:

BS..7- 3  L z2  (6)

- ~ where the Aeis n of the variables are the same as for Equation 3
above.

6



To relate Ri and B, Prasadell) showed that:

Rt- B (In (z/zn)_- *1(c)_ (7RIei B (7)

where

*1 is the same as in Equation 5a above

* = (1 - 18Ri) RI < 0

-and

(Ri) - 5R1
(1- 5Ri)

(RI) (I 5Ri) Ri > 0

The question then arises as to whether the relationships of verti-
cal turbulence, aE and horizontal turbulence a to B, z and are as

precise as their relationship to L, z0 and u. If they are, adequate
estimates of turbulence can be obtained from th'e vertical potential

temperature gradient, wind speed and roughness. The vertical potential
temperature gradient can be measured, estimated from net radiation and
wind speed, or grossly estimated from solar angle, season and cloud

cover. All of these bases of estimating the vertical potential tempera-

ture gradient are site-dependent.

2.3 METHOD

.. 2.3.1 General,
S2.Great Plains data are used to show a high correlation between in-

solaton (T) measured by a pyrheliometer and net radiation (R) measured
by a Gier and Dunkle net radiometer. Wangara data are used to show
that during daylight hours, AT is highly correlated with R, and at

t7



night it is correlated with R and u. Kansas data will be used to show

that, given the 5.66 m u and the 4-8 m Ar/Az, t0at Ri, z/L, E9 0 A, P"

and B are defined in the surface boundary layer from 4 to 32 meters.

2.4 CALCULATED RESULTS

2.4.1 Radiation Measurements. The Great Plains trials (B) were con-

ducted during the summer of 1953, 5 miles east-northeast of O'Neill,

Nebraska. Participants came from the staffs of five universities.

Shortwave radiation (I) measured by an Eppley pyrheliometer was enmpared

to net radiation (R) measured by a Gier and Dunkle net radiometer. The

correlation between the two for 58 measurements was 0.92, where:

R = 0.6441 - 38.74 (8)

where

R = net radiation in (mcal)/(cm
2 min)

2.4.2 I - short wave radiation in mcal cm2 min -

2.4.2 Relationship of Vertical Temperature Gradient to Net Radiation
an-dWlnd Speed

Wangara Oat&6) included a 40-day collection of wind speed at six

levels and vertical temperature gradient frcm I to 2 and 2 to 4 meters.

Net radiation was measured by a Funk net radiometer. All micrometeor-
ological data were averaged for a half hour centered on the hour, 24

times per day. The data were collected during the winter of 1967 near

Hay, N.S.W., Australia (34030 ' S, 1440561 E).

Net radiometer readings at noon and midnight were related to the

2-4 m temperature difference as follows:

At noon: AT = -0.00898R-0.0023 (9)

where

R - net radiation in milliwatts/cm2  (mw/cm2)

AT - T(4 m) - T(2m) in degrees centigrade

Number of cases (n) a 35
Correlation coefficient (r) = 0.86

H8
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At midnight: AT= -0.0445R - 0,085125 + 0.44576 (10)

where[u = 4 m wind speed in meters per second

Number of cases = 38

r = 0.61

v' The Wangara nighttime vertical temperature gradients were somewhat
variable in time, suggesting unsteady conditions. Also, the relation-

Vship between the AT from I to 2 m and that between 2 and 4 m was quite
variable. Temperatures at more levels would make it possible to smooth

the vertical temperature gradient. This was done for Kansas (7) data

using second-order polynomial equations to fit the vertical profiles.

The cloud coverage was observed at Wangara. For midnight data,

the nighttime Pasquill cloud classification of 0.5 or more low or middle
clouds was associated with R > :4.0 MW/cm 2 for 73% of the cases. Low

ur middle cloud cover of less than 0.5 was associated with R < -4.0 ow/
cm2 85% of the time. The minimum net radiation at midnight was -8.4

n/cm 2 .

2.4.3 The Relationship between Vertical Teperature Gradient, Wind
Speed, Net Radiation and Stability Class for 1 Hour

The daytime insolation class can be determined as a function of
solar angle and cloud cover, as a function of I, or as a function of R.

Since the vertical temperature gradient is a function of R and site

characteristics, it becomes necessary to determine the temperature
gradient category independently for each site. Neither cloud cover nor

net radiation statistics are available for the Kansas site; hence, it
was necessary to determine the 4 - 8 m potential temperature gradient
radiation class empirically as a function of solar angle class. The

solar-angle radiation index was determined by Turner 13). The relation-

ship of solar angle to potential temperature gradient at Kansas is pre-

sented in Table 3. The potential temperature gradients used are 1-hour

averages.

9
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Table 3. Daytime Net Radiation Index and Associated Kansas
Vertical Potential Temperature Gradient

Solar Angle, degrees Net Radiation Index ao/az, o2c/m

< 15 1 > -0.07

15-35 2 -0.07 to -0.1

35-60 3 -0.101 to -0.115

>60 4 < -0.115

flighttime vertical temperature gradient is a function of R and u.

Since there are no published hourly values of R or cloud cover fur the

Kansas experiment, the first estimate of the vertical potential temper-

ature gradient can be determined from the Wangara equation 10 above,

where:

36/az = aT/az + 0.01 0C/m

The resulting 4 to 8 meter potential tempe-ature gradients are seea in

Table 4.

Table 4. Nighttime Verrical Potentil Temperature Gradient
by Radiation Index and Wind Speed

Iet Radiation Index -1 -2
,/s Mw/cm2  -4 -8

1 0.137 0.182
2 0.116 0.160
3 0.095 0.139
4 0.073 0.118
5 0.052 0.096
6 0.031 0.076
7 0.010 0.054
8 0.0 0.033
9 0.0 1.01

The values in Table 4 correspond reasoably weli to the nighttime

1-hour 4-to-8-meter potential teapetature gradients at the Vansas site.

A more complete form of Table 3 ims from Turner( 1"). The re-

sults are seen in Table 5,

010
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Table 5. Net Radiation Index

Day Niqht**

Cloud Cover (1/10) 0 - 5 6 - 10 0 - 4 5 -10

Cloud Height (lO00 ft) < 7 - 16 > 16 <7 >_7

Solar Angle: < 150 1 1 0 1 -2 -1

S15 - 350 2 1 1 2 0 1

35 - 60 3 1 2 3 0 2

> 600 4 2 3 4 0 3

**mighttime is de'fined as the perld from 1 hour before sunset
to I hour after sunrise.

2.4.4 The Steady State Requirement

Since there is little in the literat -e to show the close corre-
spondence between wind speed and temperature profile data and turbulence,
it is in order to examine possible relationships using the best data

available. The Kansas "Windy Acres" data published by Izumi {7) meet

the qualification. The first requirement for the comparison is that the

data be steady state (i.e. u* must be constant with height). Equations

3, 1 and 2 above were used to calculate z/L using 1-hour average Kansas

data. Equations .4 and 5 were used to calculate u. for the layers 4-8

meters and 16-32 meters. Results are showm in Table 6.

Table 6. Comparison of Kansas u. Values at 5.66 and 22.63 Meters

Nurber of Cases Stability 0.(5.66 m),m/s "U(22.3 m)',m/s r

20 Unstable 0.4035 0.4065 0.99
12 Stable 0.2554 0.2551 0.98

32 All 0.3479 0.3497 (.99

The values in Table 6 indicate that the Kansas data were steady

state foran average data period of 1 hour. The correlation between u*

at the lower ond higher levels is high. The mean values of u. at the

two levels differ by less than 1 percent.

' 11



2.4.5 Relationshp of Turbulence to Wind Speed and Temperature
Pro-file D0ta for 15 Minutes

The Kansas data were reduced for 15 minutes. The sampling time

used to calculate a and CA was 15 minutes. One-hour averages were ob-

tained by averaging four successive 15-minute values.

Panofsky and Prasad (4) developed a scheme for estimating oE from z,

z and L. Comparison with analysis of the Kansas data indicates that

their scheme is weak fur low wind speeds and high values of a E(>70).

Panofsky (14) note3 that e"A does not obey the laws which relate wind and

temperature profile data to turbulence (similarity theory). However, he

suggests a statistical treatment (15) of oA data which explains 37% of

the variance for a particular site.

(4)Panofsky and Prasad used the parameters ln(z/z ) and lO5zo/L to

determine vE* Analysis of the 15-minute Kansas dai:a described here in-

dicates that both aE and aA at a given level are functions of zo,L and

u. The Kansas Data were collected for 1-hour periods, each of which

included four 15-minute periods. The first and last of these 15-minute

periods are here used as the dependent data sample. The second and third

are used as independent data. Dependent data results of least-squares

fitted regression equations are seen in Table 7 for the unstable case

and Table 8 for the stable case:

Table 7. Depe'dent Data Results for tEP Unstable Case

Predicted Observed
0 0 0

Number Height, m E _E° r

36 5.(6 5.5 5.5 0.89

36 11.31 5.4 5.6 0.73

36 22.63 6.03 6.03 0.93

12



Table 8. Dependent Data Results for a Stable Case

Predicted Observed

Number Height, m (E° aE° r

21 5.66 4.8 4.8 0.88

21 11.31 4.1 4.1 0.90

21 22.63 3.25 3.25 0.88

Regression equations used for the 5.66 m level in the tables above
~are:

* Unstable case: E = 6.726 - 0.0402(105Z0/L) - 0.2778 (11)

Stable case: yE = 6.125 - 0.0917(105z oL - 0.1539u (12)

where

a is in degrees

u is in m/s

An independent data check produced an average correlation between

predicted and observed a values at all three levels of 0.88 for the un-
stable case and 0.91 for the stable case.

Similarly, results for aA are seen in Tables 9 and 10. The regres-

SMC equations used for the 5.66 m level in Tables 9 and 10 follow:

Unstable cas,2: GA - 26.375 - O.0796(105zo/L)- 2.265 (13)

Stable case: aA x 5.966 - 0.0359(10 5Z0/L)+ 0.20435 (14)

The independent data check resulted in an average correlation co-
efficient of 0.65 for the unstable case and 0.80 for the stable case.
The maximum variation of the predicted from the observed mean was 8 per-

-, cent.

13
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Table 9. Dependent Data Results for a Unstable Case

Pred cted ObservedNumber o o .,
Level,m CAO AO r

36 5.66 14.04 13.92 0.71

36 11.31 12.77 12.7, 0.68

36 22.63 11.96 11.97 0.66

Table 10. Dependent Data Results for aA, Stable Case

Predicted ObrevedNuiber GAo A

Levelom A... . r

21 5.66 6.62 6.62 0.44

21 11.31 5.44 5.44 0.54

21 22.63 4.48 4.43 0.44

The GE results above are satisfactory. The a results are much less

so. The reason for this is apparent from inspection of the data. For

successive 15-minute periods, A is quite variable.

2.4.6 The Prediction of 15-Minute Turbulene Values Using Bulk Richardson's
Nuuier

If B is cal,-ulated from Equation 6, RI from Equation 7 and z/L from

Equations I and 2, aE nad A can be caluflated from Equations 11 through

14 using 105zo/L derived from S and observed 5.66 m L. The 5.66 m In-

dependent data results are seen in Table 11. The average correlation

between predicted aE values in Table 11 Is 0.92, c~avred to 0.90 for the

results using 105z./L obtained -fr Ri. The average r for GA in Table 11
is 0.72, corared to 0.71 for the reswlts obstainsd using RI. Hence, no

skill is lost by substitutitg B for R1 an using the procedure given above

to estimte Ri and l05zo/L.

* 14



Table 11. Independent Data Prediction of 15-Minute Turbuience Values
at 5.66 m Using Bulk Richardson's Number and Observed Wind
Speed

Predicted Observed Predicted Observed

Number Stability '30 OE° OA° GAO r

39 Unstable 5.42 5.53 0.895 13.79 13.08 0.700

21 Stable 4.89 4.79 q.962 6.66 6.36 0.765

2.4.7 Relationship of Turbulence to Wind Speed and Temperature Profile
Data for 1-Hour Average Data

Results of regression equations fitted to 1-hour average data are

seen in Tables 12 through 15.

Table 12. One-Hour Averaqe aE Results for the Unstable Case

Pred~cted Obset:ved
Number Level, m aEO E0 r

20 5.66 5.51 5.51 0.955

20 11.31 5.65 5.65 0.948

20 22.63 6.02 6.02 0.924

Table "3. One-Hour Average aE Results for the Stable Case

Predicted Observed

Number Level, m OE° aE° r

12 5.66 4.83 4.83 %1.96

12 11.31 4.06 4.06 0.966

12 22.63 3.19 3.19 0.956

15
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Table 14. One-Hour Average aA Results for the Unstable Case

Predicted Observed

Number Level, m 0 A°  r

20 5.66 13.54 13.54 0.86
20 11.31 12.60 12.61 0.83
20 22.63 11.78 11.78 0.81

Table 15. One-Hour Average aA Results for the Stable Case

Predicted Observed

Number Level, m °A° GAO r

12 5.66 6.49 6.49 0.85
12 11.31 5.65 5.65 0.93

12 22.63 4.20 4.20 0.93

The 5.66 m regression equations fjr the above are:

Unstable 06 = 5.741 - 0 ilL) - 0.14546 (15)

Stable = 6.372 - 0.1083(10 5z L) - 0.20215 (16)E 0

Unstable aA - 16.776 - 0.3354(10Sz /L) - 1.09345 (17)
i0

Stable aA - 5.809 - O.0461(105zo/L) + 0.22375 (18)

A different basis of checking the accuracy of prediction is the
standard error (S.E.) divided by the observed mean standard deviation.
For the 5.66 m independent 15-Minute data and for the 1-hour data, this
figure is displayeo in Table 16. The improvement of the 1-hour data re-

lationship for both aE and oA prediction is mrked. The unstable case

aA prediction improwes from an error Nf + 24.1% or less for 68% of the
_ .cases to 13.6%.

16
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Table 16. Standard Error Divided by thle Mean Observed Standard
Devi ati on

15 Minute Independent Data One Hour Data
Unstable Stable Unstable Stable

Vertical S.E./lE 0.054 0.0705 0.032 0.038

Horizontal S.E./a A 0.2.41 0.0785 0.136 0.054

2.4.8 Relatienship of Turbulence to the 5.66 m Mean Wind Speed and
Bulk Richardson's Number for 1-Hour Average Data.

If it were possible to estimate i accurately using only wind speed

and vertical temperature gradient, the basis of associating Pasquill

classes with specific values of aE and oA would be assured. The assigned

AT for each net radiation and wind speed class can be determined from

Equations 9 and 10. Then the bulk Richardson number can be calculated
using Equation 6. Equation 7 can be used to obtain Richardson's number

from B. Equations 1 and 2 can be used to obtain z/L from Ri.

Application of the above procedure to 5.66 m 1-hour average data pro-

duced the answers in Table 17. Since no net radior,feter data were avail-

able, it was necessary to use the observed 4-8 m aT. The regression

equations used to prepare Table 17 are Equations 13 through 16. The

correlation between predicted and observed turbulence values using the
two methods, one based on Ri, the other on B, are almost identical.

Table 17. Predicted Values of 5.66 m aE and uA Using Bulk Richardson's
Number

Predcted Observed Predicted Observed
Number Stability E0  jE0  r aA 0A° r

20 Unstable 5.54 5.51 0.95 13.56 13.54 0.861

12 Stable 4.84 4.83 0.965 6.49 6.49 0.844

1
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The maximum daytime variation of aE is at the higher levels. The

maximum variation of aA is at the low.r levels. Hence, it becomes impor-

tant to predict the verticP; gradients of aE and oA  For this p;Jrpose,

the power-ldw relationship can be assumed for aE' aA and u, where the re-

spective exponents are 0, a and p. Equations 4 and 5 above are the log

plus linear form of the vertical wind speed profile, not the same as the

power law. In spite of this, it is convenient and practical to assume a

power-law form for the present treatment.

2.4.9 Calculation of 8, a and p.

To determine the change of turbulence with height, the Kansas 5.66 m

and 22.63 m data were ,,sed. The assumed power-.law form was:

a E(22.63 m) - 22.63

SOE(5. 66 mn) 5.66 (19)

A similar form was assumed for aA and a as well as for u and p. The

following equations are the result of least-squares fit to the 1-hour av-

erage data:

Unstable p = 0.1039 + 0.00i57(105z /L) + 0.00419a (20)

a = -l.695p + 0.0812 (21)

s = -5.52p + 0.674 (22)

Stable p = 0.3866 + 0.00737(105zo L) - 0.0341u (23)

a = -0.769p - 0.1060 (24)

B = -1.270p - 0.0433 (25)

where

zo/L is for the 4-to-B-meter layer

u is the 1-hour average wind speed at 5.66 m in m/s

The adequacy of the above equations is seen in Table 18.

If z/L used in Equations 20 through 25 is estimated from B. the results

are seen in Table 19. The correlation coefficients between predicted and

observed values for aE and oA at 22.63 m are all higher in Table 19 than

In Table 18. Also, r is higher in Tables 18 and 19 than it is for pre-

diction of aE and oA as functions of 105zo/L and u at the 22.63 m level.

18
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These results appear in Tables 12 thruugh 15. The overall average 22.63 m

r in Tables 12-15 is 0.905, compared to 0.973 for aE and 0A in Table 19.

Part of the reason for this may be the relatively small range of the AT

values for the 16 to 32 m layer and hence the relatively insensitive val-

ues of 105z0/L.

2.4.10 Tabulation of Kansas Values for I/L, L, p, _, B, _E andA in
Pasquill-Turner Tables.

From Table 3 and Equation 10, values for ae/az can be assigned for

every wind speed and radiative index category. The radiative index cat-

egories are 4, 3, 2, 1, 0, -l and -2. For the 0 category, ae/az is assumed

to equal zero. B is then calculated using Equation 6. Ri is calculated

from B, using Equation 7. z/L is calculated from Equations 1 and 2. Tab-

ulated values of I/L and L are seen in Table 20. The 3O/az stable limit

values for radiation indexes 4 through 1 are -0.115, -0.101, -0.07 and

-0.035, respectively. The stable limit values used for indexes -l and -2

appear in Table 4 above.

Using the values of L in Table 20 and a roughness of 0.0244 m, the

aE and aA values in Table 21 were calculated from Equations 15 through 18.
The range of 1-hour-average wind speeds observed for the unstable classes

(4-1) was 4-8 m/s. The range flJr the stable classes was 2.45 to 6.4 m/s;

hence the accuracy of the aE and aA estimates outside of this range is

not known.

The p, a and 8 values for a, aE and aA profiles can be obtained from

Equations 20 through 25. Results appear inTable 22. From the p, a, and

- values in Table 22, the 22.63 m values of u, a E and aA can be calculated

from the power-law equation (Equation 19). Results for OE and oA appear

in Table 23.

The average observed ratio of GA/aE for the unstable 5.66 m case was

2.45. The average stable case ratio was 1.34. At 22.63 m, the average

unstable case ratio was 1.96, and the stable case ratio was 1.31. The

variation of these ratios with 5.66 m wind speed and radiation index can

be seen in Tables 21 and 23.
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2.4.11 Similarity Theor ethos of Calculating d A.

j(12) EaOP
Businger 1  documents a universal law for determining vertical tur-

bulence in the unstable case:

l = 2 (-z/L)"13  (26)

where

standard deviation of vertical velocity in m/s

Since the I/L values are shown in Table 20 and u, can be calculated from

Equation 4, it is a simple matter to estimate aw for each I/L value at

5.66 m. Then oE is obtain from:

= 57.3j/u degrees (27)

where

= 5.66 m wlnd speed in m/s

Equation 26 applies for -z/L > 0.3(12). For -z/L < 0.3, the ratio be-

comes constant:

aw/U* - 1.34 (28)

The correlation of the 32 unstable case aE values in Table 21 with OE
calculated from Equatloiis '6 through 28 resulted in a coefficient of 0.99.

In an effort to represent the standard d&viation of lateral velocity

variation (a V), the 20 one-hour values oT n(ov/u*) were least-squares

fitted to In(-z/L). The resulting formula is:
V/ u, - 4.67(-z/L) 1/3.25 (29);(29

Kansas data shoW this formula to be applicable for -z/L 0.066. For

smaller values, rV/U, 2. For 20 one-hour average values, the correla-

tion of the predicted a /u* wlt toe observed values was 0.74. This is

not too good, but the formula is useful as a basis of estimating aA for

the unstable, low-wind speed cases. The Equation 29 values were averaged

with the regression quation values to supply the figures appearing in the

4/s sinstabe tdex cases (4-1) in Table 21.
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2.4.12 Comparison of Unstable Case Similarity Theory Estimates of oE
to Panofsky Prasad and Regression Equation Estimates.

Values for aE obtained from regression Equation 15 (Reg), Equations

26 and 27 (Sim) can be compared to values obtained from the Panofsky and

Prasad (4) graph (P): Results appear in Table 24.

Table 24. Comparison of 5.66 m aValues Obtained by Three Methods

Net Radiation Index
5.66. 4 3 2 1 Average
., m/s Reg Sim P Reg Sim P Reg Sim P Reg Sim P Reg Sim P

2 15.0 16.8(9.0] 13.7 15.4 (7.0) 10.7 12.3 6.J 7.6 8.2 5.8 11.8 13.2 7.0
3 9.0 10.2 6.0 8.3 9.5 5.9 7.0 7.6 5.7 6.0 5.4 5.6 7.6 8.2 5.8

4 7.0 7.3 5.8 6.5 6.8 5.6 6.0 5.5 5.6 5.5 5.2 5.5 6.2 6.2 5.6

5 6.0 5.7 5.6 5.8 5.5 5.5 5.5 5.3 5.5 5.2 5.1 5.5 5.6 5.4 5.5

The regression equation results and simila-ity theory results in

Table 24 are quite close. The Panofsky and Prasad figure produces E

values too low for wind speeds of 2 and 3 m/s. The Panofsky and Prasad

figure for aE could be improved if values of -105(zo/L) greater than 100

were considered. The bracketed figures in Table 24 required extrapolations

of the Panofsky figure, since the -105(Z /L) values were greater than 100.

2.4.13 The Calculated Turbulence Values for the 10-Meter Level.

It is standard practice to use the 10 m u to determine the P.squill

stability category. The turbulence values applicable at 10 meters appear

in Table 25.

The results of Table 2 can now be used to assign Pasquill stability

class values to aE and OA as shown in Table 25 The result appears in

Table 26. It is notable in Table 26 that in 15 cases (25%), the Pasquill

classes for OE and 0A are different. Also, the usual neutral-case class

D does not appear at all in the 0 radiation index class. This suggests

the site dependence of a given Pasquill category as well as the dependence

on radiation class, wind speed and surface roughness.

2 J 25
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Table 26. Pasquill Stability Class for Kansas Data

Net Radiation Index
1m 4 3 2 1 0 -1 -2

m/s OE OA OE O EOA OfOA EE A "E A OE aA

2 A A C B F F F F

3 A A A A A A A A C B F F F F

4 A A A A A A B A C B F F F F

5 A A A A B A B B C B D E E E

6 A A B B B B B B C C 0 D D E

7 B B B B B B C B C C C D D O

8 B B C B C C C C C C C D C D

9 C C C C C C C C C C C D C O

10 C C C C C C C C C C C C C C

2.4.14 Calculation of Surface Roughness.

Surface roughness can be estimated for the neutral case (ae/az - 0)

from the equation:

5(z) - u. (ln(z/zo)) (31)

- - (lnz - lnzo)

For an example of the application -of Equot-ion 31, see the angora report. ( 6 )

Each wind speed profile is treated independently by first plottinq

the profile on lnz versus u coordinate paper. Then the data is least-

squares fitted up to the highest level wind speed which falls on an eye-

fitted straight line. Since u, Is.constant with height, it is possible

to solve for zo.

A similar technique can be applied to the unstable case data using

Equation 4. This technique was used 12) to determine rouqhness for the

Kansas data.
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2.5 ANALYSIS

The results above indicate that the bulk Michardson number is a pow-

erful to-_ ! estimate turbulence at a particular site. At a givei height,

this number can be calculated using vertical temperature gradient and

wind speed only. The agreement of regression-equation estimates of oE

with the estimates prepared from a universali equation (Equation 26) is

reassuring, although applicable only to unstable case data. Table 26 in-

dicates that the Pasquill stability classes for vertical and horizontal

diffusion cloud growth are frequently not the same (250 of the time). The

expected prediction accuracy for 90% of the cases is + 27.2% for unstable

case 1-hour average A estimat-G: and + 6% for the unstable case E. Us-

ing the observed median of oA Pasquill class A as the reference, the pre-

diction error might be + 40 for 90% of the cases or + 20 for 68% of the

cases. This compares to an observed class range of 80. In the case of

0E, the predicted unstable case error is + 6.4% for 90% of the cases.
0This means an errir of + 0.6 for class A compared to a class A observed

range of 5, + 0.4 for class B versus a class range of 1.850 and + 0.250

for class C versus a class range of 1.850. This suggests that 1-hour ave-

rage values of oA can be predicted accurately within plus or minus one

class and that OE values can be predicted with much greater precision.

Prediction of stable case aE values is almost as good as the unstable
case results above, whereas prediction of aA improves from 27.2 to + lo-R%
for 90% of the cases.

2.6 CONCLUSION
The above results show that a simple measurement of vertical temper-

ature gradient and a can be used to accurately predict vertical or hori-

zontal turbulence for any combination of radiation index and wind speed.

It remins to be seen whether measured net radiation can adequately sub-

stitute for vertical temperature gradient. The empirical equations re-

quired to implement the technique require collection of data at a fully
instrummted tower. Observations of cloud cover and net radiation would

8128
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make it possible to compare results to those obtained from the Pasquill

and Turner bases of classification as well as to determine whether meas-

ured net radiation is a more satisfactory indicator of net radiation
index and, hence, of vertical temperature gradient.I
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