=

e

NASA Contractor Report 3150

MU0

AN ‘adv) AHVHEITHO3L

I

Differences Between Measured
and Linearly Interpolated
Synoptic Variables Over a
12-h Period During AVE IV

LOAN €3PY: REFIRN TQ

AFWL TECHNICAL uuu.\q
“KIRTLAND AFB, N. M

Leonard R. Dupuis and James R. Scoggins

CONTRACT NAS8-31773
JUNE 1979

NNASN




TECH LIBRARY KAFB, NM

A B

00L1809
NASA Contractor Report 3150

Differences Between Measured
and Linearly Interpolated
Synoptic Variables Over a
12-h Period During AVE IV

Leonard R. Dupuis and James R. Scoggins
Texas A. & M. University
College Station, Texas

Prepared for
George C. Marshall Space Flight Center
under Contract NAS8-31773

NNASN

National Aeronautics
and Space Administration

Scientific and Technical
Information Office

1979






TABLE OF CONTENTS

Page
ABSTRAC T cevovoansscccscesoosasnusasosvasessasccsassnsnssnssnansss 1
ACKNOWLEDGMENT S . ottt i ieiinecenecsososasncanasasssssascanssnnas ii
TABLE OF CONTENTS. ¢ it eiiiiieiiiatoonccnoassessenscsnssnansonnns iii
LIST OF TABLES . it veierineeeneeensooacerasascssssnsennsnannossans Vv
LIST OF FIGURES. . .cvireererereonnsesoeasonacasesasanssnscnssenns vi
T. INTRODUCTION. . .eenetereeneneaeosaessosseencesanscsasennsnnas 1
a. Statement of the Problem......cvviiiiiiiiiiiiiininnns. 1
D. ObJeCEiVES. v e ittt eeeetneteeraseaneessenenssenannsoos 2
C. Previous StuUdiesS.....veineeiierierrcennneeeacnnansnonnns 2
R 1 I 6
8. SoUNAINGS. . ..iiiriiniiiieorenerennsnsasaneeanacnaseannns 6
b. Manually Digitized Radar (MDR).......covuiriiiinrneennnn, 6
3. SYNOPTIC CONDITIONS. .. eiveeerenneroeronenssnranasacsocnnasos 12
b, DATA ANALYSIS . iiueeierenueoeesaneeacsananonsssensansnannnsss 29
a. Gridding of Data.......cvviieiiiiiiiiii it 29
b. Definition of Differences and the Nonlinear Coefficient. 29
c. Variables Considered and Methods of Computation......... 32
1. Basic variableS. ..o iiiiiiinimnninntinnsnerrrenans 32
2. Kinematic variables. ... .o, 33
I o7 1o T T 1 T 272 e 36
4, Error analySiS...ieceieineeireenerirenannasonnnsons 37
d. Statistical Analysis of Differences..............c.io.n. 41

e. The Vertical Structure, Temporal, and Spatial Continuity
Of Differences. ...t eoeeenssosssansesannnns 41

f. Relationships of Differences to Synoptic Features

ANd Weather. vt i ei ettt i et tcanansccneensasannnnns 42
By RESULT S . eenetereenneennoeeaanosnsseasssssossssanecnnssnnnnns 43
a. Relation of Differences to Synoptic Features............ 43
b. Vertical Structure.......c.iiiiiiiriireiriienneranoannnens 77
c. Statistical Analysis of Differences........cccovevinaen. 85

iii



d. Comparison of Differences in Convective and Nonconvec-
BIVe ArEaS. . iiiiiiiniieriirtetnoecosnossocnescassnsancas
e. Interrelationships between Differences and Synoptic
00 1o e o £

f. Significance of Differences: The Nonlinear Coefficient.

6. SUMMARY AND CONCLUSIONS. ....ciuvtitiriniinuerensosnnsannnnns

T 11111 1
D, CONCTUSTONS . vt s it iireerereneenseeeonsesonneasonnnennnns

REFERENCES
APPENDIX I

iv

oA




10

11

LIST OF TABLES

RMS errors in the rawinsonde data........ccvvveveennnes
Description of Manually Digitized Radar (MDR) Code.....

Estimated RMS errors for observed, interpolated, and
corresponding differences for synoptic variables......
Values of temperature differences (°C) for 3-, 6-, and
9-h intervals within the 12-h interpolation period at
selected pressure levels for centers in Fig. 11........

Values of mixing ratio differences (g kg']) for 3-,
6-, and 9-h intervals within the 12-h interpolation
period at selected pressure levels for centers in Fig.
T2t ettt et einereaaeseaseeactasasasasasesssansancannss

Values of geopotential height differences (gpm) for 3-,
6-, and 9-h intervals at selected pressure levels for
centers in Fig. 13.. .. ittt iiinnnnns

o

i - =1
Values of divergence differences (10 “ s ') for 3-, 6-,
and 9-h intervals at selected pressure levels for
centers in Figs. 16-T8. ...t inieeeiiinanannnnns

Values of vertical motion differences (ub s']) for 3-,
6-, and 9-h intervals at selected pressure levels for
centers in Fig. 19. ...t iiinnneennnenasnnns

Values of vorticity differences (10'5 5-1) for 3-,
6-, and 9-h intervals at selected pressure levels for
centers in Fig. 21 ...ttt ieennenaecnonaanssnnns

Correlation coefficients for temperature,mixing ratio,
and geopotential height differences computed for 3-,
6, and 9-h intervals within the 12-h interpolation
15 1=) o T« IS

Statistics for differences between observed and
Tinearly interpolated values of synoptic variables.....



Figure

O 00 N o g P W

10

11

12

13

14

15

LIST OF FIGURES

Page
Location of rawinsonde stations for AVE IV............ 7
Location of surface stations participating in the AVE
Iv exper1ment ......................................... 7
Manually Digitized Radar (MDR) grid network........... 9
Synoptic charts for 1200 GMT, 24 April 1975........... 13
Synoptic charts for 1500 GMT, 24 April 1975........... 16
Synoptic charts for 1800 GMT, 24 April 1975........... 19
Synoptic charts for 2100 GMT, 24 April 1975........... 22
Synoptic charts for 0000 GMT, 25 April 1975........... 25
Grid used for numerical computations............. veee. 30

Schematic diagram showing measured (AxM), Tinear
(AxL), and nonlinear (Ax') changes of a variable over
a time interval (At) within the 12-h interval between

rawinsonde soUNdingsS.....c.eeevnneeeeresoonassecnnnnnsns 32

Differences between measured and Tinearly interpolated
values of temperature (°C) computed over 3-, 6-, and
9-h intervals at 850 mb......ccoiiiiiiiiii i, 44

Differences between measured and 11n?ar1y interpolated
values of mixing ratio (x 10~V g kg~!) computed over
3-, 6-, and 9-h intervals at 850 mb......cvvvveeee.n.. 48

Differences between observed and linearly interpolated
values of geopotential height (gpm) at 500 mb computed

6 h after the initial time of the 12-h interpolation

91 o oY P 51

Differences between observed and linearly interpolated
values of wind speed computed 6 h after the initial

time of the 1nterp01at1on1per1od at the 850- and 300-

mb Tayers. Units are m S cvveereiereroenencnansssnan 54

Vertical cross sections of observed and interpolated
winds, and corresponding differences (m s~') along
line XYZ of Fig. 6 at 1800 GMT, 24 April 1975......... 55

vi



Figure

16

17

18

19

20

21

22

23

24

25

26

27

Differences between values of horizontal wind diver-
gence (x 105 ) computed from observed and inter-
polated winds 3 h after the initial time at 850 and
300 mbe.vveeeinn.... S isesesssresseetseattcessananononn

Differences between values of horizontal wind diver-
gence (x 1072 s-1) computed from observed and inter-
polated winds 6 h after the initial time at 850 and
300 Mbevevereresecnnnnena tete e et ceretecaconecananeses

Differences between values of horizontal wind diver-
gence (x 10-9 s- ) computed from observed and inter-
polated winds 9 h after the initial time at 850 and
300 Mbeverieeeenereennecenen i e reeerere e nn s et aen.

Differences between values of vertical motions (ub A
s~!) computed from observed and interpolated winds
over 3-, 6~, and 9-h intervals at 850 mb......c.e.v....

Vertical cross section of vertical motions computed
from observed and interpolated winds, and correspond-
ing differences (ub s=1) along line XYZ in Fig. 6 at
1800 GMT, 24 April 1975, ... ieieieeenerocenenveosonnnes

Differences between values of vorticity (x 10'5 s'])
computed from observed and interpolated winds over 3-,
6-, and 9-h intervals at 500 mb...... . nn..

Differgnces between values of vorticity advection
(x 10° 5‘2) computed from observed and interpolated
winds over 3-, 6-, and 9-h intervals at 500 mb.,......

D1fferences between values of temperature advection

(x 1072 %¢ ¢~ ) computed from observed and interpola-
ted winds and temperatures 6 h into the interpolation
period at 850 and 500 mb.......c..... e esiececscannnan

Differences between measured and linearly interpolated
va]ues of the convective instability index (x 10-¢ °C
mb- ) computed 6 h into the 1nterpo]at1on period for

various levels of the atmosphere..........ieeevivenns

Position plots of centers of temperature differences
(Fig. 11) at various pressure 1evels......eeevecaraans

Position plots of centers of vertical motion differ-
ences (Fig. 19) at various pressure levels.......c....

Position plots of centers of vorticity differences
(Fig. 21) at various pressure TevelS......e..... eeenn

vii

Page

58




Figure

28

29

30

31

32

33

34

Page

Profiles of the average and standard deviation of
differences between observed and linearly interpolated
values of temperature (°C) computed over 3-, 6-, and

9-h intervals for convective and nonconvect1ve areas.
Horizontal bands are drawn for t20§......, .......... .- 91

Profiles of the average and standard deviation of dif-
ferences between observed and_1inearly interpolated

values of mixing ratio (g kg~') computed over 3-, 6-,

and 9-h intervals for convective and nonconvective

areas. Horizontal bands are drawn for 1202 ........... 94

Profiles of the average and standard deviation of dif-
ferences between observed and linearly interpolated

values of geopotential height (gpm) computed over 3-,

6-, and 9-h intervals within the 12-h interpolation

period for convective and nonconvective areas. Horizon-
tal bands are drawn for i20§ .......................... 96

Profiles of the average and standard deviation of_dif-
ferences between values of vertical motion (ub s=1)
computed from observed and interpolated winds over 3-,

6-, and 9-h intervals within the 12-h interpolation

period, for convective and nonconvective areas. Hori-
zontal bands are drawn for l“20)—( ...................... 99

Profiles of the average and standard deviation of dif-
ferences between values of vorticity (10'5 s‘1) computed
from observed and interpolated winds over 3-, 6-, and

9-h intervals within the 12-h interpolated period for
convective and nonconvective areas. Horizontal bands

are drawn for iZoi ................................... 102

Profiles of the average and standard deviation of dif-
ferenges Between values of vorticity advection

10-1 ) computed from observed and interpolated
w1nds over 3-, 6-, and 9-h intervals within the 12-h
interpolation period for convective and nonconvective
areas. Horizontal bands are drawn for 1202 .......... 105

Profiles of the average and standard deviation of dif-
ferences between values of temperature advection

(x 10~ °C s-1) computed from observed and interpolated
winds over 3-, 6-, and 9-h intervals within the 12-h
interpolation period for convective and nonconvective
areas. Horizontal bands are drawn for +20— .......... 108

viii



Figure

35

36

37

38

w
[Ue)

40

Average and standard deviations (in parenthesis)
for d1fferen?es in convective instability
(10-3 °C mb~!) in convective and nonconvective areas..

Time cross sections of vertical motion and temperature
differences in central and eastern Tennessee..........

Time cross sections of vertical motion and temperature
differences in SE Missouri and NE Arkansas............

Vertical cross section of differences between observed
and interpolated values of temperatures and vertical

motion-along 1ine XYZ in Fig. 6 computed 6 h after the
initial time of the interpolation period..............

Differences between measured and interpolated values
of equivalent potential temperature and mixing ratio
computed 6 h into the interpolation period for the
900-mb TeveTl. ..ttt ittt ittt eeeensennnnseaananns

Average nonlinear coefficient computed over 3-, 6-,
and 9-h intervals at selected pressure levels for
various synoptic variables......ccoiiiiiiiininnnnnnnnns

Page

110

112

112

115

116

118



AUTHORS' ACKNOWLEDGMENTS

The authors express their appreciation to Drs. Dusan Djuric,
Edward Gbur, and K. C. Brundidge for reviewing the manuscript,
Mr. John Rod for preparing the figures, and Mrs. Janie Leighman
for typing the manuscript. The research was conducted under NASA
Contract NAS8-31773, which is under the auspices of the Atmospheric
Sciences Division, Space Sciences Laboratory, NASA Marshall
Space Flight Center, Alabama. The encouragement and support provided
by Drs. William W. Vaughan and Robert E. Turner, and Mr. Kelly Hill

of NASA are gratefully acknowledged.




1.  INTRODUCTION

a. Statement of the Problem

A major problem in many meteorological studies is the lack of
sounding data over time intervals less than 12 h. Several studies have
shown that the conventional 12-h rawinsonde network does not adequately
define large temporal variations in synoptic variables over short time
periods that are often related to sub-synoptic systems and severe
weather occurrences. Nevertheless, because of the type of data avail-
able, several methods are utilized to approximate or estimate values
of synoptic variables for times within bracketing rawinsonde obser-
vations.

One common method employed by meteorologists is a linear time
interpolation of atmospheric variables through a 12-h period. This
technique has been used widely in trajectory models and more recently
in research to determine the capabilities and Timitations of satellite
sounding data since simultaneous raob and satellite data were not
available (Moyer et al., 1978). In forecast studies, a Tinear extrap-
olation of systems in space is often utilized to account for atmos-
pheric structure over a 12-h period beyond a sounding time. While
different from a Tinear interpolation, extrapolation techniques employ
the same general principle.

While such methods serve at least as an approximation to atmos-
pheric conditions for times within the regular 12-h sounding obser-
vations, they are incapable of resolving rapid temporal changes in
synoptic variables that are largely responsible for the development of
thunderstorms and severe weather occurrences. Since the Tife cycles
of these sub-synoptic systems are much shorter than 12 h, often they
are unresolved using 12-h data. Thus, changes in the structure of the
atmosphere not represented by a linear interpolation based upon sound-
ing observations 12 h apart could be very important in the development



and dissipation of convective storms and severe weather. These
r

b. Objectives

The main objective of this research is to examine the information
content in rawinsonde data taken at 3-h intervals that is not con-
tained in data obtained by assuming synoptic variables to change
Tinearly through a 12-h period.

Specific objectives include:

(1) Examination of differences between variables computed from

3-h measured data and 1ike variables interpolated 1inearly
from 12-h data over 3-, 6-, and 9-h intervals.

(2) Identify systematic patterns in these differences or non-
linear changes, and examine their spatial and temporal
continuity.

(3) Establish relationships between these differences or non-
linear changes, synoptic features, and radar-observed con-
vection.

(4) Compare the magnitudes of nonlinear changes in synoptic
variables over 3-, 6-, and 9-h intervals with observed
changes in like variables over the same time intervals to
determine the relative significance of nonlinear changes with

respect to observed changes.

cC. Previous Studies

Convective systems are of major concern to meteorologists since
these systems are largely responsible for many severe weather occur-
rences (Ninomyia, 1971). A limiting factor in the understanding
of these sub-synoptic systems is the 12-h spacing of upper air rawin-

sonde soundings.
As mentioned above, because of the type of data available, methods

are employed by meteorologists to approximate the structure of the
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atmosphere for times within the 12-h period between soundings. Horn
et al. (1976) used a linear time interpolation between bracketing raobs
to compare geostrophic winds derived from satellites to those obtained
from radiosonde data. Moyer et al. (1978) found such a technique to
be justified since results demonstrated that weighted means of raobs
better approximated satellite profiles than did either of the bracket-
ing raob profiles. However, it is obvious that major weather changes
take place over short intervals and that such changes often behave in
a nonlinear fashion. This study will focus on the information content
essentially lost by assuming that synoptic variables change linearly
through a 12-h period, and on the nonlinear variability of these
variables in relation to synoptic features and weather.

Several studies have shown that the conventional 12-h upper-air
network is inadequate to describe convective processes whose life
cycles are much shorter than 12 h. House (1960) demonstrated that the
12-h spacing between rawinsonde observations could not detect the
processes relevant to the production, propagation, and dissipation of
atmospheric phenomena associated with squall 1ines. Such processes
could be more accurately defined through the use of 6-h measurements.
Deficiencies in observed data in thunderstorm areas also were pointed
out by Fujita and Brown (1960). Fankhauser (1969) identified meso-
scale systems moving through the National Severe Storms Laboratory
(NSSL) network and concluded that atmospheric structure in areas of
thunderstorms could be resolved from rawinsonde data measured over
1.5-h intervals.

Many sub-synoptic systems important in the development of severe
weather are related to rapid temporal changes in the observed struc-
ture of the atmosphere. Using data collected at 90-min intervals,
Kreitzberg and Brown (1970) studied mesoscale circulation in a
continental occlusion. They showed that variability in the atmosphere
is closely related to mesoscale features within the large-scale system.

Wilson and Scoggins (1976) measured the variability of some basic
synoptic variables by computing cumulative frequency distributions of
changes in these variables for intervals of 3, 6, 9, and 12 h. They



found that 30 to 60% of a total change observed over a 12-h period
occurred within a 3-h interval, and that 3-h data could more accurately
identify rapid temporal changes in atmospheric structure. Direct
measurement of this variability is lost between 12-h synoptic rawin-
sonde runs. The magnitudes of some 3-h changes even exceeded those of
12-h changes representing extreme variability of the atmosphere not
measured using 12-h data. They also found that many of these changes
correlated well in space with radar-observed convection and suggested
that the presence of sub-synoptic systems caused variability of the
atmosphere over periods less than 12 h.

McCown and Scoggins (1977) computed gradient fields of geopoten-
tial height, temperature, wind speed, and mixing ratio, and applied
statistical methods to determine changes in gradient patterns as-
sociated with cumulus convection. Large variations in these patterns
were found to occur over 3-h periods, possibly in relation to sub-
synoptic scale disturbances. The largest gradients occurred along
frontal zones and in areas of convective activity, indicating rapid
changes in synoptic variabies over short time periods in these
regions. Similar results had been reported by Miller (1969). Reap
and Alaka (1969) found severe storm activity along lines of maximum
dew point gradients.

Large variations in the kinematic structure of the atmosphere are
important in describing atmospheric processes which release instability
necessary for the development of thunderstorms. Overall and Scoggins
(1975) emphasized the importance of 3-h measurements in detecting
changes in vertical motions. The rate of change of vertical motion
was found to be as large as 8 cm sV h™! from data taken at 3-h inter-
vals, while 12-h observations displayed a maximum rate of change of
only 2 cm L
and were related to short wave systems moving through the network.
Read and Scoggins (1977) indicated the presence of significant changes
in terms of the vorticity equation and in stability parameters over
3-h intervals in response to short wave development. Changes also

The greatest changes occurred along frontal zones

were observed prior to convective activity. Results indicated that
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important development of circulation systems and instability occur on
a time scale much less than 12 h, and that kinematic processes are
important in the release of instability in the form of thunderstorms.
Many of these processes could not be described accurately with the
use of 12-h data.



2. DATA

a. Soundings’

The data for this research consisted of upper air soundings taken
during the fourth Atmospheric Variability Experiment (AVE IV) which was
conducted by the National Aeronautics and Space Administration (NASA).
Soundings were taken at forty-two upper air stations over the central
and eastern portions of the United States (Fig. 1)* at the following
nine times: 0000, 0600, 1200, 1500, 1800, and 2100 GMT on 24 April,
and 0000, 0600, and 1200 GMT on 25 April,

To supplement the rawinsonde data, surface data were obtained from
the National Climatic Center. Locations of the surface stations used
within the AVE IV area are shown in Fig. 2.

The data reduction procedure used in processing the AVE IV data
was designed to obtain the highest possible accuracy for the rawinsonde
soundings. Winds were calculated at 30-s intervals and thermodynamic
readings were taken at each pressure contact. Estimates of the RMS
errors of the thermodynamic quantities and RMS vector errors in wind
speed are presented in Table 1 (Fuelberg, 1974).

A11 raw data for the AVE IV experiment were keypunched and checked
carefully for errors by computer before soundings were calculated. The
soundings were then rechecked and corrections made as necessary.

b. Manually Digitized Radar (MDR)

In order to determine accurately the Tocation and intensity of
radar-observed convection during AVE IV, Manually Digitized Radar (MDR)
data were obtained from the Techniques Development Laboratory of the
National Oceanic and Atmospheric Administration (NOAA). The MDR grid
network is shown in Fig. 3. Each MDR block is approximately 83 km
on a side.

The MDR values, which are coded with a single digit from 1 to 9,
represent areal coverage and echo intensity within each block. Three-

*Station names are given in Appendix I.
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Table 1. RMS errors in the rawinsonde data (after Fuelberg, 1974).

a. Thermodynamic

Quantity, variable Approximate RMS error
Temperature 1°C
Pressure 1.3 mb from surface to 400 mb;

1.1 mb from 400 to 100 mb
Humidity 10 percent
Pressure Altitude 10 gpm at 500 mb;

20 gpm at 300 mb;
50 gpm at 50 mb

b. Wind

Elevation Angle Elevation

Level 40° 20° 4Q° 20°
RMS Direction Error RMS Speed Error

700 mb 1.8° 3.8° 0.5 ms” ' 1.0 ms™]
500 mb 2.5° 5.6° 0.8 ms”| 2.0 ms_]
300 mb 3.1° 7.5° 1.0ms™} 3.8 ms”)
100 mb 6.2° 15.0° 2.0ms”" 5.7 ms”!
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hour composites of radar data centered on the rawinsonde observation
times were prepared. The maximum observed MDR value in each block over
the 3-h period was used. Table 2 provides a more detailed description
of the MDR codes (Foster and Reap, 1973).
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Table 2. Description of Manually Digitized Radar (MDR) Code
(After Foster and Reap, 1973)
Max imum Coverage Maximum Intensity
Code No. Observed In Box Rainfall Category
VIP! Values Rate (in./hr.)
0 No Echoes
1 1 Any VIP 1 >.1 Weak
2 2 £50% of VIP 2 1- .5 Moderate
3 2 >50% of VIP 2 .5-1.0 Moderate
4 3 s50% of VIP 3 1.0-2.0 Strong
5 3 >50% of VIP 3 1.0-2.0 Strong
6 4 s50% of VIP 3 and 4 1.0-2.0 Very Strong
7 4 >50% of VIP 3 and 4 1.0-2.0 Very Strong
8 5o0oré6 <50% of VIP 3,4,5, >2.0 Intense or
and 6 Extreme
9 50r b6 >50% of VIP 3,4,5, >2.0 Intense or
and 6 Extreme

]Video Integrator Processor

11



3. SYNOPTIC CONDITIONS

Analysis of the surface, 850-, 700-, 500-, and 300-mb synoptic
charts for 1200 GMT on 24 April 1975 through 0000 GMT on April 25
appear in Figs. 4 through 8 inclusive. Frontal positions are presented
on the surface charts.

The weather situation in AVE IV was characterized by a mass of
cold polar air moving slowly across the northern United States and a
large surge of warm moist air flowing over the eastern states from
the Gulf of Mexico. The contrasting air masses were separated by a
quasi-stationary polar front that extended from a cyclone located over
northern Michigan at the beginning of the experiment to a secondary
cyclone over Kansas and from there southwestward into Texas. A warm
front stretched from the Tow in Michigan eastward to the mid-Atlantic
coast. The primary cyclone moved northeastward to the Gulf of St.
Lawrence during the experiment, while the secondary low moved eastward
to Kentucky.

The middle and upper tropospheric flow pattern was basically zonal
throughout the experiment. Two short waves moved through the zonal
flow which generated severe weather in the form of two squall Tines.

At 1200 GMT on April 25 moderately strong thunderstorms formed in
the Ohio Valley in conjunction with the first short wave and the slight
southeastward movement of the cold front. At 1800 GMT, these thunder-
storms began to intensify rapidly and by 2100 GMT a strong Tine with
tops to 15 km had formed from central Tennessee to West Virginia.
These storms dissipated rapidly within the following 3-h period.

The second area of thunderstorms observed at 0000 GMT on 24 April
was associated with the surface cyclone in Kansas and a warm front
stretching from the low into northern Missouri. Activity decreased in
intensity between 1200 and 1500 GMT due to an upper-level ridge and
moved slightly to the southeast. At 2100 GMT the cyclone began in-
tensifying with the eastward movement of another short wave, and a
squall Tline developed by 0000 GMT on 25 April that stretched from
central Oklahoma into southwest Missouri with tops over 18 km. This

12




Surface

Fig. 4. Synoptic charts for 1200 GMT, 24 April 1975.
(after Fucik and Turner, 1975).
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500 mb
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300 mb
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Surface

Synoptic charts for 1500 GMT, 24 April 1975.

Fig. 5.
(after Fucik and Turner, 1975).
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Fig. 6.

Surface

Synoptic charts for 1800 GMT, 24 April 1975.

(after Fucik and Turner, 1975).
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Synoptic charts for 2100
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Fig. 8. Synoptic charts for 0000 GMT, 25 April 1975.
(after Fucik and Turner, 1975).
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line of thunderstorms intensified rapidly during the next 6-h period
and produced severe convective activity in the form of large hail,
damaging winds, and tornadoes.

By the end of the AVE IV experiment at 1200 GMT on April 25, this
squall 1ine was moving through the southeastern portion of the United
States. A trough was developing in the upper-level flow over the
northern plains and polar air was replacing the maritime tropical

. .
- e
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4.  DATA ANALYSIS

a. Gridding of Data

An objective analysis scheme developed by Barnes (1964) was used
to interpolate the rawinsonde {every25 mb) and surface data to an
18x18 grid which is shown in Fig. 9. The Barnes' Technique is based
upon the assumption that atmospheric variables may be represented as
a sum of an infinite series of waves. Values of a variable are
interpolated to grid points forming a first guess field, and successive
corrections are then applied to the gridded field on following itera-
tions. A grid spacing of approximately 158 km was used. This spacing
is believed to provide the best horizontal resolution possible from
randomly spaced rawinsonde stations (Barr et al., 1971).

A radius of influence of three grid distances from each rawinsonde
station was employed to ensure adequate data for interpolation to grid
points and to include major sub-synoptic features. A scan radius of
only two grid distances was used for surface data due to the closer
station spacing. Four iterations were performed on the gridded data
and the resulting fields were smoothed by a process suggested by
Shuman (1957) to further remove unresolvable features from the gridded
fields.

b. Definition of Differences and the Nonlinear Coefficient

A 12-h time period from 1200 GMT on 24 April to 0000 GMT on 25
April 1975 was selected within which sounding data were available
every 3 h. Values of selected variables were obtained from these
sounding data for each grid point at 50-mb intervals from 900 (Towest
level not intersecting ground) to 100 mb. The 12-h change for each
variable was calculated by a forward time difference. This change
was then linearly interpolated over 3-, 6-, and 9-h intervals to obtain
interpolated values of the variables at each 3-h interval. Differences
between measured and interpolated quantities were then computed by the
relation:
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Fig. 9. Grid used for numerical computations.

AX' = Xy - [%f (x]2 - xo) + xo] (1)

where x, is the measured value of the variable at time t (3, 6, or 9h),
X192 is the value of the variable at the end of the 12-h interval, and
Xg is the value at the initial time.

The computed differences between measured and interpolated values
represent the amount of change in a variable over a time interval, at,
that is not accounted for by a linear change. ax', then, can be
interpreted as a nonlinear change in the variable, x, over a time
interval.
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In order to determine the significance of these n Y

over 3-, 6-, and 9-h intervals within the 12-h period between regul

synoptic observations, a coefficient of nonlinearity is defined as:
- Ax!

C=+-—-—x100 (2)
AxM

where AxM is the measured change in a variable over a time interval of
3, 6, or 9.h, and Ax' is the nonlinear change or the difference between
the measured change and linear change,AxB over the identical time
intervals. Al1 variables are shown graphically in Fig. 10. Substi-
tution of Eq. (1) into Eq. (2) yields:

t
X; = Xq - [15 (X7, = xn)]
C -t 0 12 ‘X112 0 < 100

1z (a2 = %)
Xt ™ %o

]
~
—
1
—d

100. (3)

Since the initial and final values at each point are constant
throughout the interpolation period, Eq. (3) can be expressed in the
form:

t K t K3

_ 1 )
c=101- e ] x 100 = [1 - xt_Kz] x 100 (4)

where K] = (x]2-x0), K2=x0, and K3=K]/12. The nonlinear coefficient,
then, is a function of the time interval (3, 6, or 9 h) and the ob-
served value of the variable at time t. The coefficient of nonline-
arity represents the percentage of a change in a variable over a time
interval that is not accounted for by a linear interpolation.
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12h

Fig. 10. Schematic diagram showing measured (AxM), Tinear (AxL), and
nonlinear (ax') changes of a variable over a time interval

(at) within the 12-h interval between rawinsonde soundings.

c. Varijables Considered and Methods of Computation

Both measured and calculated variables are considered in this
research. The derived variables are kinematic and stability-related.

1) Basic variables

Basic variables include temperature, mixing ratio, geopotential
height, wind speed and direction, and the u and v wind components.
Values of these variables were obtained from sounding data.
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2) Kinematic variables

Kinematic variables include horizontal wind divergence, vertical
motion, relative vorticity, and the advection of vorticity and
temperature.

The horizontal wind divergence not accounted for by linear
interpolation can be expressed as:

(V) = (V¥ - (V-V))

au v au v :
M M I I
el 3y -Gt 3y ] ()

where Uy and vy are the components of the measured vector wind, and

u, and v, are components of the interpolated wind vector. The fields

o% diveréence were computed at 50-mb intervals from 900 to 100 mb by
means of centered finite differences at each grid point. Boundary
grid points were not used.

Vertical motion is responsible for transporting moisture upward
and releasing instability necessary for convection (Endlich and
Mancuso, 1968). It is therefore one of the most important meteoro-
logical parameters.

At each sounding time vertical motion was calculated from the
average horizontal divergence within each layer by the kinematic
method. The equation used was:
o+ -V o0 (6)
where wy is the vertical velocity at the top of the kth layer, wg is
the vertical velocity at the bottom of the first layer which includes
the terrain-inducqﬂ_xerfica] motion and a contribution from surface
wind divergence, ($-V)k is the average horizontal wind divergence
within the kth 1ayer,'and Ap = 50 mb.
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The vertical motion not accounted for by linear interpolation of
the wind field is given by:

w_wM-wI

wy * z(ﬁM)k tp - [wy + z(—vtffl)k Apl (7)

where VM and VI refer to the measured and linearly interpolated veloc-
ity vectors, respectively, and w, is the vertical velocity at the
bottom of the first layer. Sinc; wg is a function of terrain-induced
vertical motion and surface wind divergence, it can be evaluated for
any hour desired from available surface reports. Therefore Eq. (7)

becomes:

o' = 2[(VeVy) - (F-T))]y 2p (7a)
and since 31VM - 3’VI = (VV)' from Eq. (5)
then 3FVM - $¥Vi = (V-V)', and Eq. (7a) becomes

w' = 5(VV)' (8)

where (33V)‘ is the average wind divergence through a layer that is not
accounted for by linear interpolation.

Since the accuracy of rawinsonde data usually decreases with
height (Fuelberg, 1974; see Table 1), the accuracy of divergence also
decreases with altitude. In order to reduce the errors which ac-
cumulate when vertically integrating horizontal wind divergence, an
adjustment technique developed by 0'Brien (1970) was applied to the
computed vertical motion at all levels. This method involves adjusting
vertical motion at 100 mb to zero and applying a correction factor
which depends upon the pressure level. The correction factors are
given by:
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1= ' 1 k(k+]
oy = o' = (o, - wigg) K(KFTY ()

where wé is the adjusted vertical velocity for any pressure, w' is the
unadjusted vertical velocity computed from Eq. (8), miOO is the
vertical velocity at 100 mb which was set to zero, w& is the unadjusted
value at 100 mb from Eq. (8), k is the pressure level number (k=1, 2,
...K) and K is the total number of pressure levels (K=17).

Vorticity is a measure of the rotation of the wind. Researchers
have found that thunderstorms form shortly after the development of
cyclonic circulation in the troposphere, and that moderate to strong
positive vorticity advection is present during and prior to severe
weather outbreaks (Read and Scoggins, 1977).

The relative vorticity that is not accounted for by linear

interpolation of the wind field over a 12-h period is given by:

BVI BUI

gr= M L

X - By ]=£M = *EI (]0)

ax oy
where Uy and vy are the components of the measured wind vector, Ug and
vy are the components of the interpolated velocity vector, and En and
3 represent vorticity of the measured and interpolated wind,
respectively. The advection of vorticity not accounted for by linear
interpolation of the wind field is given by:

> " = .—> - - .-+

('V'VE) = ("VM VEM) ( vPI VEI)
dEy 9E 981 L
= -luy 55+ Ymgy ) Hlupgg tvp gy (1)

Analogous to Eq. 11, the equation for the advection of temperature
is: '

oT oT aT

T.ETY = M M I I
(-V'VT) = -(UM X + VM 'ay—) + (UI — t VI B_y—) (]2)

where TM and TI are the measured and interpolated temperature,
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respectively. All derivatives in Egs.(10)-(12) were computed by
centered finite differences over two grid distances.

3) Stability

Studies have shown that convectively unstable air is required for
the development of thunderstorms. In this research, stability was
determined for three layers: 900-700 mb; 700-500 mb; and 900-500
mb. The equation used is

G, = - b= - (13)

where o refers to convective instability (CI). Gridded fields of
equivalent potential temperature, (eE)M,were obtained from measured
data by the Rossby formula for pseudo-equivalent potential temperature,

namely:
6 = 6y €xp [C_lﬁ;] : (14)

where L is the latent heat of condensation, q is the mixing ratio, Cp
is the specific heat at constant pressure, and TC is the temperature
at saturation. The partial potential temperature, op> is given by:

o = T 91™/% (15)
where R is the gas constant for dry air, p is the pressure, and e is
the vapor pressure. Interpolated values of equivalent potential
temperature were computed from interpolated quantities of the basic
variables. '

Measured and interpolated values of CI were evaluated by finite
differences from grid point values of (eE)M and (eE)I, respectively,
with ap equal to the difference between the pressures at the top and
bottom of each layer. The convective instability not accounted for by
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linear interpolation is given by

gl = - [ (AE)M/Ap] - [A(GE)I/APJ . (]6)

e

4) Error analysis

The RMS errors of the basic variables obtained from rawinsonde
soundings may have a significant effect on computed differences between
observed and Tlinearly interpolated values of these variables. If
errors in the computed quantities are of the same magnitude or greater
than the differences between observed and interpolated variables,
then the specification of the differences may not be possible. When
the errors are large, the differences may be due entirely to error in
the basic data instead of the nonlinearity of synoptic variables.

An error analysis was performed for observed and interpolated
variables and their differences to determine the magnitude of the
errors. A technique presented by Young (1962) was used and is given
as follows. If a quantity, Q, is calculated from observed gquantities
a and b (Q = f(a,b)), the error in Q resulting from errors in a and b
is given by:

oq = [ o) + (&L op)%1'2 (17)
where °Q* Ya’ and op, are the standard deviations of Q, a, and b,
respectively.

Errors in wind for an elevation angle of 20°, and errors for
temperature, moisture, and pressure were obtained from Fuelberg (1974).
The errors in the basic variables were then used in Eq. (17) to compute
the errors for derived variables such as kinematic parameters.

Errors for interpolated values of the basic variables and
differences between observed and interpolated quantities were computed
by applying Eq. (17) to Eq. (1). The terms within brackets in Eq. (1)
represent the linearly interpolated quantity of the variables.
Therefore,
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_t _t t
Qr = 77 (X2 = Xg) + Xg = 77 %12 *+ %(1 - 72).

If we let a = Xg and b = X195 then from Eq. (17)

3Q 2 8 24 1/2
[ ]
%12

[e) — 0 - g
QI axo Xg BX]Z
which becomes
t \2 2 t \2 211/2
on = [0 - )" o, = + () ]
QI 12 Xg 12 X152
Since oQ =g =g,
o %2 X
we have =[(1-%+ EE) 29172 (17a)
0O_I 6 72/ %% GxI' a

The error in the interpolated parameters resulting from errors in the
original data is a function of the time interval within the 12-h period.
Substituting for t = 3, 6, and 9 h into Eq. (17a) yields:

o, =[0.625 ¢c.212  for t =13
XI X
o, ° [0.5 o, 21'/? for t = 6 h
and o, =[0.625 0.2172  fort=9n.
XI X
Applying the same technique to Eq. (1) yields:
oxl = [1.625 0X2]1/2 fort=3h
o ' = [1.5 ¢ 21'/2 for t = 6 h
and o ' = [1.625 0X2]1/2 for t = 9 h.
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In order to determine errors in differences between parameters
computed from observed and interpolated values of the basic variables,
Eq. (17) was applied to the equations listed in previous sections using
errors for the original data (Fuelberg, 1974), and errors for interpo-
lated quantities of the basic variables that were obtained from Eq.
(17a). Results are presented in Table 3.

Table 3 shows that the magnitudes of errors for interpolated
quantities and for differences between observed and linearly
interpolated quantities were time dependent. The smallest amount of
error was introduced at the mid-point of the 12-h interpolation period
with larger errors at 3 and 9 h. Errors for linearly interpolated
values were less then standard deviations of the original data while
errors for the differences were greater than standard deviations of
the original data.

Errors in mixing ratio and potential temperature decreased with
altitude. This can be expected since moisture content generally de-
creases with height and is often negligible above 500 mb. Errors in
all kinematic parameters increased with altitude since increasing error
was introduced in rawinsonde measurements of wind in the upper levels
of the atmosphere.

The error analysis performed in this study did not account for
smoothing effects of data reduction and the objective analysis method,
and therefore the errors presented in Table 3 are approximate errors
for the analyzed variables. Little is known about the effects of
these techniques in smoothing out or introducing error. However,
Vincent and Chang (1975) introduced random errors in rawinsonde data
used to compute energy budgets for tropical and extratropical cyclones
and found that maximum errors after smoothing by analysis were less
than. or equal to standard deviations computed in Eq. (17). This im-
plies that smoothing introduced in analysis techniques tends to reduce
the effect of errors.
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Table 3. Estimated RMS errors for observed, interpolated, and corresponding differences for synoptic variables.,

[} (6] g
X Xp x'
Variable Pressure (mb) 3h 6h oh 3h 6h 9h
Temperature (°C) .3 .24 .21 .24 .38 .36 .38
Geopotential Height (gpm) 500 10.0 8.0 7.2 8.0 12,7 12,2 12,7
300 20.0 |1s.8 14.1 15.8 25.5 24.5 25.5
Mixing Ratio (g kg 1) 850 .69 .55 .49 .55 .88 .84 .88
700 .40 .32 .28 .32 .51 .49 .51
500 .15 .12 1 12 .19 18 .19
Wind speed (m sec ) 850 .8 .62 .56 .62 1.02 .98 - 1.02
700 1.5 1.19 1.06 1.19 1.9 1.84 1.9
500 2.5 2,0 1.8 2.0 3.2 3.1 3.2
300 4.5 3.6 3.2 3.6 5.7 5.5 5.7
100 6.0 4.7 4.3 4.7 7.6 7.3 7.6 o
Divergence (10> sec }) 850 .5 .4 .35 .4 .63 .60 .63
700 1.0 .8 .7 . B 1.3 1.2 1.3
500 1.5 1.2 1.1 1.2 1.9 1.8 1.9
300 2.2 1.7 1.6 1.7 2.8 2.7 2.8
Vertical Motion (ub sec ) 850 .4 .32 .28 .32 .5 .48 .5
700 1.5 1.2 1.1 1.2 1.8 1.7 1.8
500 4.0 3.2 2.8 3.2 4.9 4,7 4.9
300 7.0 5.5 5.0 5.5 8.8 8.5 8.8
Vorticity (1077 sec”}) 850 .5 .4 .35 .4 .63 .60 .63
700 1.0 .8 .7 .8 1.3 1.2 1.3
500 1.5 1.2 1.1 1.2 1.9 1.8 1.9
300 2.2 1.7 1.6 1.7 2.8 2.7 2.8
Advection o_i_’ Vorticity 850 4.0 3.0 2.5 3.0 4.5 4.4 4.5
(10710 gec™%) 700 9.0 7.0 6.5 7.0 11.5 11.0 11.5
500 16.0 | 13.0 11.5 13.0 19.0 18.5 19.0
300 22.0 | 17.5 15.5 17.5 25.0 24.5 25.0
Advection of Temperature 850 | 1.9 1.5 1.3 1.5 | 2.4 2.3 2.4
(1075 °c sec™l) 500 ' 4.5 3.6 3,2 4.5 5.7 5.5 5.7
1
Equivalent Potential 850 1.2 | 1.0 .9 1.0 1.5 1.4 1.5
Temperature (°C) 700 o7 .6 .5 .6 .9 .8 .9
500 .5 .4 .3 .4 .6 .6 .6
Convective Insgability 900-700 9.2 | 7.3 6.5 7.3 | 1.4 110 11.4
(1073 °Ccmb ) 700-500 4.3 | 3.4 3.0 3.4 5.4 5.2 5.4
900-500 | 3.9 | 3. 2.8 3.1 | 4.9 4.8 4.9




d. Statistical Analysis of Differences

Several statistical techniques were employed in analyzing the
data. The mean, standard deviation, and extremes for differences
computed 3, 6, and 9 h after the initial time of the 12-h interpolation
period were calculated for all variables at each pressure level. Mean
values were used as measures of central tendency while standard
deviations indicated dispersion or variation from the mean. Results
were tabulated to determine pressure levels where these statistical
parameters were largest and to examine how the parameters changed in
time. '

A correlation analysis was employed at each time mentioned above
to establish relationships between fields of differences at each
pressure level with those at 850 mb. This level was chosen as the
reference since most centers of differences were well defined at that
level. Linear correlation coefficients were computed as follows:

N — —
"= ng(g; AR WECTRECAAEOMILICRS (18)

where xij refers to grid point values of a variable at 850 mb, x is the
mean value of the BEp»mb field, yij refers to grid point values at the
pressure level, k, y is the mean value of the kth pressure-level field,
Oy and o, refer to the standard deviations of the 850-mb and kth Tevel
difference fields, respectively, and N is the total number of grid
points considered. Results were tabulated to determine how r changed
with altitude and time. Boundary grid points were not used in comput-

ing the correlation coefficients.

e. The Vertical Structure, Temporal, and Spatial Continuity of

Differences

Gridded fields of differences between measured and interpolated
quantities of the variables were analyzed objectively at 50-mb inter-
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vals from 900 to 100 mb for 3-, 6-, and 9-h intervals within the 12-h
period between regular rawinsonde observations.

The vertical structure of differences was examined by correlating
fields of differences as explained above. Individual centers of
systems of differences were also examined to establish vertical and
temporal continuity. This was approached by plotting the position of
each center at selected pressure levels onto a separate chart. This
analysis was employed to determine to what extent the centers sloped
with altitude. Plots were constructed at 3-h intervals to determine
how the vertical structure of these systems.changed with time. The
magnitudes of centers at each level and time were tabulated to show
levels where differences were largest, to indicate the degree of
continuity with height, and to determine time continuity of the
centers.

f. Relationships of Differences to Synoptic Features and Weather

Relationships between the computed differences and synoptic
conditions were determined by utilizing constant pressure charts and
various cross sections. Surface synoptic features, such as cyclones
and fronts, as well as areas of intense convection were superimposed
upon charts of the nonlinear components of the varjables. Selected
vertical cross sections were used along with constant pressure charts
to show a three-dimensional view of the atmospheric structure. Time
cross sections were used to examine changes in magnitude of the dif-
ferences between measured and interpolated quantities that were as-
sociated with changing synoptic conditions.

Direct comparisons of the computed differences to radar-observed
convection were determined by use of MDR data. Averages of the dif-
ferences were calculated at each level, corresponding to each MDR
category previously described. Results were presented in vertical
profiles for convective verses non-convective areas.
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5.  RESULTS

a. Relation of Differences to Synoptic Features

Fields of differences between measured values of synoptic
variables and values of like variables interpolated linearly over
3-, 6-, and 9-h intervals within the 12-h period between regular
rawinsonde observations were computed and analyzed objectively.
Negative differences indicated that an interpolated value of a variable
was greater than the observed rawinsonde value, while positive dif-
ferences meant that a value obtained by linear interpolation was
less than the observed value. These differences were also an indi-
cation of the amount of change in the variable over the time interval
that was not accounted for by a linear change. Analysis of the fields
of differences or nonlinear changes showed these differences to form
centers that were systematic in time and space. Many of the centers
correlated well in space with synoptic features, such as frontal
zones, areas of low and high pressure, and upper-level troughs and
ridges, as well as areas of radar-observed convection.

Differences between measured and linearly interpolated values of
temperature computed over 3-, 6-, and 9-h intervals within the 12-h
interpolation period for the 850-mb Tevel are shown in Fig. 11. Radar-
observed convection (MDR z 4) and surface synoptic features are super-
imposed. Selected centers of differences are labelled for future
reference. -

Centers of temperature differences (nonlinear changes) were
Tocated along and behind the quasi-stationary front and in areasoof
strong convection. Negative differences were found mainly in the cold
air behind the front, while positive differences dominated in the warm
air over the eastern United States, which was free of cloudiness.
Positive differences were also found behind the stationary front in
Texas. Center C, located in the cold air, was negative at all levels,
while center D in the warm air was positive up to the tropopause.
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Fig. 11. (Continued)

The negative centers of temperature differences found along and
ahead of the front were associated with regions of light showers and
strong convection, respectively. Center A (Fig. 11) correlated well
in space with a thermal trough located over Indiana and Illinois at
the 850- and 700-mb levels throughout most of the interpolation period.

In the upper layers, above 500 mb, a "warm pocket" was established
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slightly east of this area, and the center changed sign and sloped

in that direction (Figs. 5-7). Center B (Fig. 11) was located in an
area of strong, but dissipating. convective activity 3 h after the
initial time of the interpolation period, and moved eastward behind a
developing squall line in central Tennessee after 6 h. Negative dif-
ferences in the lower levels in areas of strong convection may have
been the result of sudden temperature decreases from downdrafts of
thunderstorms that were not represented by interpolation. Differ-
ences behind the areas of convection may have been due to evaporative
cooling or loss of insplation due to cloud cover. Above 800 mb, the
center sloped westward over a region of subsidence and warm air
advection, and changed in sign. Positive differences may be attributed
to increases in temperature which were unaccounted for by a linear
change, due to adiabatic warming or advection.

Analysis of Fig. 11 shows that these centers of nonlinear changes
were continuous in time. Values of differences associated with each
center are presented in Table 4 for selected pressure levels. Each
center is labelled as it appears in Fig. 11. Table 4 shows that these
centers were continuous in the vertical as well as time. Maximum
values associated with center C could not be distinguished above 500
mb due to its proximity to the edge of the grid. Vertical structure
of these centers are discussed in more detail in Section 5b.

Table 4 also indicates that overall, 3-h nonlinear changes of

temperature were greatest in the lower layers of the atmosphere, while
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Table 4. Values of temperature differences (°C) for 3-, 6-, and 9-h
intervals within the 12-h interpolation period at selected pressure
Tevels for centers in Fig. 11.

Center Pressure (mb) 3h 6 h 9 h
A 850 -2.3 -2.1 - .5
700 -2.2 -1.4 - .6
500 2.3 3.9 3.5
300 2.4 2.6 2.0
100 1.6 3.8 1.5
B 850 -3.3 -2.7 -2.0
700 : 1.4 2.6 3.0
500 .6 1.5 1.3
300 1.2 1.3 .7
100 1.2 2.4 1.1
C 850 -6.5 -4.0 -1.8
700 -1.8 -1.8 -1.2
500 -1.0 -1.0 - .5
D 850 1.2 1.0 1.5
700 1.8 1.6 1.5
500 1.5 1.7 1.3
300 .7 .8 6
100 -1.4 -1.8 - .5

6-h changes were largest in the middle and upper layers. The relative
contribution of these nonlinear changes over time intervals of 3, 6,
and 9 h to observed changes over the same intervals are discussed in
Section 5f.

Differences between measured and interpolated values of mixing
ratio for each time interval are presented for the 850-mb surface in
Fig. 12. Well-defined centers of maximum differences were located
behind and along the polar front, along the Gulf Coast, and in areas
of strong convection.
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Fig. 12. (Continued)

Largest differences were found in regions behind the front.
Positive values associated with centers B and C indicated that the air
behind the front contained more moisture than indicated by Tinear
interpolation, while the large negative center in Texas (D) suggested
the air behind the stationary front to be much drier than indicated
by interpolation. In areas of strong convection, differences were
negative in the lower layers of the atmosphere and positive above
700 mb. This may have been the result of strong Tow-level convergence
and upward motion transporting moisture aloft in these areas, causing
losses of moisture in lower layers and increases aloft. Since these
processes can occur over time scales much less than 12 h, these rapid
changes in moisture content could not be identified by linear
interpolation over a 12-h period.
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Values of differences associated with each center in Fig. 12 are
presented in Table 5. Overall, centers are best defined at the 850-mb

level and decrease in magnitude with altitude. Three-hour nonlinear
changes were largest for most centers at the 850-mb Tevel. Changes
were more variable with time at most other levels. However, centers
were continuous both temporally and vertically as shown by Fig. 12
and Table 5.

Table 5. Values of mixing ratio differences (g kg ]) for 3-, 6-,
and 9-h intervals within the 12-h interpolation period at se]ected
pressure levels for centers in Fig. 12.

Center Pressure (mb) 3h 6 h 9 h
A 850 -2.3 -3.1 -2.1
700 -2.6 -4.1 -4.6
500 1.0 - .8 - .6
B 850 5.8 5.4 3.3
700 .8 2.5 2.4
500 - .7 - .7 - .9
C 850 6.7 4.9 1.8
700 - .8 - .7 - .8
D 850 -7.3 -4.2 -2.2
700 -1.3 -1.6 -1.0
E 850 -2.4 -1.1 - .6
700 -1.3 -1.2 -4.6
500 i 1.9 1.7
F 850 1.8 3.2 3.5
700 1.3 1.5 1.7
500 1.2 1.2 9
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Differences between measured and linearly interpolated values of
geo