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FOREWORD

This is one of a series of Technical Notes reporting data on air-

craft penetrations in convective clouds, ranging from cumulus congestus

to thunderstorms, in northeastern Colorado and adjacent portions of

Wyoming and Nebraska. The June and July 1976 field season of the

National Hail Research Experiment is the setting of the first si:t to

ten of these Notes. The series may be extended later to the 1974, 1975

and 1978 seasons. All of the cases involve aircraft data, including

vertical velocity, state parameters and cloud physical data, obtained

in coordination with detailed S-band radar scans, normally taken with

about two minute time resolution.

Some of these cases will be the subject matter of formal publica-

tions, in which case the Tech Note will supplement the publication by

providing a more extensive presentation of data. Other cases will be

presented as complete sets of data only in the Tech Notes, but usually

some portions of the data will be included in publications on general

properties of convective clouds over the high plains.

These Tech Notes will always have the following components: a

brief synoptic setting, a representative sounding, a brief, general

radar reflectivity history, a more detailed radar history of the cloud

or storm investigated with the aircraft tracks superimposed, a presen-

tation of the aircraft data, and a discussion. The presentation will

not be truly complete either as regards radar data or cloud droplet or

precipitation particle size spectra, because these data are too volumi-

nous. However, the general data, such as particle concentrations and
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liquid water content, will be presented along with some examples of the

more complete data and remarks on typical aspects.

The data quality is in some cases difficult to assess. There is

no absolute standard for many in-cloud measurements, even of tempera-

ture. Trust in the listed values for liquid water content and droplet

sizes and concentrations must always be qualified to some degree. These

Technical Notes will include remarks on data quality that record the

opinions of those closest to taking the data, and the reasons for the

opinions. Work on the data reliability will be continuing, however,

and because of this, some of these opinions may change. Any such

changes will be recorded in the Tech Note series, along with reference

to previous notes in which changes should be made.

The penetrating aircraft for the 1976 season were the NCAR/NOAA

sailplane, the University of Wyoming Queen Air, and the South Dakota

School of Mines and Technology armored T-28.

This series of Tech Notes is intended to provide a lasting record

of cloud data in the high plains area that may be of use in unforesee-

able ways in future atmospheric studies. The data were gathered as

part of the National Hail Research Experiment, managed by the National

Center for Atmospheric Research and sponsored by the Weather Modifica-

tion Program, Research Applications Directorate, National Science

Foundation.

Charles A. Knight
June 1978
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ABSTRACT

The NCAR/NOAA sailplane and NCAR 306D Queen Air made a coordinated

study of a well-developed storm from about 1420 to 1505. The sailplane,

penetrating the storm at 5.5 - 9.0 km MSL, encountered two discrete

cells with updraft maxima of 15 and 24 m sec- 1 and liquid water contents

exceeding 3 gm- 3. Maximum ice particle concentrations (particles ' 50

pm diameter) were %2 1-l in the first cell which was sampled at the

5.5 - 6.5 km level (-5 to -11°C), while they reached %200 1-l in the

second cell, sampled at the 6.5 - 9.0 km level (-11 to -27°C). The data

suggest that the precipitation process was well-developed during the

sailplane penetration of the two cells, which took place 15-35 minutes

past the initial formation of the -5 dBZ reflectivity level.

The NCAR Queen Air sampled conditions below cloud base which was

measured at 3860 m. Precipitation was present, and little evidence of

strong updrafts or storm inflow was detected in the area investigated

by 306D. New growth developed on the south-southwest flank of the

storm just prior to the conclusion of the aircraft investigation of the

west-northwest area of the storm. This new growth apparently enhanced

the storm's organization as it propagated southward at %8 m sec
- .
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I. METEOROLOGICAL SYNOPSIS

The broad mesoscale surface conditions at 1200 MDT are shown in

Fig. 1, which is the surface map analyzed for the 22 July 1976 mature

storms case study (see Wade and Foote, 1978). A cool Pacific airmass

with north-northwesterly winds had moved into northern Wyoming while a

weak low pressure center in Illinois was associated with a stationary

front positioned through western Kansas and into New Mexico. Although

the dew point temperatures show a typical summer moisture gradient across

the Great Plains, the southeasterlies affecting the NHRE area were rela-

tively weak on this day. The characteristic dry airmass in the lee of

the Rockies extended eastward near Grover and probably played a role in

the initiation of convection.

The morning analysis of the 500 mb surface (Fig. 2) shows the NHRE

area under a broad high pressure ridge with a thermal trough advecting

eastward through Colorado. This trough was associated with a short wave

traveling across southern Canada, and resulted in the surface cold front

in Wyoming. The NHRE soundings reflect the passage of the thermal

trough through northeast Colorado during the day.

The most representative sounding of the thermal structure in which

the first echo storm developed is the 1303 release from Grover (Fig. 3;

e profile is in the insert). There was a 1454 sounding at Grover whose

wind profile is included in Fig. 3, but its boundary layer conditions

and moisture profile were not consistent with other observations. The

storm investigated during the first echo phase passed directly over the

western quarter of the mesonetwork, and the closest stations to the
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Fig. 1. Regional surface map for 1200 MDT on 22 July 1976 showing the
synoptic scale conditions shortly before the initiation of convection
in northeastern CoZorado. Area of investigation is shaded. Temperature,
dewpoint, wind speed and direction are plotted at each station.
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22 JULY 1976 500mb Analysis 0600 MDT
20 m/sec --

---- Temp (°C)
Height (xlOm)

Fig. 2. 500 mb map of the western half of the U.S. for 0600 MDT on
22 July 1976 showing the early morning mid-level synoptic conditions.
Solid lines are geopotential height contours (x lOm) every 30 m;
dashed lines are isotherms (°C) every 20 C; and wind vectors are
plotted around the investigated area (shaded).
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Fig. 3. Thermodynamic diagrna showing the vertical distribution of
temperature and dewpoint from Grover 1303 sounding. Selected dry and
moist adiabats and mixing ratio have been plotted as dashed lines and
labeled. Winds from the Grover 1303 and 1454 soundings are plotted
every kilometer; full barb is 10 m s-1 . Insert in the upper left shows
9e vs. pressure for this sounding.
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developing cell had mean peak values of 0 and mixing ratio of %344°K
e

and %9.0 g kg- 1 respectively during the time period 1300-1500. These

values are similar to those of the sounding and at cloud base as deter-

mined by the NCAR Queen Air 306D, whose data are presented later. For

further comparison, later soundings are presented in the mature storms

case study. All of the soundings show relatively weak winds and wind

shear aloft, with fairly strong instability in the mid- and lower

levels.
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II. RADAR HISTORY

Three major storm complexes affected the NHRE area on this day.

The storm which the sailplane investigated developed near the southwest

corner of the dense precipitation network (X25 km east of Grover)

around 1400. Another storm developed near the eastern boundary of the

dense network around 1500 and was investigated in detail by aircraft

and radar. (This is the subject of the mature storms case study,) A

third storm grew and intensified near Potter, Nebraska at about the

same time as the storm studied for the mature storms case.

The system sampled by the sailplane developed in a rather random

fashion, which is typical of the initiation of airmass storms. Figure

4a shows the initial echo area about 15 km east of Grover. This "cell"

propagated eastward and joined two other cells which had formed to the

northeast and to the southwest of this earlier cell (Fig. 4b). Around

1420 another cell, located north-northwest of the initial threesome,

moved southward developing rapidly as the others began to dissipate

(Fig. 4c). By 1435 this northern cell had become the dominant compo-

nent in the storm. Convective elements with tops extending up to

412 km(2 ) continued to form and dissipate on the northwestern flank,

causing the storm to be stationary until about 1500 (Fig. 4d). It was

during this period that the sailplane made its penetrations. New

growth to the south-southwest apparently affected the direction of the

All radar data plots have the Grover radar at the origin of the

coordinate system.

2All altitudes are mean sea level unless otherwise stated.
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Fig. 4a. The 14:02:24 PPI radar scan on 60 km x 60 km map showing
reflectivity contours at 6.1° elevation angle on 22 July 1976.
Contours are at 10 dBZe intervals from 15 dBZ, and constant altitude
arcs are plotted at 2.5, 5.0 and 7.5 km. Dashed rectangle is the
boundary of the dense precipitation network. Note that ground
clutter has not been removed from these PPI plots.



-8-

(b) 22 JULY 1976 14:22:37 EL. = 6.1

-0 10 20 30 40 50 6C

Fig. 4b. Same as Fig. 4a except at 14:22:37.

(c) 22 JULY 1976 14:30:20 EL. = 6.1°
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Fig. 4c. Same as Fig. 4a except at 14:30:20.
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(d) 22 JULY 1976 14:59:50 EL. = 6.1°

Fig. 4d. Same as Fig. 4a except at 14:59:50.
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Fig. 4e. Same as Fig. 4a except at 15:36:59.
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storm's motion after 1500 as it propagated southward at %8 m sec- 1.

After 1540, azimuth angle limits of the CP-2 radar were changed to con-

centrate on the mature storms case study subject visible in the upper

right-hand corner in both Figs. 4d and 4e.
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III. SAILPLANE PENETRATION

The NCAR/NOAA sailplane made a penetration from 1430 to 1453 in a

rapidly developing area of the storm complex described in the radar

history section. Concentrating on turrets rising in the western half

of the northernmost storm cell (see Fig. 4c) as it became the dominant

storm mass (see Fig. 4d), the sailplane was preceded in its penetration

by the towplane which dropped a chaff line at 5.5-6.0 km altitude in

this region. Although the chaff did produce a significant enough radar

return to be detected at the 10-cm wavelength of the CP-2 radar, it

does not appear to interfere with the "natural" reflectivities in the

sailplane's penetration. Figure 5 shows the reflected chaff line and

the skinpaint of the towplane on a radar PPI shortly after the start of

the sailplane's penetration.

The sailplane track is superimposed on the radar PPIs of Figs.

6a-d, with an expanded area of the track in the lower left-hand corner

of the figures. The track has been corrected by 0.35 km in the

counterclockwise direction to correspond to the mean correction deter-

mined from eight different radar verifications of sailplane skinpaint.

A cell motion of 4 m sec - 1 to the east has also been accounted for, and

the resulting track accuracy is within several hundred meters of true

position. The elevation angles in the PPIs were chosen such that the

reflectivity structure in the penetrated area coincides with the sail-

plane's altitude. The sailplane's data from this time period is given

in Fig. 7. The parameters presented include altitude, temperature,

vertical airspeed, J-W liquid water content (LWC), FSSP integrated LWC,
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22 JULY 1976 14:34:42 EL. = 11.8°

-20 ' ' A I - 1 _ I I I A 1 Ip- II i *-
5 15 25 35 45

Fig, 5. Radar PPI at 14:34:42 and 11.8° elevation angle showing the
reflected chaff line and skinpaint of the towplane. Contour levels are
10 dBZe beginning at -5 dBZe. Constant altitude arcs are plotted at
5.0 km and 10.0 km. Box in upper right is southwest boundary of dense
precipitation network.
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(a) 22 JULY 1976
20 , ' - ' \' -' DBZ

^ 5'V ,' \~. 100 -5
5
15

Q5 15 25 35 45

Fig. 6a. Radar reflectivity on 40 km x 40 Xkm PPI map at 14:32:29 and
1040° elevation angle showing corrected sailplane track (heavy line)
from 1430 to 1436. A blown -zp area of the saiZplane track is in the
lower left corer. Track is marked and labeled every minute; contours
are every 10 dEZe beginning at -5 dEZe. Constant altitude arcs are at
5.0 km and 10.0 km. Box in upper right is southwest boundary of dense
precipitation network.

£~g. ~. ~d i r!£~t on· ~ ~~~~ ~ ~$-
104 lvainagl hwn corcesalan t rac (hayie

from~~~~~~~~~~~~~~~~~~ 140t 46 lw-pae ftesi\paetak si h
lower lef~~~~~~~~~~~~~~~t cre.Taki are n aee veymnt;cnor

are eve~~~~~~~~~~~~~ry 10d· einiga 5d~.Cosatliudarsret
5.0km nd 00k Bxi pe riht issutwstbunay fdes

pre~~~~~~~~~~~~cipiatin ntwrk



-14-

(b) 22 JULY 1976
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Fig. 6b. Same as Fig. 6a except PPI is at 14:36:55, and 11.8° elevation
angle, and track is from 1435 to 1440.
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(c) 22 JULY 1976 14:43:08 EL. = 14.6°
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Fig. 6c. Same as Fig. 6a except PPI is at 14:43:08, and 14.6° elevation
angle, and track is from 1439 to 1446.
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(d) 22 JULY 1976 14:47:42 EL. =17.4°

5 15 25 35

Fig. 6d. Same as Fig. 6a except PPI is at 14:47:42, and 17.40°
angle, and track is from 1445 to 1453.
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FSSP concentrations and mean droplet diameter, and indications of ice

particle images from the cloud particle camera (CPC). Although some of

the data are discussed later in more detail, general noteworthy features

are high LWC with maximum values >3 g m-3 (the saturation limit of the

J-W probe on the sailplane) and the evidence of ice particles throughout

the penetration with notable increases in concentration during the last

10 minutes. The J-W probe seems to give reliable LWC values on this

day until 41447, where the negative values and smaller variations indi-

cate that icing of the J-W strut was interfering with the measurements.

Vertical airspeed and e values (not shown) showed good correlation

with the general J-W LWC trace up to about 1447, The FSSP-integrated

LWC and the J-W LWC were in fair agreement until about 1439 when the

FSSP concentrations became consistently smaller with larger variations

and the mean diameter began to increase. These are indications of

icing and ice particle detection problems in the FSSP data.

Two other problems with sailplane instrumentation occurred on this

day and affected some of the data at the end of the penetration. Elec-

tronic noise in part of the instrumentation system caused occasional

deviations in the Hamilton Standard pressure altitude trace, particularly

after 1445. Since this dramatically affects dz/dt in the vertical air-

speed calculation, only the variometer-derived vertical airspeed (the

dashed line in Fig. 7, vertical speed plot) is plotted after 1445,

eliminating the excessively noisy plot of the Hamilton Standard derived

vertical airspeed. After 41454, the dynamic pressure instrument failed

due to icing. Data dependent on the airspeed such as the vertical

velocity calculations, the J-W LWC airspeed corrections, the operation
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of the CPC, and other parameters were essentially lost after this time.

Consequently, the sailplane's return penetration of the storm from 1455

to 1502 yielded little useful data due to this problem and other icing

problems discussed earlier.

Two different convective turrets (referred to hereafter as cells)

were sampled during the 1430-1453 penetration. Though generally obscured

at the lower elevation angles by the slant of the radar beam and by broad

areas of high reflectivity, the reflectivity contours of their tops were

discrete and more easily identified at the highest elevation angles,

enabling a semiobjective tracking of the cells through their life cycles.

In Fig. 8 the cells are identified and labelled A and B; A being the first

cell encountered by the sailplane (X1430-1442), and B being the second

(%1442-1451). The transition from sampling cell A to sampling cell B

occurred as the sailplane moved its spirals westward and the cells con-

tinued to propagate eastward. The two cells are also identifiable in

an RHI format, such as Fig. 9, which shows the echo structure at about

the time of the sailplane's transition between cells. The RHI was con-

structed from data along the Y = 8.0 km axis (8.0 km north of Grover)

and has the approximate sailplane altitude plotted on it. While the

sailplane is near this Y axis during this time period, its spiral track

deviates up to 1.0 km to either side (north and south) of it.

The time-height profile of the maximum reflectivity of cell A is

given in Fig. 10, and includes a plot of the sailplane's altitude gain.

Although the updrafts encountered from 14:30:00 to 14:41:30 were not

particularly broad or strong (X15 m sec- 1 maximum), the sailplane

climbed fairly steadily from 5.3 km to 6.6 km. The initiation and
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Fig. 8. Radar reflectivity on 40 km x 40 km PPI map at 14:41:27 and
20.2° elevation angle showing the tops of a number of turrets with the
two penetrated cells, A and B, labeled. Constant altitude arc is at
10.0 km, and box in upper right is southwest boundary of dense network.
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Fig. 9. Radar reflectivity on RHI cross-section
constructed from data collected between 14:41:54
are at 5 dBZe levels from 5 dBZe. Cells A and B

8 km north of Grover
and 14:44:00. Contours
are labeled, and the

sailplane's altitude gain is the heavy line between the two cells.
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History of Cell A22 July 1976 Mc
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Fig. 10. Time-height profile of maximum reflectivities from cell A on 22 July 1976. Contours are at 10 dBZe
intervals from -5 dBZe, and dashed lines indicate areas of no radar data. The heavy solid line is the sail-
plane's altitude as it spiraled in and near cell A.
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rapid spreading upwards of the 15 and 25 dBZ contours in Fig. 10

suggest that a strong updraft was present a little earlier and higher

than the sailplane's position. A few areas where the J-W LWC saturated

briefly (went >3 g m- 3) were encountered, but e did not approach cloud
e

base values except during the updraft at 14:32:30 where the maximum

value was 343.5 K. The three downdraft areas largely devoid of LWC as

measured by the J-W at 14:32:55, 14:35:00 and 14:36:40 were all in the

same region of the cell, south of the maximum reflectivity at the sail-

plane's altitude. This region was largely devoid of ice particles as

well. The two downdrafts with LWC minima at 14:39:30 and 14:41:10 can

also be correlated with the same general area in relation to the cell

as the earlier downdrafts. These later time periods showed the presence

of ice particles, but there were no significant changes in concentration

between up- and downdrafts. The ice particle images from the CPC during

the cell A encounter were identified as graupel and rimed ice (mostly

dendritic) with concentrations generally less than 2 l-1 early in the

penetration and up to %15 9-1 just before leaving cell A. After 14:41:30

the sailplane began to enter cell B.

The maximum reflectivity history of cell B is shown in Fig. 11 on

the same scale as Fig. 10. Below 5.0-6.0 km it was very difficult to

assign maximum reflectivity areas to individual cells, and Fig. 11

does not extend below 5.0 km. The sailplane appeared to be positioned

more favorably in altitude and time for encountering the strongest

updrafts, and indeed did sample broader and more vigorous updrafts

than in cell A. The maximum vertical velocity encountered was 24 m sec- 1

with averages >20 m sec- 1 existing up to 1.0 km along the flight path.
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22 July 1976
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History of Cell B
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Fig. 11. Same as Fig. 10 except from cell B.
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The vigor of cell B was further demonstrated in its brief penetration

of the tropopause (X13.0 km). The updraft regions were in the north-

western half of the sailplane's spirals, and usually northwest of the

maximum reflectivity as well. The value of e was >343 K in all of thee

updraft regions with maximum values of about 346 K in the peak updrafts

at 14:42:20 and 14:44:30. The J-W LWC was >3 g m -3 for lengthy periods

in these updrafts with sharp gradients corresponding to the strong

downdrafts (to 20 m sec - 1 at 14:45:15). Ice particle images were

identified as graupel, loosely rimed ice and lightly rimed dendrites.

Concentrations, which increased with time, were roughly 20-200 - 1, with

detectable short-term increases in the updrafts. By 1451 the sailplane

had left cell B and at 14:52:40 was out of the cloud to the west of the

penetrated turrets.
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IV. SUBCLOUD AIRCRAFT - 306D

The NCAR Queen Air N306D investigated the subcloud conditions of

the first echo storm from 1420 to 1508, mainly along the western and

northwestern quadrants of the storm area. Its track is plotted on CAPPI

radar presentations in Figs. 12a-f, which include cross-hatched areas

designating projections (from aloft) of the sailplane's penetration

during the time periods of the CAPPIs. The Queen Air altitude ranged

from 2.7 km to 3.5 km with an ascent to cloud base (3860 m) at %1500,

so CAPPIs at Z = 3.0 km were used throughout. The 16 skinpaint occur-

rences of 306D detected by the radar showed no consistent aircraft track

error in need of correction, and no storm motion corrections were made

to the track because of the variable nature of the storm's motion during

this time period and the large area covered by 306D. Accuracy of the

track is within approximately 1.0 km of true position. The parameters

of pressure, temperature, mixing ratio, 6, and 0 from 306D are presented

in Fig. 13 for the time period 1420-1510. Values of mixing ratio and e

must be used discriminately since the dew point (frost point) hygrometer

was apparently wetted in encounters with precipitation. Vertical air-

speed, calculated using the technique described by Kelly and Lenschow

(1978), is given in Fig. 14 for the same time period. Examination of

the data reveals the inflow and outflow areas to be ill-defined and

sporadic. No updraft area was consistently strong along the repeated

flight legs of 306D, but the later legs (Figs. 12d-f) on the west-

southwest flank had more and stronger updrafts than the earlier ones.

Also, there are indications of consistently lower e values in the
e
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(a) 22 JULY 1976 142607-142751
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Fig. 12a. Radar reflectivities on 3.0 km CAPPI presentation from data
collected between 14:26:07 and 14:27:51. Queen Air 306D track from 1420
to 1430 is plotted, marked every minute and labeled every 5 minutes.
Reflectivity contour levels are 5 dBZe beginning at 5 dBZe, and dashed
box in upper right is southwest boundary of dense network.

Z=3.0KM
20

15

10

5

0

-5

DBZ
5
10
15
20
25
30
35

-10O

-15

-20
45

. . . . I . . . . i

!

II

I

I . .iI

rrrr

r

h
J

·I

-- - - - - - - - - - - -

L̂
IA . . . . I) * . . . .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-30-

(b) 22 JULY 1976 143329-143536
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Fig. 12b. Same as Fig. 12a except CAPPI time period is 14:33:29-14:35:36
and 306D track is from 1429 to 1437. Shaded area is sailplane penetrated
area projected onto the CAPPI from aloft.

Z=3.0 KM
DBZ
5
10
15
20
25
30
35
40
45

20

15

10

5

0

-5

-10

-15

-20
35

I~k k~i

I IL I .I
40 45

- a e +- I i i i a I I I I I i I I -L. . -· "-

v I T I I Y I T I F I T T I T T
I

I

I

I

I

I

I t)"

I

I

a . I . .. . . . I I

I

I



-31-

(c) 22 JULY 197620 --- I I *
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Fig. 12c. Same as Fig. 12b except CAPPI time period is 14:39:56-14:41:51
and 306D track is from 1436 to 1444.
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(d) 22 JULY 1976 144613-144821 Z = 3.0 KM
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Fig. 12d. Same as Fig. 12b except CAPPI time period is 14:46:13-14:48:21
and 306D track is from 1443 to 1451.
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(e) 22 JULY 1976
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Fig. 12e. Same as Fig. 12a except CAPPI time period is 14:54:46-14:56:39
and 306D track is from 1450 to 1459. The X'ed line is sailplane's track
projected onto the CAPPI from aloft.
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(f) 22 JULY 1976 150314-150502
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Fig. 12f. Same as Fig. 12a except CAPPI time period is 15:03:14-15:05:02
and 306D track is from 1458 to 1508.
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22 JULY 1976 Queen Air 306D
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Fig. 13. Queen Air 306D data from 1420 to 1510 showing pressure) tem-
perature, mixing ratio, 9, and 0e. (Continued on next four pages.)
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22 JULY 1976 Queen Air 306D
PRESSURE M

I I

0 ¶r-LM-~rI I I I A 7i1 I

I T-O D Ti r'150
(LrFtWLKA I ftL '-I I I I T I T T -

-5 '_

-1 _ L I I I I I __

144 MIXING RAT O 3/KG
12 -------- I-I T I 1T-

i

8

-i_ i~ L,

j r 0;
-" .. _ _.T- . -- .--

PCTENT-1-AL TEMP K 1 450

-4
-- I I I I I I -- I ---- I-- _

_ 0 1450
1^0 ~ L1 I _ i _ * _.0i _

EOUIV POTENTIAL TEMP K

1450

Fig. 13 (continued).

600

625

650

575

700

725

14

23

15

1

5
^

4

r

1 4 :

!18

316

514

151

$50 I

i
I--

I-)

5,;_

r- I I I I I I

L I I i I - 1 I I-- - I



-38-

22 JULY 1976 Queen Air 306 D
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2 JULY 1976
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north-northeast quadrant during the later legs. These observations are

consistent with the general development of the storm at this time,

namely: 1) its transient nature during most of the flight period as

the northernmost storm cell established itself with many smaller cells

propagating eastward through the mass; 2) the later development in the

southwest quadrant, associated with the storm's propagation southward;

and 3) the dissipation area of the smaller cells mentioned above in the

northeastern section of the storm. A short encounter of an updraft

maximum of 5 m sec- 1 at 14:36:40 was the only direct low-level indica-

tion of the updrafts encountered aloft by the sailplane.

The general nature and direction of the inflow is not well-defined.

The early legs flown by 306D to the north of the developing storm showed

the wind to be northeasterly but fairly light. However, in the southern

end of the legs, the wind was easterly to southeasterly but still light,

which is what would be expected based on the surface analysis. A cursory

examination of the mesonetwork data suggests that the topography may have

been largely responsible for producing this convergence field, while

later in the period, storm dynamics probably became more important in

changing the area of development. The reflectivities presented in the

CAPPIs indicate that precipitation was fairly heavy, emphasizing the

fact that most of this investigation took place during mature stages

of the storm's life.
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V. OTHER DATA

A. MESONETWORK

Data obtained from all stations have been reduced and plotted on

microfilm from 1200 to 1800. The entire network is plotted on a gridded

map in 5 min intervals with values for T, Td, pressure, 6, 6 , and

mixing ratio along with wind vectors at each station. An example of

some analyses utilizing these data can be found in the paper by Wade

and Foote (1978) on the mature storms case study of this day.

B. DOPPLER

While the storm was only moderately well-positioned for triple-

Doppler coverage by the array of radars used during the 1976 NHRE field

season, the data quality from the radars is very good. Comprehensive

and fairly accurate wind fields should be attainable from the 13 volume

scans of the storm. These data are currently being processed and edited

at the NOAA/ERL/Wave Propagation Laboratory for comparison with the

rest of the data set from this case.

C. TIME-LAPSE PHOTOGRAPHY

The Grover camera was incorrectly directed too far south, and the

storm appeared to be too close for any useful data analysis from this

site. Sterling, Lindbergh and Greeley cameras were all correctly

directed and took data during the time period of the storm. At Sterling,

the cirrus outflow from the early development largely obscured growth of

the turrets to the west, and the film contrast was poor. Data analysis
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of this film would be of questionable use. At Lindbergh, the view was

occasionally obscured by nearer clouds, but the growing turrets on the

north side of the storm were easily identified and measuring their

growth rates should be possible. At Greeley, most of the storm's

development was clearly visible, and except for occasional interference

by nearer clouds, the data should be useful for determining growth rates

of the northern turrets and of cumulus congestus in the southwest quadrant.

D. STILL PHOTOGRAPHS

A number of photographs taken from the sailplane show the overall

storm area about 90 min before penetration, and turrets in the penetrated

region just after the penetration (%1505). The later photographs could

be combined into a composite and compared with the Lindbergh and Greeley

films for more positive identification of turrets in the area.

E. SATELLITE PHOTOGRAPHS

Photographs from the SMS-GOES (east) satellite positioned at 75°W

are available every half hour for the time period 1600-0000 Z on this

day. These are from the camera looking in the visible wavelengths, and

have a resolution of one mile. These data are helpful in monitoring

the development of convection in the broader mesoscale area. More

complete satellite data are available from any ground receiving station.

A series of conference papers (Wade and Foote, 1978; Kelly et al.,

1978; Heymsfield et al., 1978a; Foote et al., 1978a,b) present results

from the detailed investigation of the mature storm later in the day.

Although this storm's measurements do not directly relate to the first
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echo case, synoptic and mesoscale analyses and some of the general dis-

cussions may be of use in understanding characteristics common to both

cases. A paper on moist adiabatic ascent in northeast Colorado cumuli

by Heymsfield et al. (1978b) presents some of the sailplane data from

22 July 1976 in a different format.
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VI. SUMMARY

The sailplane and 306D made a coordinated investigation of a well-

developed storm complex during the approximate time period of 1420-1510.

The development of the complex was not particularly well-defined during

this period. Initially, embedded cells grew rapidly and propagated east-

ward through the general storm mass, which had originated farther north

but was stationary for most of this period. Growth in the southwest

quadrant of the storm mass became a dominant feature as the storm began

to propagate southward at the end of the period. While 306D encountered

no outstanding features characterizing inflow or outflow conditions near

cloud base, the sailplane encountered strong updrafts and high liquid

water contents as it penetrated two developing cells or turrets. The

transition to and penetration into the second cell saw the sailplane

sample updrafts of 20-24 m sec - 1, with ice particle concentrations

increasing to a maximum of %200 l-1 and frequent saturation of the J-W

LWC probe (>3 g m-3). Problems caused by aircraft icing predominated

near the end of the 23 min penetration (%1430-1553) and subsequent data

became unusable. This did not affect a significant amount of data,

however.

The maximum reflectivities encountered by the sailplane (45-50 dBZe)

and the high reflectivities at the 3.0 km level (about 0.9 km below cloud

base) emphasize the advanced stage of growth of this storm during the air-

craft investigations. And, although the sailplane sampled cells in their

early, active period of development, conditions were past the first echo

stage of growth. However, with measurements from two aircraft and a good
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Doppler radar data set, construction and verification of multi-dimensional

wind fields is very promising, and is currently being pursued.



-47-

APPENDIX A

GROVER RADAR SPECIFICATIONS

The radar reflectivity data presented in the text were obtained by

the Grover S-band radar (CP-2) during the 1976 field season. The speci-

fications of the radar set are given in the table below.

Table 1. Grover S-band Radar Specifications

Antenna

Horizontal beamwidth (deg.) . 0.99
Vertical beamwidth (deg.) .... 0.94

Gain (dB) ............ 44.2

Transmitter

Frequency (MHz) ......... 2801
Wavelength (cm) ........ 10.7
Peak power (kw) ........ 650

(dBm) ......... 88.1
PRF (s- 1 ) ............ 937.5
Pulse duration (ys) ....... 0.92

Receiver (logarithmic)

Minimum detectable signal (dBm) -107.4

In calculating Z (effective reflectivity) from the radar equation for

meteorological targets, K12 was set equal to 0.93, which is the value

for water targets. (1K! is related to the complex index of refraction

of the target.) The CP-2 radar has an unambiguous range of 160 km.
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Methods used for calibration of the radar and more detailed infor-

mation about the radar are described in Foote et aZ. (1976) and Eccles

(1975).
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APPENDIX B

SAILPLANE INSTRUMENTATION

The meteorological parameters of interest measured or calculated

from measurements by the NCAR/NOAA sailplane are pressure altitude,

vertical airspeed, temperature, liquid water content, cloud droplet

spectrum and precipitation particle concentration and type. Data are

sampled every second and recorded on magnetic tape at a ground station

via FM telemetry from the sailplane. True airspeed is generally about

40 m sec- 1 and bank angle in the spiral flight mode is roughly 15 to

30.

Pressure Altitude

A Hamilton Standard pressure transducer is used to measure pres-

sure, which is then reduced to altitude using a nearby sounding.

Accuracy is about ±10 m. The resolution, which is important in the

calculation of vertical airspeed, is 0.5 m. Electronic noise occasion-

ally interrupts a timing circuit directly involved in the measure of

pressure. When this happens, the altitude always deviates to lower

values, and these temporary drops are quite apparent on the altitude

plot of the sailplane data.

A variometer is also used to determine pressure altitude by sum--

ming rates of change with time and adding the resultant height to the

initial altitude of the sailplane. Although the response time of this

instrument is slower than that of the Hamilton Standard device, agree-

ment between the two is usually very good. Errors, brought about by
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sharp gradients of updrafts or downdrafts or other flight phenomena that

are not adequately measured by the variometer, are cumulative, with the

result that the altitude measured in this way can drift to 500 m in

10 min.

Vertical Airspeed

The equation for calculating vertical airspeed (see Dye and Touten-

hoofd, 1973) is:

dz IvID 1 d ( 2)

dt mg 2g dt

where w is the vertical airspeed, t the time, v the sailplane velocity,

D the drag force on the sailplane, m the mass of the sailplane and g the

acceleration due to gravity. Assumptions include hydrostatic equilib-

rium of the atmosphere, no side slip of the sailplane and no abrupt

flight maneuvers. Also, vertical speed induced by horizontal wind

changes is ignored. In other words, it is assumed that the horizontal

wind is steady, or that over a few seconds, small-scale fluctuations

average out to zero. Uncertainty from this calculation when the sail-

plane is spiralling in clouds is about 2 m sec - 1. The most important

variables are rate of change of altitude and true airspeed. Minor vari-

ables are temperature, pressure, bank angle, angle of attack, and

indicated airspeed which are used to derive the true airspeed and the

sailplane's drag force. Significant errors in vertical airspeed are

caused by errors in the major input parameters. True airspeed can be

lost altogether due to icing of the pitot tube, or false altitude

changes can be caused by the deviations in the Hamilton Standard derived
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altitude mentioned above. Vertical airspeed can be calculated using the

dz
Hamilton Standard derived dt or using the dz/dt determined directly by

the variometer. Usually the vertical airspeed plots derived by the two

methods are nearly identical.

Temperature

Air temperature is measured by a reverse flow temperature probe,

designed for the slow flight speeds of the sailplane. Discussion of the

calibration and intercomparison of this probe with other sources is pre-

sented in Heymsfield et aZ. (1978). Wetting of the sensing diode when

in cloud does not appear to occur with the sailplane probe, and the

stated accuracy of +0.5°C appears to be correct. Another source of air

temperature data is collected by a "window" probe, and is usually plot-

ted with the reverse flow temperature. The "window" probe is an

identical sensing diode exposed to the airstream in a vent located in

the nose of the sailplane. The accuracy of the diode is also +0.5°C

but it inherently becomes wetted or iced during cloud penetrations.

There is one significant problem with the temperature data. When

the communications radio is transmitting, RF noise influences the vol-

tage drop across the diode, thereby causing increased temperature

readings. This noise is evident in other (minor) data channels as well

as in the sharp changes in the temperature plot, and is easily identi-

fied. It has not been edited out of the data plots presented in the

text.
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Liquid Water Content

A Johnson-Williams hot-wire device is used for measuring liquid

water content (LWC). Calibration and comparison discussions are pre-

sented in Heymsfield et at. (1978). Best estimates suggest an accuracy

within +20%. However, when the sailplane encounters high liquid water

contents in supercooled conditions for extended periods, the probe's

strut accumulates enough ice apparently to interfere with the flow to

the sensor. This is usually identifiable by the "spikey" appearance of

the J-W LWC trace, which has also become uncorrelated with the vertical

airspeed trace. This condition occurs only when the high liquid water

conditions have existed for roughly 10-15 minutes.

The FSSP (described below) integrated cloud droplet spectrum also

provides a measure of LWC, and is plotted with the J-W output.

Cloud Droplet Spectrum

A Particle Measuring Systems (PMS) forward scattering spectrometer

probe (FSSP), mounted on the sailplane, measures cloud droplet spectra.

This probe, reported in various articles (for example see Knollenberg,

1976), sizes particles 2-30 Pm in diameter with a suggested error of

+10% or +2 pm, whichever is greater. Concentration accuracy had not

been determined, and comparison with the J-W LWC, vertical airspeed, and

different flight conditions suggested that the FSSP on the sailplane was

measuring concentrations lower than would be expected.

Investigation of the probe's electronic design by personnel at the

University of Wyoming revealed that coincidence errors, coupled with a

retriggerable electronic delay (which allows time for the electronics to
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size and count pulses), results in a greatly reduced measured droplet

concentration in comparison to the true concentration. Assuming that

the time between individual droplets can be described by a Poisson dis-

tribution, Dr. W. A. Cooper of the University of Wyoming has shown that

the equation,

N No exp (-uATN)

can be used to determine the measured concentration (N ) from the true
m

concentration (No), where u is the true airspeed, A the total sampling

area, and T the delay time. For the sailplane FSSP and the range of

droplet concentrations found in northeastern Colorado, N is a monotonic
m

function of No. However, for the University of Wyoming's Queen Air

N1OUW, N is bi-valued with the maximum at %500 droplets cm- 3. For them

South Dakota School of Mines and Technology's armored T-28, the plateau

value is about 200 cm- 3 measured concentration.

The FSSP data presented in the text have not been corrected for this

error.

Ice particles passing through the sample area apparently give multi-

ple, specular reflections which are measured by the FSSP as individual

particles. In regions where considerable ice particles are present,

this artifact is most noticeable as a spectrum tail in the larger chan-

nels and invalidates any measurements in the largest 7 or 8 channels as

well as the calculated droplet dispersion. The counts in these regions

should not be used as a measure of the ice particle concentration, since

one ice particle apparently gives rise to more than one apparent droplet

count.



-54-

An added problem with the FSSP data arises due to icing of the

probe. After only a few minutes of in-cloud sampling, icing of the

FSSP causes noticeable degradation of the data. Wind tunnel tests

suggest that icing primarily causes a shift of the spectrum to smaller

sizes, but examination of field data also shows a definite decrease of

concentration with time. Apparently, the erroneous measurements are

caused by wetting or icing of the prism and mirror, and also by the

accumulation of ice on the front of the sampling tube. No attempt has

been made to correct the data for these problems, due to the variable

results found in the wind tunnel tests. Therefore, even when the con-

centrations have been corrected for coincidence errors, the FSSP data

are definitely not trustworthy beyond a few minutes into a cloud pene-

tration, and the reliability might be questionable even in the first

few minutes.

Cloud Particle Camera (CPC)

Cloud particle concentrations, sizes and types are determined by

the Cannon cloud particle camera which photographs atmospheric parti-

cles in situ (Cannon, 1974). The size range measured by the sailplane

CPC is 16 pm to 48 mm diameter, and the sampling volume increases with

the particle size. For photographic images ' 170 pm diameter, water

droplets can be distinguished from ice particles by the two-dot method

(i.e., separation between images of the two flashlamps formed by

refraction in the water drop is a measure of the drop's size). The

camera has a film capacity of 3200 frames, equivalent to 27 minutes of

exposure time at the maximum rate of 2 frames per second.
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About the only flight-related difficulty encountered with the CPC

occurs when the airspeed is incorrectly measured. This affects the

synchronization of the rotating mirror with the speed of the sailplane,

which is necessary to allow stop-action photography of the particles

passing through the sampling volume. An incorrect airspeed will blur

the images on the film, while the complete loss of the airspeed signal,

as may be caused by icing of the pitot tube, will cause blank frames

on the film since the rotating mirror and the flashlamps will cease to

operate. This problem has only occurred a few times during conditions

of prolonged exposure to cloud at low temperatures and is easily

detected in examination of the film along with the true airspeed data

trace.
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APPENDIX C

NCAR QUEEN AIR INSTRUMENTATION (304D AND 306D)

Only those instruments related to the data presented in this Note

are listed below. A more complete list of the Queen Air instrumenta-

tion, specifications and characteristics is being prepared by C. Biter

for publication in an NCAR Technical Note.

Temperature

A Rosemount temperature probe (Model 102E2AL) is used on both air-

craft and has an accuracy of +0.5°C.

Dewpoint

A Cambridge dewpoint (or frostpoint) hygrometer (Model 137) is

used on both aircraft and has an accuracy of ±0.5°C. Occasionally the

dewpoint data have oscillations due to various sources.

Static Pressure

A Rosemount variable capacitance probe (Model 1301) measures pres-

sure to an accuracy of +1.0 mb on both aircraft.

Vertical Velocity

On 304D a fixed vane gust probe and an INS are used to calculate

vertical velocities. Accuracy is ±1 m sec- 1.

On 306D measured aircraft characteristics and an INS are used to

calculate vertical velocities. Comparison of this computational tech-

nique with one using the fixed vane gust probe (as on 304D) showed
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differences less than 1 m sec -1. But, although accuracy of the 306D

system is comparable to the 304D system, it applies only to those

situations where large variations in vertical velocities occur at fre-

quencies less than 0.3 Hz (> 260 m at a true airspeed of 80 m sec-1).

Descriptions and detailed discussions of vertical velocities

calculated from these techniques are given in Kelly and Lenschow (1978)

and Lenschow et aZ. (1978).
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