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ABSTRACT

In 1973 the Cloud Physics Group initiated a study of the synoptic, meso-

and microphysical structures of cyclonic extratropical storms (acronym CYCLES)

This report provides an interim account of the results of this project.

In the first main section of the report (2) mesoscale rainbands (5 to 50

km in average width and 100’s of km in length) are discussed. Six types of

rainbands have been identified (warm frontal, warm sector, cold frontal-wide,

cold frontal-narrow, wave-like and post-frontal) Comparisons with data from

extratropical cyclones in various parts of the world indicates that these six

types of rainbands occur rather generally. The rainbands examined in this

study contained small-scale areas of especially concentrated rainfall. These

small-scale elements were 1-10’s of km in dimensions, occurred in concentra-
2

tions of 1-3 per 1000 km and they moved with the wind between 850 and 700 mb.

The dynamics and cloud microphysics of four rainbands in an occluded

frontal system are examined in 3. Two of the rainbands occurred in the

leading portion of the frontal cloud shield and were oriented parallel to the

warm front of the system. The other two bands occurred in the trailing portion

of the cloud shield and had cold frontal orientations. Mesoscale pressure

features were parallel to the rainbands, except in mountainous areas. Computed

air motions showed that the rainbands were supplied with moist air flowing into

the rainband region from the south to south-southwest at low levels (below

800 mb) The air was swept abruptly upward in the rainbands just ahead of the

cold air mass approaching from the west. Cumulus-scale convection in a layer

between 4 and 5 km in clouds associated with these rainbands appeared to

enhance the growth of ice particles. However, the ice crystal habits in these

regions did not appear to be affected by the presence of the convection. As

the ice particles settled below the convective layer, they grew first by

vapor deposition and then, just above the melting layer, they began to grow

by riming or aggregation. High ice particle concentrations were measured

beneath the convective layer. Below the melting layer, very little precipita-

tion growth took place in the rainbands, and in the two warm frontal bands;

considerable evaporation of raindrops occurred below the melting layer.

The structure of another occluded frontal system is described in 4.

Vertical air velocities and streamlines were computed from serial rawinsonde

data. Peaks in precipitation coincided rather closely with peaks in upward

air velocities. Cross-sections through the storm of the concentrations of

cloud and precipitation particles in various size ranges were obtained from



airborne measurements.

In the final section (5) of the report multi-level observations are

presented of the size spectra and types of precipitation particles in a

stratiform cloud. The measurements were obtained with two instrumented

aircraft flying over a quantitative, vertically-pointing Doppler radar. The

cloud layer sampled was contained within a synoptic-scale cloud band associated

with a stationary warm front and a strong jet stream. Profiles of net updraft

velocities were deduced from two theoretical techniques which relate the

precipitation rate and the rate of depositional growth of ice particles at a

given altitude to the updraft velocity at that altitude. Vertical velocities

between 2 and 10 cm s~ were sustained over periods up to 90 min. These

updrafts were apparently due to stable uplift. Short-term (<30 min. ) up- and

downdraft velocities as high as 20 and 30 cm s~^ respectively, were deduced

from Doppler radar measurements. The origin of these motions is unclear, but

they may be related to gravity waves. Vertical profiles of total particle

concentrations, ice water contents and precipitation rates were determined

from the airborne measurements. Two regions (around the -13 and -5 C levels

within the cloud) were identified where ice particle growth by aggregation

was especially effective. Both depositional growth and riming growth were

generally of secondary importance, compared to aggregation, in producing

large precipitation particles.

In Appendix A to the report airborne measurements of the types, sizes

and mass concentrations of ice particles and the liquid water contents in

cirrus clouds are presented.



SECTION 1

INTRODUCTORY REMARKS

In 1973 the Cloud Physics Group initiated a study of the structure

of cyclonic storms in the Pacific Northwest of the United States. In this

project, which has the acronym CYCLES (for Cyclonic Extratropical Storms)

simultaneous satellite, synoptic, radar and aircraft data are being used to

investigate cyclonic storms on the synoptic, meso- and microphysical scales.

In this report we present some of the highlights of results obtained

during the first two years (1973-74 and 1974-75) of the CYCLES PROJECT. The

report begins ( 2) with a description of six types of mesoscale rainbands

which tend to dominate the precipitation in cyclonic storms. In 3 and S 4

detailed case studies are described of the dynamical and microphysical structure

of frontal systems. In the last section a description is given of the dynamics

and microphysics of stratiform clouds associated with frontal systems. In

Appendix A a series of airborne measurements and observations in cirrus clouds

are described. While the report is concerned with various aspects of the

structure of cyclonic storms, the sections have been written in such a way that

they can be read independently.



SECTION 2

MESOSCALE RAINBANDS

2.1 Introduction

It is now recognized (see reviews by Harrold and Austin, 1974, and Browning,

1974) that the rainfall in extratropical cyclones tends to be concentrated within

mesoscale areas, which have horizontal dimensions of tens to hundreds of kilometers.

The largest mesoscale areas tend to be elongated, with lengths exceeding widths by a

factor of two or more. We refer to such elongated features as rainbands (or bands

for short).

In this section, we present examples of rainbands observed in the CYCLES

PROJECT and suggest a classification scheme for them. Although our observations are

primarily of occluded cyclones in the Pacific Northwest, we have found that rainbands

in extratropical cyclones in various parts of the world, as described by other investi-

gators, also fit neatly into our suggested classification.

2.2 Locations of Studies and Facilities

Two types of studies were conducted. The first type (referred to as the

Pacific Ocean studies) focussed on precipitation patterns occurring over a region of

the Pacific Ocean extending west of the Washington State coastline. The primary

facility for these studies was a large radar installation operated by the U. S. Air

Force and located on the Pacific Coast of Washington at Neah Bay (Fig. 2.1) This

radar provided coverage of rainfall patterns over the Pacific Ocean out to a distance

of about 200 km from Neah Bay. The plan-position indicator (PPI) displays for the

Neah Bay radar were recorded by time-lapse photography.

The second type of study, referred to as the Washington studies, was con-

cerned with rainfall patterns over inland western Washington. Primary data for these

studies were obtained from a network of raingauges operated by the National Weather

Service and by the University of Washington (UW)(Fig. 2.1) The time resolution of

the gauges operated by the Weather Service was 5-10 min. in moderate rain while those

2



Fi gure 2 Locations of field stations and types of data col lected at eachSymbols ndi cate types of data as fol lows 0 high resolu^onramgauge A low resol ution raingauge A- Neah Bay radar(R) Un ivers ty of Washington radars and rawinsonde, D NCARradar. Radar coverage for Uni vers ty of Washington and Neah Bayradar are enclosed by dark sol id ines
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operated by the UW had a time resolution of 15 s in moderate rain. For the Washington

studies two weather radars were operated in Seattle, one by the UW (wavelength \ 3.2

cm, peak power 250 kW, beam width 1) and the other (the CP-3) by the National Center

for Atmospheric Research (\ 5.45 cm, peak power 338 kW, beam width 1.1)

The PPI displays for the UW radar were recorded by time-lapse photography

as the displays were cycled through a series of five gain settings. In this way,

intense echo cores (shown on low gain displays) as well as widespread light rain areas

(shown on high gain displays) could be followed in post-analysis. The CP-3 radar has

a real-time color display (Gray et al. 1975) which was photographed on color motion

picture film. In addition, all of the CP-3 data were recorded on magnetic tape.

2. 3 Classification of Rainbands

Rainbands observed in our case studies can be classified as follows

Type 1: Warm frontal. Bands approximately 50 km in width oriented parallel

to warm front and found toward the leading edge of a frontal cloud shield.

Type 2: Warm sector. Bands typically 50 km in width, found south of the

intersection of the surface warm and cold fronts and tending to be parallel to cold

fronts.

Type 3: Cold frontal-wide. Bands approximately 50 km in width oriented

parallel to cold front and found toward the trailing edge of a frontal cloud shield.

Type 4: Cold front-narrow. Extremely narrow band (= 5 km in width) coin-

ciding with surface cold front.

Type 5: Wave. Bands occurring in a very regular pattern similar to waves.

Generally smaller than other types of bands, typically 5 km x 40 km, sometimes as

large as 10 km x 100 km.

Type 6: Post frontal. Rainbands located in the convective cloud field

behind a frontal cloud shield.



Below we present examples of these six types of bands in case studies and

give statistics for all of the rainbands which we have observed. Finally, we show

that bands described by previous investigators also fall into our six categories.

2.4 Example of a Pacific Ocean Study

Examples of data obtained from the Neah Bay radar on November 27-28, 1973,

are shown in Fig. 2.2. The relationship of the features observed on the radar to

the large-scale storm system can be inferred from the superimposed sea-level frontal

positions. When a pattern of widespread rain was located over Neah Bay, the PPI

display typically appeared as shown in Fig. 2.2(a) with a very bright echo surrounding

the center of the display and extending out to ranges of up to 75 km. (Note: the

Neah Bay radar PPI displays shown in Fig. 2.2 are not range corrected or quantized

into various intensity levels.) Structural features embedded within the general rain

area, such as band A in Fig. 2.2(a) are seen as they existed in the region outside of

the central echo. Band A was located parallel to the warm front and is therefore

classified as Type 1. This band moved in a direction normal to its orientation at a

speed of 24 m s Band B in Fig. 2.2(b) is an example of a Type 2 band since it

occurred in the warm sector. It moved northeastward, parallel to its orientation.

When bands A and B passed over raingauges on the Washington coast the fifteen-minute

average rainfall rates were 2 to 5 mm h

The surface cold front on 27-28 November was accompanied by a remarkably

narrow (= 2 km in width) and continuous radar echo, band C, which is an example of a

Type 4 rainband. Portions of band C can be seen in Figs. 2.2(b) and (c) The precipita-

tion rates which occurred as this long narrow band passed over the coastal raingauge

stations were consistently very high with 5 to 10 minute average values of 25 to 50 mm

h~ Band C was about 4 km in vertical extent.

Long, thin and continuous rainbands similar to band C, coinciding with

surface cold fronts, have been observed previously by Kessler and Wexler (1960) and



Figure 2 .2 Photographs of PP! di splays from Neah Bay, Washington, radar and
sea-level frontal posi tions Letters des ignate rainbands referred
to in text. Range markers are separated by intervals of 18.5 km.



Browning and Pardoe (1973). The radar echo lines observed by these investigators

were each followed by a 100-km wide zone of lighter precipitation. Browning and

Pardoe hypothesized that the narrow rainband was an intense line of convection gener-

ated by lifting at the leading edge of the surface frontal zone, while the zone of

lighter precipitation which followed it was due to gradual, slant-wise ascent above

the sloping frontal surface. In our case, a 100-km wide zone of relatively light

rain (Region R in Figs. 2.2(b) and (c)) followed the intense narrow band C, as in

the cases of Kessler and Wexler and Browning and Pardoe. However, unlike the broad

bands of precipitation behind their fronts, which evidently had a fairly uniform

texture, the region R in our study exhibited considerable substructure, as seen, for

example, in Fig. 2.2(b) where a series of wave-like bands (south and east of point W)

were superimposed on R. These ripples, classified as Type 5 (wave) bands, were

15 km x 70 km in average dimension and moved with the low to mid-tropospheric winds

toward the northeast parallel to the front at a speed of 32 m s Occasionally these

waves crossed over the narrow frontal band C and as the storm passed over the Neah Bay

radar, a change in orientation of the wavelike bands W was noted (Fig. 2.3) The

periodic nature of the wavelike bands suggests that they were due to gravity waves

however, there appears to be no theory dealing with gravity waves in clouds near a

sloping frontal surface with which we can compare our results.

The structure of region R varied considerably from one place to another.

Besides the wavelike bands (W in Figs. 2.2 and 2.3) region R contained portions (such

as D in Fig. 2. 3) which were characterized by patterns of irregularly-shaped small

mesoscale areas. At one location (E in Fig. 2.3) region R contained a Type 3 (cold

frontal-wide) rainband which was approximately 50 km wide and more than 100 km in

length, while in other locations, such as that shown in Fig. 2.2(c) R appeared as a

broad and relatively uniform zone of weak radar echo, without any notable substructure.

After the cold front, and the accompanying rainband C and region R, had



Figure 2.3 Schematic representation of storm observed on 27-28 November 1973
Cloud pattern observed by satel te is shown by (’’’ + +) Dashed
ines enclose portion of cloud shield which passed over area of

observations Hatching enclosed ight rain areas Heavy rain
areas are indi cated by (^^ji^ ) Letters refer to features
mentioned in text Sea-level fronts are shown.



passed over the Washington coast, several Type 6 post-frontal rainbands were observed

on the Neah Bay radar. Post-frontal band F* (which formed from a part of a previous

band F) and post-frontal band G are shown in Fig. 2.2(d) These bands were typically

9
comprised of small-scale elements, ranging in size from 10 to 1500 km in area. The

discrete structure of the post-frontal bands suggests that they were convective in

nature, as would be expected since they were located in the unstable air mass behind

the frontal zone.

The formation of band F’ from F is shown in Fig. 2.4. As the northern seg-

ment of F dissipated, F’ formed about 20 km to the east. Since the dissipation of F

and the formation of F’ seem coupled, it is hypothesized that F’ was formed by the

downdraft from the rainband F as it dissipated. The development of new convective

elements from the downdrafts spreading out from old clouds and providing lift for

the surrounding unstable air is a commonly observed feature of cumulonimbus clouds

(Byers and Braham, 1949; Newton, 1963; Zipser, 1969) The curved shape of F’, first

apparent at 0440 PST in Fig. 2.4, would be expected if the new band was forming at

the edge of divergent, cold downdraft air spreading out from a dissipating element

of F.

2.5 Example of a Washington Study

In the Washington studies, precipitation patterns were deduced from raingauge

data using a procedure similar to that of Elliott and Hovind (1964) Plots of 15-minute

average rainfall rates were arranged in order of their geographical situation, and

similarities in the time distributions of the rainfall rates were noted and labeled,

as shown in Fig. 2.5. The features denoted B- B, in Fig. 2.5 were four rainbands

embedded in an occluded frontal cloud system which passed over western Washington on

20 December 1973. The times that the front and back edges of each rainband passed

over each station were plotted on a horizontal map, and isochrones of the front and



0420 PST 0430 PST 0440 PST 0450 PST

0500 PST 0510 PST 0520 PST 0530 PST
o ; ,. i?0 km

0 10 20 30 nautical
miles

Figure 2 .4 Formation of rainband F from F as seen on the Neah Bay radar.
Cross is at h7^ and 127W, and ci rcle segment is 100 km from the
radar s te.

10



Time (PST)

Fi gure 2 .5 Precipitation rate at stations along an approximately north-south
ne. Lines connecting plots show front and back edges of rai nbands

BI B^,.

11



back edges were constructed. From the isochrone patterns, the positions of the rain-

bands at any given time could be determined, as shown in Fig. 2.6.

In comparing raingauge traces, such as in Fig. 2.5, there is some subjectivity

in deciding upon the boundaries of features such as B- B, The chosen boundaries

were checked in two ways. First it was assumed that the large bands moved in a more

or less continuous manner over the raingauges. Hence, the boundaries were required

to conform to reasonably continuous isochrone patterns for both front and back edges.

Second, whenever the bands were within the area of coverage of the UW weather surveil-

lance radar, the band structure deduced from the raingauge data had to be consistent

with the radar data (see Fig. 2.6)

Properties of bands B- B, are summarized in Table 2.1. Generally, all of

the bands were very similar, except in their orientation. The first two bands (B- and

B) were oriented along a northwest to southeast line, while B and B, were oriented

nearly north-south. Detailed synoptic analysis, based in part on serial rawinsondes

launched from the UW at intervals of 2 to 3 h (see 3) showed that the

earlier bands B- and B, occurred with the passage of the warm front (of an occlusion)

aloft, while the later two bands were associated with the passage of a double cold

front aloft. Hence, B- and B,, are examples of Type 1 (warm frontal) rainbands, while

B- and B, are examples of Type 3 (cold frontal-wide) rainbands. The relationship of

the rainbands B, B, to the fronts on 20 December is indicated schematically in

Fig. 2. 7.

It is evident from the superimposed radar echoes in Figs. 2.6(a)-(d) that a

pattern of small-scale areas of high-intensity rainfall existed within each of the

large bands. The small-scale elements embedded in rainbands B- B, were investigated

by identifying and tracking the horizontal motion of individual radar echoes appearing

in the PPI displays of the UW radar. To minimize the effects of varying range on the

sampled echoes, two reference areas (shown in Fig. 2.8) were chosen for echo sampling.

These areas were picked because they were relatively free of ground clutter and confined

12



RAINBAND B|

(a)
RAINBAND B3

(c)

RAINBAND B;
(b) RAINBAND B<

(d)

Rainbands B^ B^ at di fferent times (PST) during thei r passage over
western Washington Sti ppl ing (:-^;-’.) indicates rainband posi tiona
deduced from raingauge data Hatching {///////) shows maximum gain
echoes seen on Uni vers ity of Washington radar Black areas are
minimum gain echoes

13



TABLE 2.1 CHARACTERISTICS OF RAINBANDS OBSERVED ON 20 DECEMBER 1973.
NUMBERS IN PARENTHESIS ARE EXTREME VALUES.

Number of
Period of Stations

Rainband Observation Passed Over

PST

B 0445-1000 17
(1.8-5.1)

2.6
B 0715-1100 16

SW to NE

2.2
B 0700-1245 13

2.6
B, 0830-1230 17

Mean
Rainfall

Rate

mm h~

2.8

(0.8-4.1)

(1.0-6.4)

(0.5-6.8)

Maximum
Rainfall

Rate

mm h

12.4 for
1 min.

13.8 for
1 min.

21.3 for
5 min.

15.2 for
7 min.

Mean
Duration
Over a
Station

Mifl

69
(45-105)

66
(30-105)

56
(30-90)

55
(30-90)

Mean
Amount of
Rain at a
Station

mm

3.3
(1.8-7.6)

2.7
(0.8-6.1)

2.1
(0.4-7.1)

2.5
(0.4-10.2)

Width

ton

75
(24-117)

74
(19-145)

49
(29-68)

50
(15-72)

Orientation

Relative
to True
North

NW-SE
to

NNW-SSE

NW-SE

N-S
to

NNW-SSE

N-S
W to E

Velocity
Normal
to Band

Orientation

m s

18
from

SW to NE

20
from

16
from

W to E

14
from



Fi gure 2 .7 Schemati c representation of storm observed on December 20 1973
Cloud pattern observed by satel ite s shown by (\’\’*’) Dashed
ines enclose portion of cloud shield which passed over area of

observations Hatching {’^7777/} encloses ight rain areas Heavy
rain areas are indi cated by SrSSs:^? Letters refer to features
mentioned in text. Fronts shown are for 720 mb level

15



Figure 2 .8 Reference areas for radar echo sampl ing (:.;;...;,:) Ci rcles are atindicated distances from radar at University of Washington (UW)
Ground echoes are indicated by hatching (<%%^)

16



to a small range interval between 30 and 60 km from the radar site.

The average areas, concentrations and motions of the echoes sampled at

two receiver gain settings (maximum H and minimum L) are listed in Table 2.2. The

2
sampled echoes (described in Table 2.2) were on the order of 10’s to 100’s of km in

area. Previous investigators (e.g. Browning and Harrold, 1969, and Austin and Houze,

1972) have also found that small-scale elements of this size were embedded in large

mesoscale rain areas such as B, B, The small-scale echo motions indicated in

Table 2.2 are in close agreement with the winds between 850 and 700 mb with the best

agreement at 700 mb. Detailed analysis of rawinsonde, aircraft and Doppler radar data

(see 3), shows that this was the layer in which most of the precipitation

in the small-scale areas was generated.

2.6 Rainbands in Other Occluded Cyclones

We have examined the precipitation in nine other occluded cyclones besides

those described in 2.4 and 2.5 above, and have noted that rainbands occurred in

each of these occlusions. All but one rainband could be identified as one of the six

types listed in 2.3, and each type of rainband was observed in more than one occlusion.

Table 2. 3 summarizes the characteristics of all of the rainbands that we have examined.

In Table 2. 3, small areas within the rainbands are indicated as "not observed"

for band Types 1-5 in the Pacific studies. Since the Neah Bay Radar display was not

systematically quantized into a series of echo intensity levels, it was not possible

to detect small echo cores embedded within the bands, except in Type 6 (post-frontal)

bands which were composed of lines of very discrete small-scale echoes. From the

Washington studies listed in Table 2. 3, in which observations were made with the

quantized UW radar, it is evident that small mesoscale areas were in fact located

within rainbands of Types 1, 2, 3, and 5.

Although our results indicate a tendency for rainbands to occur in occluded

cyclones, and for the bands to be of six types, it should be noted that the rainbands

17



TABLE 2.2 CHARACTERISTICS OF THE SMALL-SCALE ELEMENTS EMBEDDED IN THE RAINBANDS
OBSERVED ON 20 DECEMBER 1973. H and L REFER TO HIGH AND LOW GAIN
ECHOES, RESPECTIVELY.

Rainband

B,

Concentratic
(No. per

H

1.1

m of Echoes
103 km2)
L

1.9

Echo Size
(km2)
H L

431 30

Echo Velocity
(deg/m s~1 )

H L

220/26 220/24

Winds Alo
(deg/m s~

850 mb 700 mb

160/18 220/28

ft

5̂00 mb

215/40

B. 1.4 0.8 523 85 225/28 230/32 180/22 210/35 210/40

B. 0.9 0.6 112 12 220/33 215/33 200/30 220/38 210/40

B. 1. 7 0.6 43 36 230/29 225/26 200/30 210/32 210/42



TABLE 2. 3 AVERAGE CHARACTERISTICS OF RAINBANDS OBSERVED IN ELEVEN OCCLUDED
FRONTAL SYSTEMS. DASH INDICATES NOT OBSERVED. H AND L REFER
RESPECTIVELY TO HIGH AND LOW RADAR GAIN ECHOES WHICH WERE ANALYZED
SEPARATELY FOR THE WASHINGTON CASES.

Type of Band

(a) PACIFIC STUDIES

1 Warm Frontal

2 Warm Sector

3 Cold Frontal Wide

4 Cold Frontal Narrow

5 Wave

6 Post Frontal

(b) WASHINGTON STUDIES

1 Warm Frontal

2 Warm Sector

3 Cold Frontal Wide

4 Cold Frontal Narrow

5 Wave

6 Post Frontal

No.
of

Cases

1

1

4

2

1

15

4

3

8

0

1

2

Width

1<jn

15

40

44

6

15

20

60

50

65

21

51

Rain
Rate

rrvn h~^-

7

3

28

4

3

2

3

1

2

15-mi;

Peak
Rain
Rate

mm h~

7

7

*

5

7

7

11

5

9

[i

S

1

H

400

210

200

90

ize of
Small
Areas

Tan2

270

L

60

35

40

55

No. of
Small
Areas
per

10 3 km2

2.9

H L

1.8 1.8

2.0 0.8

2.3 1.4

1.4 0. 7

Absolute Value of Difference
Between Velocity of Small Area and
Winds at Pressure Level Indicated

deg/m s~1

850 mb 700 mb 500 mb

150/4 140/5 12/21

H L H L H L

290/4 330/3 90/7 70/3 130/13 11/10

130/3 io/5 8/4 8/5 13/6 17/5

28/7 24/6 11/6 11/4 18/10 13/16

140/4 170/4 130/1 130/1 5/1 10/1

Duration over station less than 15 min.



which we observed did not always occur in the same sequence or combination. In some

cases rainbands were interspersed with large irregularly-shaped regions of light

rain (100’s of km in dimension), while in other cases small non-banded mesoscale rain

areas (10’s of km in dimension) occurred between the bands. Fig. 2.9 illustrates the

various arrangements of rainbands in several of our case studies.

The two rainbands shown in Fig. 2.9(a) were classified as Type 1 (warm

frontal) since they were located toward the leading edge of the frontal cloud shield

and were parallel to the surface warm front. A frontal wave formed on the cold front

of the occlusion shown in Fig. 2.9(a) and on the next day the new wave appeared as

it is shown in Fig. 9(b). The two rainbands observed in Fig. 2.9(b) were designated

as Type 2 (warm sector bands) because of their position in the warm sector of the wave.

As the cold front associated with the wave moved through western Washington, it was

preceded by a Type 3 (warm-sector) band and accompanied by a Type 2 (wide cold-frontal)

band (Fig. 2.9(c)).

The six large rainbands shown in Figs. 2.9(a)-(c) were interspersed with

numerous small-non-banded mesoscale areas. This is illustrated by the raingauge record

shown in Fig. 2.10. The peaks labeled C- C- were determined (by observations made

with the UW radar) to be associated with small non-banded mesoscale rain areas (^ 50 km

in dimension) moving over the raingauge site. In this storm, the small mesoscale areas

outside of the large rainbands contributed almost as much to the total rainfall as did

the bands themselves.

Figures 2.9(d) and (e) show examples of occluded frontal systems which each

contained a single Type 3 (wide cold-frontal) band. Examples of rainbands accompanied

by large regions of non-banded light precipitation are seen in Figs. 2.9(d) and (f)

In the case of 7 January 1975 (Fig. 2.9(f)) the first large non-banded region had a

very uniform structure while the second one contained a pattern of smaller mesoscale

and cumulus-scale elements, including some small Type 5 wavelike bands. These Type 5

bands, which moved toward the northeast at 30 m s are shown as they appeared on radar

in Fig. 2.11.
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Figure 2 .9 Schemat ic representation of rai nbands (B-B^) observed in s ix frontalcloud systems , - .) Numbers refer to band types discussed in text
Hatching ^/////,) indi cates areas of ight non-banded rain Surface
frontal posi tions are shown Dashed ines enclose portions of cloud
sh ields wh ch were observed
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C ANADA

PACIFIC
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Figure 2 Wave! ike rainbands observed on Universi ty of Washington radar at
1715 PST January 7 1975 Sea-level front and isobars in mb)
are shown for reference Ci rcle s 50 km from radar s te Only
exceptional ly ntense precipi tation si gnals were observed outs ide
of ci rcle. Ground echoes and blocked sectors are ndicated by
(<^~-^’->) Precipi tation echoes at fi ve intensi ty levels are__
indi cated by the fol lowing sequence of shadi ng: Hatching i^^^)
whi te whi te black ^^^) whi te insi de black ^^^ in
increasing order of intens ty, from lowest to highest Dashed
ines show axes of bands Bands moved from southwest to northeast

across the area of radar coverage.
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2. 7 Rainbands in Other Geographical Areas

The above results suggest that the six types of bands listed in 2.5 occur

rather generally in extratropical cyclones. This conclusion is further supported by

the fact that rainbands observed in extratropical cyclones in other parts of the world

fit nicely into our classification. Rainbands parallel to and ahead of warm fronts

have been observed in open wave cyclones by Browning and Harrold (1969) and Reed (1972)

These bands would be Type 1 in our classification. Browning and Harrold’s observations

were over the British Isles, while Reed’s were in New England. Similar rainbands,

with warm frontal orientation, were found in the leading (eastern) portions of occluded

frontal systems described by Nagle and Serebrey (1962) over the eastern Pacific Ocean

and by Kreitzberg and Brown (1970) over the northeastern U.S.

In the frontal systems studied by Nagle and Serebreny (1962) and Kreitzberg

and Brown (1970) the Type 1 bands in the leading portion of the cloud shield gave way

to bands with cold frontal orientations (which would be Type 2 by our classification)

in the trailing western portion. In an occluded cyclone over the northeastern Atlantic

Ocean, Browning et_ a^. (1973) observed a series of Type 2 bands parallel to multiple

cold fronts aloft. Their Type 2 bands, however, were apparently not preceded by a

series of warm frontal bands.

Warm sector bands (Type 3 in our classification) were observed frequently

in open wave cyclones near Japan by Nozumi and Arakawa (1968) They found that the

warm sector bands tended to be parallel to the cold front, often intersecting the

warm front at right angles. Harrold (1973) also reported that warm sector bands

parallel to the cold front occurred frequently in cyclones near the British Isles.

Browning and Harrold (1969) found warm-sector rainbands over England which were not

parallel to either the cold or warm front in a wave depression; however, the orienta-

tion of these bands may have been influenced by the topography of the British Isles.

As noted in 2.3, Type 4 rainbands have been observed previously by Kessler

and Wexler (1960) in New England and by Browning and Pardoe (1973) in six cases over

the British Isles.

Post-frontal convective rainbands (Type 6) were included by Nagle and
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Serebreny (1962) in their schematic model of radar echoes in occluded cyclones over

the eastern Pacific Ocean. The occurrence of mesoscale precipitation bands in cold

air masses to the west of surface cyclonic systems is a well known phenomenon during

the winter over the Sea of Japan (e.g. Matsumoto et al. 1967)

2.8 Conclusions

We have examined the rainfall patterns in eleven occluded cyclones in the

Pacific Northwest. When presented against the background of previous work on meso-

scale precipitation patterns, our results provide a more comprehensive picture of rain-

bands in extratropical cyclones than has been available previously. Six types of

rainbands have been identified and each type has been observed repeatedly in cyclonic

rainstorms in the Pacific Northwest. Rainbands observed in mid-latitude cyclones in

other parts of the world all appear to fit into our six categories. One type of band,

the very regular small wavelike band (Type 5) has only been reported in our case

studies. Except for the Type 5 bands, all of the rainbands show a strong tendency to

be parallel to either the warm front or the cold front of the parent cyclonic storm.

The large rainbands in our study contained small mesoscale elements (~ 10’s

of km in dimension) of maximum rainfall intensity. These small mesoscale areas, in

2
concentrations of 1-3 per 1000 km were most pronounced in the post-frontal (Type 6)

bands. The small mesoscale areas within the rainbands moved with the wind between

850 and 700 mb.

The fact that the precipitation in extratropical cyclones is concentrated

in rainbands, and within still smaller mesoscale elements within the rainbands, indicates

that the problem of understanding frontal precipitation processes is largely one of

understanding the dynamics and cloud microphysics of the individual mesoscale areas.

Progress can be expected if the identification of mesoscale areas by raingauge and

conventional radar observations is combined with detailed aircraft and Doppler radar

measurements of the dynamical and microphysical properties of the mesoscale systems.
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One study of this type is reported in the next section. Further studies are now

underway as part of the CYCLES PROJECT.
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SECTION 3

DYNAMICS AND CLOUD MICROPHYSICS OF THE RAINBANDS IN AN OCCLUDED FRONTAL SYSTEM.

CASE 1: DECEMBER 19-21, 1973

3. 1 Introduction

We have seen in the previous section that mesoscale rainbands (5 to 100 km

in width and 100’s of km in length) are a characteristic feature of extratropical

cyclones. However, our previous knowledge of rainbands has been primarily morphological

and kinematic in nature; we need now to improve our understanding of the dynamical and

cloud microphysical processes involved with the rainbands.

In this section we describe an intensive study of CYCLES data for four

rainbands in one occluded frontal system. We have examined the dynamics and cloud

microphysics of these bands from six points of view; namely, (i) the relationship of

of the bands to the fronts; (ii) the relationship of the bands to the surface pressure

field; (iii) air motions associated with the bands; (iv) sources and sinks of moisture

for the bands; (v) the role of cumulus-scale convection in the bands; and (vi) the

modes of growth of precipitation particles in the bands.

3.2 Location and Period of Observations

The rainbands to be described were located within the second of three occluded

frontal systems which passed over the area of observations shown in Fig. 3.1 during

the period 1400 PST 19 December 1973 through 1700 PST 21 December 1973. Observations

were maintained throughout this period, and aircraft measurements in the rainbands

to be described were obtained from 0938 PST to 1249 PST on 20 December 1973. The

flight path is shown in Fig. 3.1.

In this section the term rainband is extended to include the complete three-dimensional
cloud and precipitation structure (solid and liquid) associated with a rainband. The
term rainband will often be shortened to band.
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CYCLES data network on December 19-21 1973 Arrow shows ai rcraft

fl iqht path from 0959 to 1227 PST December 20 Symbols are for high

resol ution rai ngauge si tes low resol ution rai ngauge s tes A)
and Un ivers ty of Washington (R)) where radar rawi nsonde conti nuous

oressure and wi nd measurements and high-resol uti on rai ngauge data

were obtai ned
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3. 3 Types of Data

3. 3. 1 Rawinsonde data. Rawinsondes were launched at intervals of two to three

hours from the University of Washington (UW) in Seattle (Fig. 3.1) These serial

soundings were used to construct cross sections through the frontal systems passing

over the area. The horizontal wind data from the soundings were used to compute

the vertical velocity (D (s dp/dt, where p is pressure and t is time) using the two-

dimensional form of the mass continuity equation

3o) 9u
3p 9x

(3.1)

where x is the horizontal coordinate normal to a front and u is the wind component

in the x direction.

Attempts to compute 01 from the conservation of wet-bulb potential tempera-

ture (6 ) or on the assumption of thermal wind balance in the equation for the
w

local time-rate of temperature change, were unsuccessful because of the predominance

of near-zero vertical gradients of 9 which appear in the denominators of the

equations for (D in both of these methods.

3. 3.2 Raingauge data. High resolution tipping-bucket raingauges with resolutions

of approximately 0.04 mm of rain per tip (time resolution in moderate rain about

15 s) were operated by the UW at the locations shown in Fig. 3.1. Lower resolution

gauges were operated by the National Weather Service; these were weighing bucket

gauges from which rainfall amounts of approximately 0.5 mm could be resolved over

time periods of about 7 min.

3. 3. 3 Radars. Two radars were operated at the UW. One was a weather surveil-

lance radar (wavelength 3.2 cm, beam width 1.0 peak power 250 kW) which provided

approximately horizontal coverage within a 90 km radius of the radar (Fig. 3.1)
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The PPI displays for this radar were recorded by time-lapse photography as the

displays were cycled through a series of five gain settings. In this way, intense

echo cores (shown on minimum gain displays) as well as widespread light rain areas

(shown on high gain displays) could be identified and tracked.

The second radar was a vertically-pointing pulsed Doppler radar (wave-

length 3. 2 cm, beam width 0. 8 peak power 7 kW) which detected precipitation and

measured the spectrum of fall speeds of precipitation particles at ten levels in

the vertical (Weiss and Hobbs 1974) A complete set of ten velocity spectra was

obtained at intervals of 50 s throughout the study, and these were displayed in

real time on a cathode ray storage scope. The spectra were recorded both digitally

and by photographing the storage scope displays.

3. 3.4 Aircraft measurements. The UW’s B-23 research aircraft was used in

this study. Parameters measured aboard the B-23 include cloud liquid water content

cloud droplet sizes and concentrations ice particle sizes types and concentrations

air turbulence, temperature and dewpoint. The position of the aircraft is continually

recorded in real time on a map of the area with the aid of an x-y plotter. Cloud

photography and visual observations are also made from the aircraft. A detailed

listing of the cloud physics capabilities of the B-23 can be found in Table 5.2.

3. 3.5 Other data. Satellite photographs conventional maps and micro-barograph

traces were obtained from the National Environmental Satellite Service and the

National Weather Service.

3. 4 Synoptic Situation

The first of the three occluded frontal systems which we observed is

shown in Figs. 3.2(a) and (b) as it was approaching the Washington coastline on 19

December 1973. The second occluded system passed over Washington on 20 December

(Figs. 3.2(c) and (d)) and the third one, which formed when the "comma cloud" shown
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(a 1000 PST 19 DECEMBER 1973 b) 1600 PST 19 DECEMBER 1973

c 1000 PST 20 DECEMBER 1973 (d 1600 PST 20 DECEMBER 1973

-^ ,’

?o.’’~,

e 1000 PST 21 DECEMBER 1973 f 1600 PST 21 DECEMBER 1973

Figure 3.2 Synopt ic map sequence for December 19-21 1973 Surface maps (a ,c
and e) show sobars (in mb) low (L) and high (H) pressure centers
and fronts The satel te cloud patterns (traced from NOAA-2
infrared images) for a speci fic frontal system may be tracked in time
by fol lowing the same style of shading from one surface map to the
next Upper ai r maps (b, d and f) show 500 mb height contours (sol d

nes in dekameters) and isotherms (dash-dot ines in C) Surface
fronts and pressure centers are superimposed on 500 mb maps
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in Fig. 3.2(c) merged with the frontal wave to the east, moved over the Pacific

Northwest on 21 December (Figs. 3.2(e) and (f)) These three frontal systems were

embedded in a southwesterly upper-level flow between a 500 mb ridge over the

western United States (Fig. 3.2(b)) and a 500 mb trough to the west, which moved

gradually from the Gulf of Alaska region (Fig. 3.2(b)) toward the western coast

of the United States (Fig. 3.2(f))

Vertical cross-sections through the three frontal systems which passed

over the UW’s rawinsonde site on 19-21 December are shown in Fig. 3. 3. None of

these systems exhibited any discernible frontal structure below the 850 mb level

in the cross sections. Above 850 mb, however, fronts were well defined. (The

cold front shown at the surface on 21 December occurred after the passage of the

third frontal system. This lower level front coincided with the passage of a

line of convective showers and thus may have been a convectively induced phenomenon.)

The frontal system which moved over the UW on 19 December was characterized

first by the passage of a well-defined cold front located between 800 and 600 mb

at 1730 PST in Fig. 3. 3. This cold front was followed by a second cold front

located between 600 and 470 mb at 1900 PST on 19 December. This second cold front

was connected at its lower end with a warm occlusion which extended downward from

600 mb at 1900 PST on 19 December to 850 mb at 2300 PST.

Tlie leading portion of the second frontal system, which moved over the

UM on 2U December, contained a warm front extending downward from 630 mb at 0500 PST

to 740 mb at 0700 PST on the 19th (Fig. 3. 3) The warm front was followed by a

surge, of cold air bounded at about 1100 PST in Fig. 3. 3 by two cold fronts which

were separated at the 670 mb level, with the upper cold front slightly ahead of

the lower one. This split in the cold fronts aloft is consistent with the wet-bulb

potential temperature pattern seen in Fig. 3. 3(c) and with the vertically-pointing

In our terminology, a single frontal system may consist of several individual

fronts arranged in various configurations.
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DECEMBER 21. 197) OCCEMBER 20. 1973 DECEVSEB 19. 1973

(d

Rawinsonde and raingauge data obtained at the Universi ty of Washington,
December 19-21 1973. (a) Cross-section showing fronts sotherms
(C) and winds (kt) (b) Cross-section showing fronts and relative
humidi ty with respect to iquid water. Contours of relative humidi ty
are for 30, 50, 70 and 90% wi th the darkest shading indicating values
>30% and the unshaded regions indicating values <30%. (c) Cross-
section showing fronts and Isotherms of wet-bulb potential temperature
(6.,, In*K) Regions of potential instabi ty are indicated by shading
(d) Raingauge trace wi th rainbands indicated by A] B] B^, and C]
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Doppler radar data which provided a continuous record of the 0C isotherm (as

evidenced by a discontinuity in precipitation particle fall speed due to melting;

see further discussion in 3.9)

The third frontal system, which passed over the UW between 0400 and 1200

PST on 21 December, was a classical warm occlusion with the cold front advancing

over the warm front (Fig. 3. 3)

The fragmented nature of the first two frontal systems (19 and 20 December

in Fig. 3. 3) which had cold air arriving in multiple surges aloft, appears to be

a commonly observed feature of occluded frontal systems as described by Kreitzberg

(1964) Elliott and Hovind (1965) Kreitzberg and Brown (1970) Browning et_ al.

(1973) and Hobbs e^ a\_. (1975)

3. 5 Relationship of Rainbands to Fronts

The three frontal cloud systems which passed over the UW on 19, 20, and

21 December, respectively, each contained mesoscale rainbands, which are denoted by

A!’ B! ^ and c! in Fig" ^(d) In the remainder of this paper, we focus

attention on B^ B^, the four rainbands embedded in the frontal system of

20 December.

The times that rainbands B- B, passed over each raingauge station

shown in Fig. 3. 1 were noted, and the horizontal positions and motions of the

bands were then inferred from these times, cross-checking the results against

echo patterns from the UW weather surveillance radar. A description of this analysis

technique and of the horizontal structure and motion of rainbands B B has been1 4

given in 2.5. We note here only that bands B and B which occurred in the

leading portion of the 20 December frontal system, had a warm-frontal orientation

(northwest to southeast) as they moved across western Washington, while B and B

in the trailing portion of the cloud system, had a north-south (or cold-frontal)
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orientation. This result would be expected from Fig. 3.3, since the passage of

B- and B- coincided with the passage of the upper-air warm front on 20 December,

while the later bands (B_ and B. ) coincided with the two upper-air cold fronts

on this day. The relationship of the rainbands to the fronts on 20 December is

summarized in Fig. 3.4.

3.6 Rainbands in Relation to Surface Pressure Features

Properties of the surface pressure field on 20 December 1973 are indicated

by the barograph traces shown in Fig. 3.5. Features A and C were mesoscale

pressure perturbations superimposed on the general fall and rise of pressure

associated with the large-scale trough B. Feature A marked the end of a period

of rapidly falling pressure, after which the pressure fell less rapidly, leveled

off temporarily, or showed a temporary rise in pressure. Feature C was the

beginning of a period of rapidly rising pressure, which followed a period of less-

rapidly rising pressure, a period of constant pressure, or a temporary fall in

pressure. At most of the Washington sites included in Fig. 3.5, feature A was

immediately followed by a short lived, but well defined, peak in the pressure

field, while C was immediately preceded by a pronounced pressure peak.

The movement of A and C over western Oregon and Washington is shown in

Fig. 3.6 with successive positions of rainbands B- and B, superimposed on the

pressure line positions. The earlier pressure feature A and rainband B (Fig. 3.6(a))

had northwest-southeast orientations, whereas the later pressure line C and rain-

band B, (Fig. 3.6(b)) had north-south orientations. Thus, mesoscale features in

the pressure field, as well as the precipitation field, were oriented parallel

to the warm front in the leading (or eastern) part of the storm, while those which

came later (in the western part of the storm) had a cold-frontal orientation.

The similar orientations of the rainbands and pressure lines were most

noticeable when the features first moved onshore from the Pacific Ocean. In
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Figure 3 .4 Re lationship of rainbands B^ B^ to satel te cloud pattern and
synoptic features Speci fi c features indi cated are fronts at the
720 mb level surface low pressure center (L) and surface pressure
trough (B) Open swath between dashed ines shows portion of cloud
shield in wh ich observations were obtai ned
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Figure 3.5 Barograph traces for Washington and Oregon for 20 December 1973
Features A, B, and C are discussed in text.
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Fig. 3.6(a) it can be seen that as the features moved inland, the pressure

feature rotated toward an almost east-west orientation by 0700 PST, while the

rainband tended toward a more north-south orientation. The change in orientation

of the rainband, however, occurred as it approached the meridionally oriented

Cascade Range in central Washington and was probably due to orographic modifi-

cation of the rainfall pattern. In the absence of orographic influences, the

rainband and pressure line might have remained parallel.

The positions and motions of various features embedded within the

frontal system of 20 December are summarized in Fig. 3.7. Since the total

lengths of the rainbands and pressure lines were not observed, only the com-

ponents of motion normal to these features could be shown in the figure. It is

evident from Fig. 3. 7 that the warm-frontal rainbands B- and B^ and the pressure

features A and B moved somewhat faster than the frontal cloud shield; however,

several tens of hours would have been required for these features to move from

one edge of the cloud shield to the other and the change in structure of the

cloud system due to this relative motion was thus rather gradual. The vectors

shown inside of the rainbands B- B, in Fig. 3. 7 indicate the average motion of

small mesoscale precipitation areas situated within the bands. These small

elements, which have been described in 5 2, were the cores of heaviest rainfall

2
within the rainbands. They were 10’s to 100’s of km in area and moved with the

winds between 850 and 700 mb.

3. 7 Air Motions

Vertical velocities computed by integrating Eqn. (3.1) were combined with

the horizontal winds normal to the fronts to obtain a two-dimensional, vertical

circulation pattern for the frontal system containing rainbands B- B, (Fig. 3.8)
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Figure 3 .7 Compos te of the storm system of December 20 1973 showi ng pos t ions
and veloci ties (m s’ of the cloud sh ield wi thin whi ch were
located pressure features (A, B and C) rainbands (B) B;,) and
smal -scale preci pi tation areas (dots) wi th in the bands
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Figure 3 .8 Two-dimensional ai rflow in the frontal system of December 20 1973
Distance scale at top of diagram was obtai ned by converting time to

space on the basi s of observed frontal velocities Streaml ines

relative to front are shown by heavy arrows Smal whi te arrows
indicate the displacement of a parcel of ai r in one hour at the
computed veloci ty applying at ts ori gin (verti cal component in mb,
horizontal component in km) Dashed ine surrounds region of upward
motion associated wi th frontal clouds and rainbands (B] 64)
Striped arrows crossing dashed ine show fluxes of water vapor (wi th
numbers adjacent to arrows indi cating magni tudes of fluxes in uni ts
of 10^ g s~l m"I) across boundaries of ifting region Letters A-J
mark points referred to in text Letter T marks time of surface
trough passing.
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The horizontal velocity of the frontal system itself has been subtracted from

the airflow pattern to represent the flow relative to the system. In the integra-

tion of Eqn. (3. 1) 9u/3x was computed over horizontal increments (Ax) which were

determined by converting the time increments between soundings to distances based

on the speed of the frontal system. The horizontal wind component u in Eqn. (3.1)

was taken in a plane normal to the warm front to the right of 1000 PST in Fig. 3.8

and in a plane normal to the cold fronts to the left of 1000 PST. The two planes

intersect at 1000 PST at an angle of 137, and thus together approximate a single

slightly curved plane cutting both the cold and warm fronts at right angles.

Theoretically, the streamlines in Fig. 3.8 should show a kink at the intersection

of the two planes, however, the kink is so slight that it is imperceptible from

the data and has been smoothed over in the analysis.

The computed flow pattern in Fig. 3.8 is in good agreement with other

data. The region of maximum upward motion in the lower troposphere is centered

on the time of the surface trough passage (T in Fig. 3.8) when the maximum low-

level convergence would be expected. The computed upward motion region also

coincides exactly with the periods of precipitation and satellite-observed

cloudiness at the rawinsonde site. The airflow pattern shown in Fig. 3.8 is

remarkably similar to frontal airflow patterns obtained in previous investigations

of Pacific occlusions (Elliott and Hovind, 1965; Hobbs et_ al_. 1975)

3. 8 Sources and Sinks of Moisture

The computed flow of water vapor through the region of upward motion

(seen in Fig. 3.8) shows that the flow of water vapor into the lifting region

was exceeding the outflow. The resulting moisture accumulation would have resulted

in a rainfall rate of 0.9 mm h if the accumulating vapor was being converted to

precipitation distributed at a steady rate uniformly over the 350 km wide region
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containing rainbands B- B, The average rainfall rate actually observed in the

region containing the bands was 1.5 mm h which agrees with the computed rate

well within the noise level of the data.

It is evident from Fig. 3.8 that the primary source of moisture for the

frontal clouds was the low-level flow through boundary IJ below the warm front.

There is no apparent way that the precipitation in this frontal system could

have been supplied by the small horizontal influxes of moisture across the western

boundary CDE in Fig. 3.8. Instead, the precipitating clouds which comprised the

rainbands B- B, were fed directly from surface layers with air originating

below the 800 mb level.

The origin of the moist air feeding rainbands B- B, was investigated

by estimating the three-dimensional trajectories of the air flowing through the

cross section of Fig. 3. 8. We identified four air parcels in the cross section

plane and displaced them backwards in time (in one-hour steps) according to the

computed vertical velocity field indicated in Fig. 3.8 and the observed horizontal

winds shown in Fig. 3.3(a) It was assumed that the airflow in the plane of the

cross section of Fig. 3.8 applied everywhere along a 600 km length of the frontal

system. The computed trajectories are shown in Fig. 3.9. In Fig. 3.9(a) the

frontal motion has been subtracted from the trajectories to show the flow relative

to the fronts, while in Fig. 3.9(b) the trajectories are shown in relation to the

earth.

From the geographical frame of reference in Fig. 3.9(b) it is evident

that the moisture influx along trajectories W, X and Y originated south to south-

west of the lifting zone with the moist air moving toward the front in a relative

sense at low levels and beginning to rise only as it was overtaken by the

approaching frontal system. This trajectory pattern is very similar to that
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( 0 )

Three-dimensional trajectories for frontal system of December 20, 1973
Trajectories al begin at 0300 PST and end at 1000 PST. Upward moving
portions of trajectories are indi cated by sol id black shading Trajectories
relative to fronts are shown in (a) The background of (a) shows the two-
dimens ional projections of trajectories W, X, Y and Z in a format s imi lar
to that of Figure 3 .8. Trajectories relative to the earth are shown in (b)



( b )

Figure 3 .9 (continued)



observed by Hobbs e^_ al^. (1975) who further showed how such an airflow can be

disrupted as it moves over a north-south oriented mountain range.

The southerly trajectories of moist air (W, X and Y in Fig. 3.9(b))

suggest that the rainbands in the frontal system were being fed with generally

maritime tropical air. This may explain the potentially unstable stratification

in the air above the warm front seen in Fig. 3. 3(c) since maritime tropical air

typically has a minimum of 6 in the low to middle troposphere.

3.9 Growth of Precipitation Particles and the Role of Cumulus-Scale
Convection in the Rainbands

3. 9. 1 Melting layer. A time-height cross-section of average particle fall

speeds, obtained by averaging the vertically-pointing Doppler radar data obtained

during the passage of rainbands B- B, over 10 min. periods is shown in Fig. 3.10.

A very prominent feature in this diagram is the melting layer, which is indicated

by a rapid downward increase in the magnitude of precipitation fall speeds. The

melting layer was consistent with the isotherm pattern indicated by rawinsondes

(Fig. 3. 3) Since the radar data were obtained continuously, while the rawin-

sondes were available only every 2 to 3 h, the radar melting level "isotherm" was

particularly helpful in locating the warm front and the lower cold front shown

in Figs. 3. 3 and 3.10.

Above the melting layer, in the "snow region" of Fig. 3.10, ice particle

fall speeds were generally between 1.0 and 1.5 m s (Mean fall speeds much

less than 1 m s were not detected.) Below the melting layer, in the "rain

region", the fall speeds of raindrops ranged from 4 to 6 m s

3.9. 2 Particle growth and evaporation below the melting layer. Very little

particle growth (indicated by increasing fall speeds with decreasing height in
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Fig. 3.10) was observed below the melting layer in any of the rainbands. Moreover,

a considerable amount of evaporation (indicated by fall speeds decreasing toward

the ground) occurred at the edges of bands B- and B, Evidently, these two bands

located on the eastern side of the frontal system, were being eroded by the intrusion

of low-level unsaturated air.

3.9. 3 Particle growth above the melting layer. Precipitation particle growth

above the melting layer is best indicated by Figs. 3.11 and 3.12 which are expanded

time cross sections showing rainbands B, and B,

Weiss and Hobbs (1975) have shown that ice particle growth modes can be

related to the vertical gradient of the mean particle fall speed. A small gradient

< -4 -1
(- 10 s in magnitude) is associated with growth by deposition from the vapor

phase, while larger gradients are associated with growth by collection processes

(either riming or aggregation) Applying these ideas to Figs. 3.11 and 3.12, we

conclude that the region above about 2.8 km, which was characterized primarily by

vertically-oriented isotachs of fall speed, was dominated by depositional growth.

Just below 2.8 km, but above the top of the melting layer, the isotachs of fall

speed in Figs. 3.11 and 3.12 are horizontally oriented and the larger vertical

gradient of fall speed (ss 8 x 10~ s" on the average) indicates that the particles

were growing by riming or aggregation in this region.

3.9.4 Cumulus-scale convection. In 3.6 it was noted that rainbands B- B,

contained small-scale cores of heavy rainfall ranging from 1’s to 10’s of km in

horizontal dimension. The track of one such small-scale rain area (S 15 km

"^The distribution of fall speeds with height below the melting layer is not likely

to be affected by vertical air motions since the terminal fall speeds of the rain-

drops are more than an order of magnitude greater than the vertical air velocities

in that region.
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in dimension) located in band B- is shown in Fig. 3.13. As this rain area moved over

the UW during the period labeled "period 2" in Fig. 3.11, the raingauge trace

showed several peaks of heavy rainfall, each 1 to 3 min. in duration, indicating

that the small mesoscale rain area contained cumulus-scale convection (consisting

of cells ~1 km in horizontal dimension) Since the radar data in Fig. 3.11

were averaged over 3 min. periods, they probably do not fully resolve the embedded

convection; however, the radar data for period 2 do show relatively short periods

of enhanced fall speeds which were not present before or after period 2. This

is especially notable above the melting layer, where the velocity field was uniform

during period 1 and quite variable during period 2. In Fig. 3.12, it can be seen

that band B, was similar to B- in exhibiting a relatively non-convective period

(period 3) and a more convective period (period 4)

Surprisingly, the changeover to a horizontally fluctuating pattern from

period 1 to period 2 seen in Fig. 3.11 was not accompanied by an apparent change

in particle growth modes. Above 2.8 km, the isotachs were oriented vertically

during period 2, indicating that the dominant particle growth mode at these heights

was deposition during, as well as before, period 2. The short periods of enhanced

fall velocities in the snow region seen during period 2 apparently arose due to

enhanced growth of particles in small-scale convective regions above the 4 km level.

Particles from these growth regions then grew very little as they settled downward

through the depositional growth region (located between 4 and 2.8 km in Figs. 3.11

and 3. 12).

The existence of convective cells just above the 4 km level would be

fully expected in bands B and B, since potentially unstable air, seen near 650 mb

(or 3.6 km) between 0600 and 1200 PST on 20 December in Fig. 3.3(c) was being

lifted to saturation by the airflow depicted in Fig. 3.8. The relative humidity
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pattern in Fig. 3.3(b) suggests that the tops of the convective cells (which had

bases at about the 4 km level) were near the 5 km level.

Shallow convective cells located aloft in the snow regions of extra-

tropical storms are a fairly common phenomenon. They have been described and

referred to as "generating cells" by Marshall (1953) Browning and Harrold

(1969) inferred the presence of such cells in warm frontal rainbands and Austin

and Houze (1972) noted cells of similar dimension situated aloft in New England

cyclones. Our study indicates that the microphysical growth of the precipitation

particles in rainbands may be enhanced within these cells.

3.9.5 Ice particle types. Information on ice-particle types can be inferred

from the vertically-pointing Doppler radar using a method developed in our group.

This method is based on the assumption (supported by the results of Ohtake, 1969)

that very little breakup of precipitation particles occurs within the melting

layer. In this case, the power-weighted mass spectrum (that is, the spectrum of

power returned to the Doppler radar expressed as a function of particle mass)

and should be the same for radar signals returned from just above and just below

the melting layer (assuming that ice particles reflect electromagnetic radiation

as if they were melted spheres of liquid water and that the width of the melting

layer is small enough that range effects can be ignored)

The power spectrum of particle fall velocity P(V) measured with the

radar can be converted to the power-weighted mass spectrum P(M) if there is a

known one-to-one relationship between the particle mass M and velocity V. For

raindrops such a relationship exists (e.g. Fletcher, 1962) However, for

ice particles, V depends on the particle type as well as its mass and

V a M13 (3.2)
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where a and b take on different values for different ice crystal types (see

Locatelli and Hobbs, 1974) If the measured power spectrum of velocity above

the melting layer is converted to a spectrum of mass P. (M) using (3.2) the
A

resulting spectrum should match the power spectrum of raindrop mass Pn(M)

determined for the region just below the melting layer, provided the proper

values of a and b are used in (3.2) The dominant crystal type can thus be

inferred indirectly, by finding the combination of a_ and b_ which give the closest

match between P (M) and PnW

In Fig. 3. 14, power spectra from above and below the melting layer are

compared for periods 1 and 2 within rainband B- The velocity spectra above

the melting layer were converted to mass spectra using values of a_ and b^ for

three types of ice particles, using the data of Locatelli and Hobbs (1974)

Unfortunately, a close match with the raindrop spectrum was not obtained for

any of these particle types. However, the relative positions of the snow and

rain spectra did not change from period 1 to period 2, indicating that whatever

the ice particle types were just above the melting layer, they were the same in

the two periods. Moreover, the period 2 curves were shifted along the abscissa

in Fig. 3. 14 toward slightly higher particle masses probably as a result of the

enhanced particle growth in convective cells aloft during this period. We con-

clude, therefore, that the role of the cumulus cells was to increase the average

particle masses and fall speeds but not to change the fundamental crystal types.

3.9.6 Confirmation of radar results by direct aircraft sampling of rainbands.

Figure 3. 15 contains vertical cross sections through rainbands B and B, showing

the data collected from the aircraft. On both the outbound (Fig. 3.15(a)) and

inbound (Fig. 3.15(b)) flight legs, the continuous cloud liquid water content
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and turbulence measurements made aboard the aircraft showed no significant

variations while the aircraft was within bands B- or B, In fact, the values3 4

of these variables were lower in rainbands B., and B, than in the tops of the3 4

low-level, non-precipitating stratocumulus clouds encountered by the aircraft

between 1110 and 1130 PST (Fig. 3.5(a)) after it passed through the back edge

of B, behind the cold front. The lack of any large or highly variable values

of liquid water content or turbulence in the rainbands indicates an absence of

convective activity at the flight level of the aircraft. This result is con-

sistent with the Doppler radar and rawinsonde data which indicated that convective

cells in the rainbands were located at altitudes of 4-5 km which were above the

aircraft flight level.

By comparing Fig. 3.15 with Figs. 3.12 and 3.13, it can be seen that

the flight level of the aircraft was within, but near the top of, the collec-

tional growth region inferred from the Doppler radar data. We therefore expect

the ice particles sampled by the aircraft to exhibit characteristics of growth

by aggregation or riming. Generally, the ice particles sampled along the air-

craft flight path were rather irregular and difficult to characterize. However,

the few which could be identified were needles and sheaths. Evidence of smashed

aggregates of crystals were noted in both Formvar and foil sample replicas.

There was no conclusive evidence from the replication data that ice particles

were rimed. However, the probability that riming was a factor in the growth

of ice particles is supported indirectly by other aircraft data since it is known

that rimed crystals are most likely to consist of frozen droplets 15-45 ym in

diameter and crystals larger than about 0. 3 mm in dimension (Hobbs, 1974)

From Fig. 3. 15 it can be seen that the solid precipitation particles in rain-

bands B and B, were 0. 3-4 mm in dimension and drops 8-60 pm in diameter were

-3
present in concentrations of about 50 cm on average.
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3.9. 7 Concentrations of ice particles in the rainbands. The measured

concentrations (C) of ice particles in rainbands B, and B, were in the range

of 10-200 !~ (Fig. 3.15) At the cloud top temperature of -14C which was

typical of these bands (estimated from the relative humidity cross section in

Fig. 3. 3(c)) the active ice nucleus concentrations (N) should have been about

10~1’5 (Fletcher, 1962) The ratio C/N was therefore 101’5 to 103’8, indicating

that ice enhancement was probably occurring in these bands. If the ice part-

icles were actually nucleated below cloud top, that is, at temperatures above

-14C, fewer ice nuclei would have been available for activation and the ice

enhancement ratios would have been even greater than those given above. Hobbs

and Atkinson (1976) have shown that ice enhancement is common in cyclonic storms

over the Cascade Mountains, which lie just to the east of the region where the

present measurements were made.

Recent laboratory experiments (Mossop, 1976) suggest that large numbers

of secondary ice particles may be produced in clouds during riming if: (i) the

cloud temperature is between -3 and -8C, (ii) cloud droplets >24 um in diameter

_3
are present, (iii) the liquid water content is about 1 g m and (iv) the fall

speeds of the ice particles are between about 1 and 3 m s Although these

laboratory results must be treated with caution at the present time, we note

that the aircraft and Doppler radar measurements obtained in the present case

study show that Mossop’s criteria were closely met in rainbands B and B, It

is possible therefore that the observed high ice particle concentrations in

those bands were produced by ice multiplication during riming.

3. 10 Conclusions

This case study has advanced our understanding of the mesoscale structure
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of extratropical cyclones in the direction of a better physical understanding of

the rainbands which have heretofore been studied primarily in terms of their

general appearance and kinematics. The measurements obtained in the CYCLES

PROJECT cover a sufficiently wide range of scales (from the synoptic scale down

to the cloud particle scale) to permit an examination of the physical framework

in which the bands exist and the detailed processes which are at work within

the rainbands themselves.

In the case study presented here, we have examined the dynamical and

microphysical processes associated with four rainbands in an occluded cyclone.

The principal conclusions we have arrived at are:

(i) Two rainbands oriented parallel to the warm front of the occlusion

were located in the leading portion of the frontal cloud shield,

while two rainbands with cold frontal orientations were observed in

the trailing portion of the frontal system.

(ii) Mesoscale features in the surface pressure field appeared to be

parallel to the rainbands as they moved onshore from the Pacific

Ocean, however, as one of those pressure features moved inland

toward the Cascade Mountains, it lost its parallel relationship to

the rainbands.

(iii) Two- and three-dimensional airflow patterns, constructed using vertical

velocities computed two dimensionally from serial rawinsonde data,

were in good agreement with observed cloud and precipitation patterns.

(iv) The computed airflow patterns indicated that the rainbands were sup-

plied with moist air which entered the cloudy region at very low

levels (below 800 mb and below the warm front) and rose abruptly in

the region of the rainbands as the moist air flowing into the frontal

system from the south to south-southwest was overtaken by the eastward
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moving frontal system.

(v) Cumulus convection (or "generating cells") apparently existed within

the rainbands in a shallow layer aloft (between 4 and 5 km) The

convective cells increased the growth of ice particles aloft but did

not have any apparent effect on crystal habits.

(vi) Below the base of the convective layer, ice particles in the rainbands

drifted downward, growing at first by vapor deposition, then,

beginning at about the 2.8 km level, by riming or aggregation.

(vii) Direct aircraft sampling of the cloud and precipitation particles

indicated that ice enhancement was occurring in the rainbands.

(viii) Below the melting layer little growth of raindrops occurred, and in

the two warm frontal rainbands considerable evaporation of rain-

drops was observed at low levels.

While this study represents an important step toward understanding the

dynamics and microphysics of rainbands, much work remains to be done. Case

studies of the type reported here can be improved greatly by multi-level aircraft

sampling. Weather radars should be used in real time to identify and monitor

the rainbands and direct the research aircraft into different levels of the

bands. Studies of this type are now underway as part of the CYCLES PROJECT.
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SECTION 4

DYNAMICS AND CLOUD MICROPHYSICS ASSOCIATED WITH AN OCCLUDED FRONTAL SYSTEM.

CASE 2: JANUARY 16, 1975

4.1 Synoptic Situation

Figs. 4.1 4.5 illustrate the synoptic situation for the cyclonic

storm which passed over western Washington on January 16, 1975. A shallow upper

ridge was situated over the Pacific Northwest with a fairly strong westerly air-

stream skirting the northern edge of the ridge. The 700 mb chart for 1600 Pacific

Standard Time (PST) on January 16 (Fig. 4. 3) shows only slight pressure gradients

south of Astoria, Oregon, and the strongest gradients near the United States

Canadian border. This situation contributed to the unusual configuration of the

occluded front (see Figs. 4.1 and 4.5) The segment of the front near the border

was moving more rapidly, and the southern portion of the front was drawn into an

almost east-west alignment. The passage of the frontal system was difficult to

detect from surface observations, but it was accompanied by a significant pressure

trough which could be followed across British Columbia and the northern half of

Washington. On the time cross-section, compiled from rawinsondes launched from

Seattle, the pressure trough coincided closely (within one hour) with the surface

position of the occluded front.

The front crossed the Washington Coast about 1930 PST on January 16

and reached the Seattle area at 2300 PST. By the middle of the morning of

January 17 the front was aligned east-west along the Washington-Oregon border,

and by the afternoon of January 17 it was being pushed back across the State as

a warm front.
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Figure 4.2 Chart showing hei ghts of 850 mb surface at 1600 PST on January 16, 1975
Contours label led in meters



Figure 4.3 Chart showing heights of 700 mb surface at 1600 PST on January 16 1975
Contours label led in meters



Figure 4.4 Chart showing heights of 500 mb surface at 1600 PST on January 16 1975.
Contours label led in meters
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4.2 Time Cross-Sections

Time cross-sections were prepared from the data obtained from serial

rawinsondes launched every two to three hours from the University of Washington (UW)

campus in Seattle.

Cross-sections of temperature, wet-bulb potential temperature and

winds are shown in Figs. 4.6 4.8. The wet bulb potential temperature (0 )
w

which is conserved in both dry and moist adiabatic processes is used as the

primary indicator of the boundaries of the airmass. The frontal zone in Fig. 4.7

(hatched area) is drawn to include the area of strongest gradient in 9 The
w

frontal zone is also clearly revealed on the temperature and wind cross-sections

(Figs. 4.6 and 4. 8) The diagrams show a warm frontal surface gradually lowering

from the 600 mb level in the afternoon of January 16 to near the 850 mb level at

2200 PST. Low Q values are caused by low potential temperatures (9) and/or low

humidity. The pocket of low 0 air situated beneath the warm front and centeredw

at 780 mb at 1430 PST, is due to a very dry layer of air above a weak inversion at

825 mb (1. 7 km) Apart from this area, humidities are above 80% throughout the

cross-sections.

The warm front was not identifiable on the surface synoptic charts

after it passed Astoria and it had become occluded by the time it reached Seattle.

The surface frontal zone passed the UW between 2300 and 0030 PST and the pressure

trough occurred at the UW at midnight. Since the cold occlusion did not pene-

trate past the Oregon-Washington border, and was pushed back to the north as a

warm front on January 17, the cold air remained in a relatively shallow layer

below 700 mb.

Some information on vertical air velocities can be obtained from the

serial rawinsonde data if we assume that there was no convergence or divergence
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in the direction perpendicular to the cross-sectional data. Vertical velocities

can then be calculated from the horizontal convergence or divergence between

successive wind soundings. The basic assumption implies that the wind field does

not vary in the direction perpendicular to the cross-sections. Although this

may not generally be true, in this case it appears to be valid below 450 mb

(except between 1720 and 1940 PST, when unrealistic values were obtained) An

estimate of the speed of movement of the frontal system was necessary in order

to transfer times to horizontal distances. This was obtained from the observed

movements of the system on the surface. However, since the warm front and cold

occlusion moved at different speeds (25 and 45 km hr respectively) there is

a discontinuity in the data at the time of the surface frontal passage.

The deduced values of the vertical velocities are shown in Fig. 4.9.

The units are given in mb hr (at the 700 mb level, 1 mb hr is equal to

0. 31 cm s ) It can be seen that the precipitation which occurred about three

hours ahead of the front coincided closely with the region of maximum upward

vertical velocities.

Fig. 4. 10 shows our deduced streamlines for the system. These were

obtained by combining the vertical velocities with the horizontal velocities

relative to the front. The vertical scale for the wind vectors has been

adjusted so as to be consistent with the vertical exaggeration in the other

cross-sectional diagrams. Again, there is a discontinuity in the data at the

surface frontal passage due to the different speeds of motion of the warm

front and the cold occlusion.

The streamline data (Fig. 4.10) should be compared to the cross-

section of wet bulb potential temperatures (Fig. 4. 7) In general, the streamlines

are parallel to the contours of 0 except in the region of the dry air intrusion
w

at 1430 PST. Since the two datum sets are generally consistent and were
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independently derived, the two-dimensional assumption made in deducing the vertical

velocities receives some support and it also appears that the 9 pattern did not

change greatly with time.

4. 3 Aircraft Data

Two aircraft flights (with the NCAR Sabreliner) were made in this

system. The first was on the afternoon of January 16 and the second in the

evening of the same day. The flight routes are shown in Figs. 4.11 and 4.12.

Each flight began at Boeing Field, Seattle, headed about 50 km south to Orting,

and then followed an east-west track for about 230 km close to latitude 47 N

to longitude 125 15’ W (which is about 80 km off the Washington coast) The

flights were completed by a north-south traverse about 120 km long near longi-

tude 122 W. Since the east-west traverses give better cross-sections of the

frontal system, we will concentrate our attention on these sections of the

flights.

The measurements systems available aboard the Sabreliner are listed

in Table 5. 3. Here we are concerned mainly with the concentrations of particles

measured along the flight tracks wi-th the Particle Measuring System Model OAP-200X

(Cloud Probe) The instrument measures the concentrations of particles (water

and ice) in fifteen size ranges (each covering about 70 pm) extending from 80 to

1100 pm. The minimum detectable concentration of particles in each channel is

1 per 100 liters when the counts in each channel are totalled every 10 seconds.

In 10 seconds the aircraft typically travelled 1. 3 km.

The measurements of the particle size distributions are shown in

Figs. 4. 13 4. 16. In the upper part of each of these figures the concentrations

of particles in each of the fifteen size intervals (smallest particles at the

bottom and largest at the top of the diagram) are plotted as a function of time
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Figure 4. Fl ight track of the Sabrel iner between 1^59 and 1659 PST on
January 16, 1975. Times (in PST) are shown on fl ight track.
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Fi gure 4. 12 Fl ight track of the Sabrel iner between 1958 and 2 152 PST on
January 16 1975 Times in PST) are shown on fl ight track
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(and therefore position) Shown in the lower part of each figure is a distance-

height cross-section of the flight track, the clouds observed visually from the

aircraft (for daytime flights) and the approximate positions of the frontal

zone as determined from synoptic analysis. The height of the warm front above

Seattle was deduced from the rawinsondes and the remainder of the vertical

structure from the time cross-sections (this assumes that the basic structure

of the system can be translated from a time to a distance cross-section) The

time and distance scales in these diagrams are such that there is close agreement

between locations shown in the upper and lower parts of each figure.

Figures 4.13 and 4. 14 show the results obtained during the afternoon

of January 16. A thin cloud layer was encountered immediately above the warm

front on the climb-out from Seattle. The temperature in this layer was near -7C.

Since there were high concentrations of particles in the smallest channel (50-

115 urn) droplets below the size threshold of the instrument (50 pm) were probably

also present in the cloud. The next cloud layer encountered was quite homogeneous

from Olympia to the Pacific Coast. At the top of this cloud, layered structure

was evident with a gradual decrease in crystal size. Some thin cirrus clouds

were still present above the highest altitude reached by the aircraft (11 km)

A spiral descent was then made to 1.5 km. The temperatures indicate that at this

altitude, the aircraft was still within the frontal inversion. The 0C isotherm

was 2.5 km. The tops of the lowest cloud layer were near -2C and all the par-

ticles in this layer were less than 325 pm in maximum dimensions. As the aircraft

approached Aberdeen, the particle count rate decreased. Aberdeen was reached at

1552 PST, at which time precipitation was virtually non-existent at Aberdeen.

The first rainband of the system had passed Aberdeen between 1410 PST and 1530 PST

and the next rainband started at 1620 PST. The precipitation rate within the bands

was about 2.5 mm hr
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The area of cloud sampled from 1545 to 1547 PST, at -40 to -20 km in

Fig. 4. 14, was probably associated with the second rainband. However, the cloud

tops at 2. 8 km (~2C) and the 320 \im maximum particle size, indicate that

relatively little precipitation development was taking place at that time. To

produce the 2.5 mm hr precipitation rate at Aberdeen, it is likely that seeding

by ice crystals from higher layers had occurred by the time the cloud reached

Aberdeen.

On climbing to 4.5 km, the aircraft entered an area of layered cloud

in which the particle spectra were similar to those in the homogeneous cloud

sampled at 6 km on the outward bound flight. Averaged particle spectra for these

two cloud layers are shown in Fig. 4.17(a) and (b) Both areas for which particle

spectra are presented were in the region of cirrostratus and altostratus cloud

layers above the warm frontal surface and well ahead of the surface occlusion.

The size distribution of ice showed considerable uniformity both horizontally and

vertically, and the spectra in Fig. 4.17 are considered representative of the

whole area above the warm front. The particle masses shown in Fig. 4.17 were

calculated on the assumption that particles with dimensions smaller than 500 urn

were columnar ice crystals, and those above 500 ym were bullet rosettes.

The second flight took place from 2004 to 2243 PST on January 16.

During this period the surface front was between Aberdeen and Olympia and precip-

itation was recorded at most of the reporting stations in western Washington. The

east-west aircraft passes took place in the warm section above the occlusion. The

measured particle concentrations (Figs. 4.15 and 4.16) were higher than the pre-

vious flight, particularly for the larger size particles. Also the variations

in the particle spectra were more pronounced than on the first flight, indicating

convective activity. However, frontal and orographic influences are difficult to

separate at this time since the surface occlusion was over the Olympic Mountains.
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Figure 4. 17 Parti cle s ize spectra (number concentration mass concentration-X-)
n clouds on January 16 1975 at (a) 6 km (-19C) between 1512 and 15 19 PST

and at (b) A.5 km (-9C) between 1559 and 1604 PST
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The clouds sampled at 2009 PST (at 117 km in Fig. 4.15) and 2101 PST

(at 150 km in Fig. 4.16) appear to be the same feature. This gives a westerly

speed component of 38 km hr (10.6 m s ) The frontal speed varied between

30 and 60 km hr Above the warm frontal surface (which was near 800 mb at

this point) the westerly wind component was in excess of 25 m s and below

the frontal zone it was less than 10 m s

4. 4 Radar Data and Rainbands

Radar coverage was obtained from the Air Force radar at Neah Bay (on

the Pacific Coast) and from the NCAR’s radar which was located in north Seattle.

Fig. 4.18 shows the approximate areas covered by each of these radars. (These

areas can only be shown approximately, because they depend on the height and

intensity of the echoes. )

The Air Force radar showed a NE-SW aligned rainband approaching the

coast from 1630 to 1745 PST on January 16. At 1745 PST the band reached Neah Bay

and was then lost in ground clutter. The south-western edge of the echo showed

a "kink" (Fig. 4. 19) which coincided closely with the estimated position of the

frontal surface from surface and satellite data. The average speed of movement

of this banded echo was 75 km hr The front was off-shore and moving at about

90 km hr but it slowed down on reaching the coast. This band could not be

clearly detected in the raingauge data for western Washington.

The NCAR radar showed near stationary echoes just west of Olympia and

near Port Angeles (Fig. 4. 20) These echoes expanded and contracted at times but

since they showed no systematic movements they were probably due to orographic

rain areas. These echoes were first seen at 1730 PST but they had contracted to

the western edge of the Olympic Mountains by 2330 PST (Fig. 4.20)

Raingauges on the ground showed rain areas five to six hours ahead of
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Figure 4. 19 Echoes ((SSS3) seen on the Neah Bay radar at 1700 PST on January 16 1975 Alsoshown s the estimated frontal pos tion at thi s time (-,----



Figure 4.20 Echoes (nearly stationary) seen on NCAR radar from 730 to 2330 PST on January 16 1975



the frontal surface, with the heaviest precipitation about one to three hours

ahead. However, no distinct banded structure was apparent although individual

stations showed significant maxima and minima in precipitation rates.
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SECTION 5

DYNAMICS AND MICROPHYSICS OF STRATIFORM CLOUDS

ASSOCIATED WITH FRONTAL SYSTEMS

5. 1 Sampling and Analysis Procedures

The studies to be described in this section utilize simultaneous

measurements from two quantitative, vertically pointing Doppler radars, and

two aircraft equipped for cloud physics research, to investigate the air motions

and microphysics of stratiform clouds associated with frontal systems.

The University of Washington’s X-band vertically pointing Doppler

radar, located at the University of Washington in Seattle, and the NCAR (CP-3)

C-band radar, located 14.5 km north of the University of Washington, were used

to obtain information on the vertical profiles of the reflectivity factor and

the Doppler velocities of precipitation particles. The NCAR radar provided

real-time estimates of mean Doppler velocities through a pulse-pair processing

technique (Serafin, 197^) In addition, for this study the radar was specially

equipped with a data acquisition system which was used to record the bi-polar

video signal received from 16 range gates above the radar. In subsequent pro-

cessing the recorded signal for each range gate was averaged over the period

of one antenna rotation (67 s) in order to eliminate crosswind bias of the mean

Doppler velocities induced by an antenna declination from the vertical of about

0.4. Fourier transform processing of the averaged signal yielded spectral den-

sity plots of Doppler velocity. The contributions to the measured reflectivities

and the mean Doppler velocities due to ground clutter returns were removed during

processing of the data. The sensitivity and broad dynamic range of the NCAR

radar qualified it as the prime Doppler radar for this study (profiles of reflec-

tivity factor commonly ranged between -10 dBZ near cloud tops to 25 dBZ or
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higher within the "bright band")

The University of Washington’s Doppler radar was particularly useful

for its real-time display of the complete Doppler spectra of precipitation par-

ticles at different heights above the radar. It was used primarily by the

Project Scientist at the University of Washington. Table 5.1 lists the charac-

teristics of both vertically pointing Doppler radars.

Horizontal plan position indicator (PPI) radar data were obtained

from both the University of Washington’s 3.2 cm wavelength search radar and the

NCAR (CP-3) radar.

Airborne observations and measurements were obtained from the

University of Washington’s B-23 cloud physics research aircraft and the NCAR

Sabreliner. Measurements of the state parameters and dew point were made from

both aircraft. Direct liquid water content measurements were obtained by the

B-23 aircraft. Information on the sizes and types of precipitation particles

throughout the cloud systems was provided by a continuous Formvar particle sam-

pler (CPS) and a metal foil impactor on board the B-23, and by direct visual

observations made by the Flight Scientist on each aircraft. Measurements of

the concentrations of precipitation particles in 15 size groups from 80 to 1040 urn

were obtained from the Particle Measuring Systems optical array probe aboard the

Sabreliner. Horizontal winds at flight levels were measured with the inertial

navigation system on the Sabreliner. Figure 5. 1 and Tables 5.2 and 5. 3 provide

further information on the instrumentation aboard each aircraft.

Aircraft sampling began at the cloud tops and proceeded downward in

altitude steps of 600 m or less. At each sampling altitude straight, horizontal

passes, about 18 km in length, were made by the Sabreliner. Each pass was

oriented parallel to the wind and was centered over the NCAR vertically pointing

Doppler radar. Sampling at each altitude by the B-23 aircraft was accomplished
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TABLE 5.1 CHARACTERISTICS OF THE NCAR AND UNIVERSITY OF WASHINGTON (UW)
DOPPLER RADARS.

NCAR UW

Wavelength (cm)

Transmitted Power (kW)

Beam Width

Pulse Length (us)

Pulse Repetition Frequency

Number of Range Gates

5.45 3.20

338 7

1.1 0.8
1.0 0.25

1071 4000

16 10
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Figure 5 Plan view of instrumentation onboard the Uni versi ty of Washington ’s
research ai rcraft. Key to figure s on opposi te page.
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Caption for Figure 5. 1. Locations of crew and research instruments on the
University of Washington’s B-23 research aircraft.

1-2 Pilot and co-pilot 5 Instrumentation Monitor
3 Observer 6 Flight Director
4 Instrumentation Engineer 7 Observer

A 5 cm gyrostabilized weather radar
B Rosemount airspeed, pressure altitude and total temperature probes,

MRI-turbulence probe and electronics, J-W liquid water probe, angle
of attack sensor

C VOR-DME slaved position plotter; research power panel (2 kw 110V 60 Hz;
1.5 kw 110V 400 Hz; 150 amps 28V dc)

D Electronic controls for J-W liquid water indicator, reverse housing

thermometer, electrical cloud particle counter and dew point thermometer,
time code generator and time display, WWV time standard receiver, TAS
and T analog computers, signal conditioning amplifiers, audio signal
mixers, FSK time-share data multiplexers (63 channels) and turbulence
analog read-outs, Doppler horizontal winds

E Minicomputer (16 bit word, 16k word capacity, installed May, 1975, computer
interface to instrumentation, remote A-D converter, keyboard and printer

F Analog tape recorder (7 track, 1/2") and high speed, 6-channel analog strip
chart recorder

G Inlet for isokinetic aerosol sampling
H Aircraft oxygen, digital readout of all flight parameters, dew point sensor,

time code reader and time display, heated aerosol plenum chamber, vertical
velocity, Millipore filter system

I Controls for metal foil impactor and continuous particle replicator
J Aerosol analysis section, generally contains modified NCAR ice nucleus

counter, integrating nephelometer, automatic cloud condensation counter,
VHF air-to-ground transceiver, Whitby aerosol analyzer, Royco particle
counters, automatic condensation nucleus counter, automatic bag sampler

K PMS axially scattering spectrometer (small droplet probe) vertically
mounted

N Rotary field mill (electric field in horizontal plane)
0 Rotary field mill (electric field in vertical plane)
P Reverse flow static temperature probe
Q Automatic ice particle counter and metal foil hydrometeor impactor
R Continuous Formvar replicator
U Radar repeater, side viewing automatic camera, real-time display of PMS data
V Radar altimeter
W Instrument vacuum system (consists of four high capacity vacuum pumps

connected individually to the cabin)
X Anisokinetic large volume aerosol sampler
Y PMS optical array precipitation spectrometer (installed November, 1975)

PMS optical array cloud droplet probe (installed March, 1976)
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TABLE 5.2 METEOROLOGICAL INSTRUMENTATION ABOARD THE UNIVERSITY OF WASHINGTON’S DOUGLAS B-23 RESEARCH AIRCRAFT.

Parameter

Total (stagnation) air
temperature

Static air temperature

Dew point

True airspeed

Magnetic heading

Pressure altitude

Altitude above terrain

Aircraft position
and course

Aircraft drift angle

Ground speed

Horizontal wind speed

Horizontal wind direction

Instrument

Platinum wire resistance
(Rosemount, Model
102 CY2CG)

Platinum wire resistance
(in house)

Thermoelectric hygrometer
(Cambridge, Model 137-3C)

Differential capacitance
pressure sensor (Rosemount,
Model 831 BA)

Flux-gate gyrocompass
(Sperry, Model C-2)

Variable capacitance
pressure sensor (Rosemount,
Model 830 BA)

Radar altimeter
(AN/APN22)

Automatic position plotter,
uses DME and VOR signals
(in house)

Doppler radar navigator
(Bendix, Model DRA-12C)

Doppler radar navigator
(Bendix, Model DRA-12C)

Calculated in real time
from true airspeed, drift
angle and ground speed by
Datamation mini-computer

Calculated in real time

from true airspeed, drift
angle and ground speed by
Computer Automation mini-

computer.

Range of
Measurements

-70 to +30C

-70 to +30C

-40 to +50C

0 to 250 ms

0 to 360

-0 to 1060 mb

0 to 6 km

0 to 130 km

40 left to
40 right

0 to 500 m s~
0 to 99 m s~

0 to 360

Error in
Measurements

to^c

+/-0.5C

+/-1C
(manuf. spec.)

=+/-0.2%
full scale
(manuf. spec.)

+/-1

=+/-0.2%
full scale
(manuf. spec.)

f 5%
indicated value

+2 km

Variable

+/-0.5 m s

+/-(1 m s~1 +20%)

Dependent upon
course and wind
speed

Time
Constant

1 s

1 s

3C s~1

10 s

1 s

1 s

Used in
Present
Study?

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

No

No

No

cont.



TABLE 5. 2 (continued)

Parameter Instrument

Air turbulence

Cloud liquid water content

Hydrometeor samples
(sizes and concentrations)

Differential pressure
sensor (Meteorology
Research, Inc.
Model 1120)

Hot wire resistance

Metal foil impactor
(Meteorology Research, Inc
Model 1220A)

Ice particle
-j concentrations

Cloud particle samples
(sizes and concentrations)

Cloud particle size
spectrum

Cloud particle size
spectrum

Precipitation particle
size spectrum

Cloud condensation nucleus
(CCN) concentrations

Ice nucleus concentrations

Continuous particle
replicator (Meteorology
Research, Inc.
Model 1203 D)

Optical ice particle
counter (in house)

Axial scattering probe
(Particle Measuring
Systems, Model ASSP100)

Optical array probe
(Particle Measuring
Systems, Model OAP 200X)

Optical array probe
(Particle Measuring
Systems, Model OAP-200Y)

Automatic CCN counter

(in house)

Fast response polarizing
technique (Mee Indust. )

Range to
Measurements

Error in
Measurements

Time
Constant

Used in
Present
Study ?

2/1 -1
0 to 10 cm s

-3
0.1 to 6 g m

Particles
>250 pm in size
(depends on
particle type)

Particles
5 to 3000 urn

~~ tl0
Variable

Variable

Variable

3 s

:1 s

Yes

Yes

Yes

Yes

Particles >80 urn
in size, concentra-
tions from 0.1 to
1000 &-1
3 to 65 pm

+10%

Variable

Concentration
dependent

No

Instantaneous No

20 to 300 pm

300 to 4500 urn

0 5000 cm-3

0.1 to 105 SL~1

Size: +10 urn
Concentration:
+20%

Size: 1150 urn
Concentration:
+207,

+10%

Variable

Instantaneous No

Instantaneous No

1 cycle
per 15 s

10 s

No

No

cont.



TABLE 5.2 (continued)

Parameter Instrument Range to

Measurements
Error in

Measurements
Time

Constant

Used in
Present
Study ?

Electric field in
vertical plane

Electric field in
horizontal plane

Time

Time

Precipitation echoes

Rotary field mills
(Meteorology Research,
Inc. Model 611)

Rotary field mills
(Meteorology Research,
Inc. Model 611)

Time code generator
(Systron Donner,
Model 8220)

Radio WWV broadcast
recorded on taped
flight log

Weather radar (RCA,
Model AVQ-10)

0 to +100 kV m"1 +20%

0 to +100 kV m~1 +20%

0.2 s

0.2 s

1 part in 10’

Maximum range
=275 km

No

No

Yes

Yes

Yes



TABLE 5. 3 METEOROLOGICAL INSTRUMENTATION ABOARD THE NCAR SABRELINER RESEARCH AIRCRAFT.

Parameter

Total air temperature

Dew point

Pressure altitude

True airspeed

Magnetic heading

Aircraft velocity vector

Aircraft position

Horizontal air motions

Vertical air motions

Particle size spectrum

Weather radar

Cloud photography

Instrument

Platinum wire resistance
(Rosemount Model 102E2AL)

Thermoelectric hygrometer
(Cambridge, Model 137)

Variable capacitance
pressure sensor,
(Rosemount Model 830)

Variable capacitance
pressure sensor,
(Rosemount, Model 830)

Flux-gate gyrocompass
(Sperry, Model C-12

Inertial navigation
system (Litton,
Model LTN-51)

Inertial navigation
system (Litton,
Model LTN-51)

Douglas-type differential
gust probe, (North
American Rockwell)

Douglas-type differential
gust probe, (North
American Rockwell)

Optical array spectrometer,
(Particle Measuring Systems
Model OAP-200X, modified)

X-Band search radar (RCA,
Model AVQ-55)

16 mm time-lapse camera
(Giannini Model 111-B)

Range of
Measurements

-70 to +30C

-30 to +50C

150 to 1060 mb

0 to 230 m s~1

0 to 360

80 to 1040 pm

0 to 85 km

0 to 16 frames s

Error in
Measurements

+0.2C

+1C

+1 mb
(manuf. Spec. )

+0.23 m s~1
(manuf. spec.)

to.75
(manuf. spec. )

tl m s"3- (horizontal)
+0.1 m s-1 (vertical)

+/-2 km hr"1

Variable

Variable

Size: +35 ym

Concentration:
+20%

Time
Constant

1 s

3C s~1

0.025 s
(manuf.
spec. )

0.025 s
(manuf.
spec.)

Instan-
taneous

Used in
Present
Study ?

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yeq

Yes



either shortly before or after the Sabreliner measurements were taken.

Rawinsondes were launched from the University of Washington during the period

of the aircraft flights.

Observations by the Flight Scientists of the particle types at each

sampling level were combined with particle type information derived from anal-

ysis of the CPS samples. The resulting estimates of the particle types at each

sampling altitude were used in the microphysical calculations. The particle

types were divided into the following nine categories columns, bullet rosettes

plates, dendrites, rimed dendrites, aggregates of dendrites, rimed aggregates of

dendrites, aggregates of plates, bullets and columns, and lump snow. When a

broad particle size spectrum was measured, it was frequently observed that the

larger particles were mainly aggregates, while the smaller particles were pre-

dominantly single crystals. The size dependent nature of the mixture of particle

types was taken into account in the microphysical calculations by defining a

separate mixture of particle types for each of four size ranges covering the

entire particle size spectrum.

Average particle size spectra were determined from measurements made

by the optical array probe on the Sabreliner during each level pass over the

vertically pointing Doppler radar. The characteristics of the optical array probe’s

response to irregularly shaped precipitation particles have been investigated by

Knollenberg (1975) the results of that study were employed in the analysis of

our data. Frequently, there were significant concentrations of particles larger

than the largest size group (1040 ym) measured by the optical array probe and

these had to be considered in the microphysical calculations. In these cases it

was necessary to extrapolate the particle size spectrum beyond the 1040 urn size

group. Fig. 5.2 illustrates the form of an extrapolated particle size spectrum.

The slope of the particle spectrum in the extrapolation range was determined by

100



10 RANGE OF
’SABRELINER

EXTRAPOLATION
RANGE

PARTICLE MEASUREMENTS

1.0

0.1

0.01

0.001 :-:t-:-:<-:-:l:-:-:.:-:-l-:-:->:-:l:-:-:i:-:-:l:-:-:.:-:-l-:-:->:^.ll-.vl-.H:- -1
80 220 360 490 630 770 900 1040 1180 1320 1450 1590 1720 I860 2000 2140 2270

PARTICLE SIZE (^.m)
Parti cle s ze spectrum measured at 5670 m al ti tude over the NCAR radar near Seattle, Washi ngton

on January 13 1975 Parti cle concentrations n the 80 to 1040 pm si ze range were obtai ned

di rectly from measurements Concentrations of larger parti cles were deduced by extrapolat ion

of the measured concentrations (see text)



comparison between the radar-measured reflectivity factor and the reflectivity

value calculated from the particle spectrum itself. Thus, measured reflectivity

values actually defined the limits of the extrapolation process. After extra-

polation of the measured particle spectrum, the calculated value of reflectivity fac-

tor was always within t2 dBZ of the radar-measured reflectivity. The reflectivity

factor was calculated from the measured particle size spectra using the equation

n 9 AM^T u\~\ 2(I.H)1

^ JZ Z Z F(I,H)N(I) Pf^ (5.1)T
1=1 H=l ^

0

where Z is reflectivity factor in mm m n is the total number of size groups

appearing in the particle size spectrum, F(I,H) is the fraction of particles in

size group I which are of type H, N(I) is the concentration of particles in size

-3 -3
group I in m p is the density of ice in g mm and M(I,H) is the mass (in

grams) of a particle of type H in size group I.

M(I,H) was determined using a family of relationships of the form

M(I,H) cl^ (5.2)

where L is the maximum length of a particle of type H in size group I, and c and

d are constants which depend upon the particle type. Values of c and d were taken

from Locatelli and Hobbs (1974) and Heymsfield (1972)

The total ice water content was calculated using the equation

n 9
IWC Z F(I,H)N(I)M(I,H) (5.3)

1=1 H=l

where IWC is ice water content in g m

The mean, reflectivity weighted particle terminal velocity V was cal-

culated from the particle size spectrum using the equation

n 9
V E Z V (I,H)Z(I,H)/Z (5.4)
p

1=1 H=l

+ See Appendix B for derivation.
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where V (I.H) is the terminal fall velocity (in cm s ) of particles of type

H in size group I, Z(I,H) is the contribution to the total reflectivity factor

from particles of type H in size group I, and Z is the total reflectivity fac-

tor at the sampling altitude. The terminal fall velocity V (I ,H) was obtained

from the relationships given by Heymsfield (1972) and Locatelli and Hobbs (1974)

The effects of air density (altitude) were taken into account in determining

V (I,H) Z(I,H) is determined from the measured particle size spectrum as

described in B.I of Appendix B. Z is measured by the radar.

The in-cloud precipitation rate (ignoring vertical air velocities) can

be calculated from the particle size spectrum using the equation

n 9
R., 0.036 Z Z V (I,H) F(I ,H)N(I)M(I,H) (5.5)
u

1=1 H=l T

where R is precipitation rate in mm hr The effects of vertical air velocities

upon the in-cloud precipitation rate can be represented by

R R 0.036 W(IWC) (5.6)

where R is the corrected precipitation rate in mm hr R is given by Eqn. (5.5)

-1 -3
W is the updraft velocity in cm s and IWC is the ice water content in g m

Heymsfield (1975) has shown that updraft velocities in a stratiform

cloud system may be estimated from a knowledge of the vertical profiles of pre-

cipitation rate and vapor density by assuming that the mass flux of water sub-

stance into a layer equals the mass flux of water substance out of the layer (we

*
will refer to this as the "mass flux" technique) The downward mass flux f

-2 -1
(in g m s ) of water substance due to precipitation particles falling in the

presence of an updraft or a downdraft is given by

f* 0.278RQ (iJo)IWC (5. 7)

See Appendix B for derivation.
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Using Eqn. (5. 7) and including the flux of vapor across upper and lower boundaries,

the zero-net mass flux requirement for a layer leads to the relationship+

W 100 ^^W^ ^^T^ (5. 8)
B (IWC), + p^

where the W’s are the "mass flux" updraft velocities in cm s IL. the precipi-

tation rate (in mm hr ) ignoring vertical air velocities, IWC the ice water

-3 -3
content in g m p the vapor density in g m and the subscripts T and B refer

to the top and bottom of the layer, respectively. If the vertical profiles of

relative humidity and ice water content are known, the profile of vertical air

velocity can be determined by repeatedly applying Eqn. (5.8) to successively

lower layers within the cloud. Use of the boundary condition W =0 (at cloud top)

is necessary for the first application of Eqn. (5.8)

Heymsfield (1975) has also shown that an estimate of the steady-state

updraft velocity in stratiform clouds can be obtained by calculating the vapor

supply required to maintain a constant relative humidity in the presence of a

distribution of precipitation particles growing by vapor deposition (we will refer

to this as the "depositional growth" technique) The total rate of vapor

deposition in one cubic meter of air containing a known concentration of ice

particles can be expressed as

d6 n 9
^,- S E E F(I,H)N(I)C(I,H)F (I,H)G(T,P) (5.9)

1=1 H=l

where 5 is the mass of vapor deposited, S. the supersaturation with respect to

ice, C(I,L) a shape factor for vapor deposition, F (I,H) a ventilation factor

for vapor deposition, and G(T,P) is a heat flux factor given by Mason (1971)

See Appendix B for derivation.
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Water vapor is made available for depositional growth by pseudo-

adiabatic cooling induced by the rising motion of an air parcel. The amount of

vapor available for deposition is determined by the changes in the saturated

vapor density (with respect to ice) and the relative humidity in the rising

parcel. Assuming that the horizontal gradient of vapor density is small relative

to the vertical gradient, the rate of supply of water vapor for depositional

growth within a rising air parcel is given by

d dp^ W . ^dt dt ’lOO’ dz (5.10)

3
where a is the mass of vapor (per m of air) available for depositional growth

and p is the water vapor density in the parcel. Eqn. (5.10) can be evaluated

through the use of the relationship

dP ^T r ^ 1~ ds!
dz^ (^i^vs ^i --^ T ^vs dT- <^1D

K 1- V

where p is the ice saturation vapor density, R the gas constant for water vapor,
vs v

L the latent heat of sublimation and (-,-) is the rate of change with height of tem-
s dz^

perature of an ice-saturated air parcel. The last term in Eqn. (5.11) accounts for

changes in relative humidity within the parcel and can be evaluated through measure-

ments of the vertical profile of .relative humidity. When the rising parcel is

saturated with respect to water, the latent heat of condensation and (-,-) (referring

to a water-saturated air parcel) should be substituted for L and (--)
S QZ

The "depositional growth" vertical air velocity can be obtained by

combining Eqns. (5.9) (5.10) and (5.11) if it is assumed that the rate of vapor
d6

^deposition (--n) ^ equal to the rate of supply of excess vapor (-,-) in a steady-

state cloud. The "depositional growth" vertical air velocity is then given by

See Appendix B for derivation.

105



d6
da _m

w 100 ^- 100 4^- <5-12)
v v

dz dz

Heymsfield (1975) has shown that the vertical profile of relative

humidity in a steady-state, stratiform cloud can be uniquely determined

through the use of Eqns. (5. 8) and (5.12) An iterative technique must be

employed to adjust the relative humidity in order to bring the updraft values

generated by Eqn. (5.8) and (5.12) into agreement at each sampling level. In

this way, the steady-state relative humidity at the base of a layer, bounded by

sequential horizontal passes of an aircraft, can be deduced from particle size

spectra measurements.

5.2 Synoptic Observations

The field observations described in this section were made near Seattle,

Washington, during the period January 13-14, 1975. A stationary, east-west

surface warm front was located about 160 km south of the observation area (Fig. 5. 3)

and the upper level jet stream, also oriented roughly east-west, was nearly cen-

tered over the observation area (Fig. 5.4) Satellite photographs. confirm that

our data were collected within a prominent cloud band associated with this warm

front and upper level jet stream. The area of precipitation during the period of

aircraft sampling on January 13 is also shown in Fig. 5. 3. One hour average pre-

cipitation rates throughout this area varied between about 0.2 and 1.8 mm hr

The 10 min. average precipitation rates measured by a high resolution tipping

bucket raingauge located at the University of Washington, 14.5 km south of the

Doppler radar site, is shown in Fig. 5.5. During the period of aircraft sampling

on January 13, the precipitation rate measured at the University of Washington

averaged 1.6 mm hr and ranged between 1.2 and 2.0 mm hr On January 14 almost

no precipitation was recorded at the surface within 100 km of the area where we
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Figure 5 .3 Pos tion of surface front and area of preci pi tation (C~^7 ~/\\ h
0900 to ,200 PST on January ,3 1975 ’The foca^on o^f;rb ^and Doppler radar observat ions are indi cated by CLLLLUJ)
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Figure 5 .k 500 mb map for 1600 PST January 3, 1975 Heights are shown
in 10 ’s of geopotential meters The location of the ai rborne
and Doppler radar observations are indi cated by iiiinil)
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Fi gure 5 .5 Ten-minute average preci pi tat ion rate for January 3 1975
at the Uni versi ty of Washi ngton The vert icaHy poi nti ng
Doppler radar was located 4.5 km north of the Uni vers ty



collected data. This was apparently due to intense evaporation of precipitation

in a layer of dry air below 3 km.

Vertical profiles of wind speed and direction, relative humidity, and

temperature were obtained from aircraft measurements and from rawinsondes launched

at the University of Washington during the aircraft sampling periods on January

13 and 14. Stability conditions (for a water saturated air parcel) relative

humidity, wind speed and wind direction are plotted as a function of altitude for

January 13 and 14 in Fig. 5.6. Two zones of neutral stability, from 5.7 to 6. 3 km

and from 2. 3 to 2.9 km altitude, were present on January 13. The January 14 tem-

perature profile indicated stable conditions for a saturated air parcel from cloud

top to 2. 1 km altitude, well into the dry layer beneath cloud base. Within the

dry layer two zones having a superadiabatic lapse rate were found. The cause of

this instability was apparently evaporative cooling in the upper part of the dry

layer. The relative humidities for January 13 were calculated using the technique

described in 5. 1 (Fig. 5.6) Calculated and measured relative humidities at a

given level were found to differ by no more than 6%. The relative humidity profile

for January 14 consists of values measured by a rawinsonde launched at the

University of Washington (Fig. 5.6)

5. 3 Dynamical Analysis

The vertical air velocities for the system studied on January 13 and 14,

1975, were investigated through analysis of vertically-pointing Doppler radar data

and through the two theoretical techniques (namely, the "mass-flux" and "deposi-

tional growth" methods) described in 5. 1. These two methods relate the precipi-

tation rate and the rate of growth of ice particles at a given altitude to the

supply of water vapor, which is controlled by the vertical velocity of air within

the cloud. The two theoretical techniques provide procedures for estimating the
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Figure 5 .6 Vertical profi les of stabi ty for a saturated parcel relat ive humidi ty
wind di rection and wind speed for January 13 (----) and 14 (- ---) 1975



average, steady-state updraft velocity in situations where widespread rainfall

is produced by a cloud system which is relatively uniform in character for a

period of three hours or more.

Vertical profiles of the radar-measured reflectivity factor may be

used to extend the two theoretical techniques to periods of time when aircraft

data were not available. In the "mass-flux" technique the radar reflectivity

measurements were used to find the precipitation rate throughout the cloud system,

using a Z-R relationship derived from direct airborne sampling. In the "depos-

itional growth" technique, a relationship between the measured reflectivity factor

and those particle. characteristics which affect the rate of ambient vapor deple-

tion during depositional growth was determined. The relationship derived has the

form:

n 9
2: Z F(I,H)N(I)C(I,H)F*(I,H) A+B In (Z ) (5.13)
1=1 H=l

where A and B are constants and Z is the radar measured reflectivity factor in

mm m When steady-state updrafts are estimated from a vertical profile of the

radar measured reflectivity factor, the transient effects of precipitation trails

generated by small scale elements may be minimized by time-averaging the radar

returns over a distance scale many times the scale of the trails themselves

In the "depositional growth" technique, the profile of relative humidity

with height is of critical importance. The "depositional growth" updraft velocities

calculated for January 13 were based on values of relative humidity calculated

through the method described in 5.1. This relative humidity profile is shown

in Fig. 5. 6

Steady state updraft velocities for January 13, 1975 were calculated

from time averaged reflectivity profiles using the two theoretical techniques

(Fig. 5. 7) At most altitudes, the agreement between the results obtained from
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Figure 5 .7 Profi les of net vertical ai r veloci ties calculated for the
periods 0830 to 0930 and 0930 to 100 PST on January 3, 1975



the two techniques is quite good. Mean updraft values yielded by each method

at a given altitude are often within 2 cm s of each other. For both time

periods, however, the updrafts obtained from the "depositional growth" technique

were consistently lower than those obtained from the "mass-flux" technique. This

may be due to slightly underestimated (<3%) values of the mean relative humidity,

since an underestimate in relative humidity tends to decrease the updraft values

yielded by the "depositional growth" technique, while slightly increasing the

updrafts determined by the "mass-flux" technique. The differences between the

updrafts calculated by the two theoretical techniques in regions where particle

growth by riming or aggregation are observed could also be due to the fact that

the updrafts from the "depositional growth" technique are those necessary to

supply vapor for depositional growth only, while those from the "mass-flux" tech-

nique account for all particle growth processes. It is therefore likely that the

best estimates of the net sustained vertical air velocities for the periods

shown in Fig. 5. 7 fall between the values given by the two theoretical techniques.

The preceding analysis yielded a profile of updraft velocities which

can be interpreted as the net, sustained updraft required to produce the precipi-

tation rates observed over a period of hours. Presumably, the primary mechanism

responsible for these sustained updrafts is the upglide motion of air along the

sloping warm frontal surface. Since upglide is the result of large-scale wind

pressure, and temperature fields the upglide component of vertical velocity is

nearly steady-state in a slowly changing synoptic situation such as the one being

studied here. However, observations of liquid water and turbulence within the

cloud system on January 13 suggest that in the short term, large deviations from

the steady-state profile took place. These deviations were examined using the

vertically pointing Doppler radar data.

Time-height cross-sections of the reflectivity factor (in dBZ) and
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mean Doppler velocity for January 13 are shown in Figs. 5.8 and 5.9 Note that

time increases toward the left in each plot, so that the eastern end of the

cross-section is on the right. Dashed contours are drawn where data are missing.

Unfortunately, the vertically pointing Doppler spectral data recorded after 1115

PST on January 13, 1975 was lost during initial processing at NCAR. On January

13, a series of trail-like areas of high reflectivity appear below 5 km. The

trail appearing at 1015 PST apparently had its origin above 6 km, where the

trail slope is nearly vertical. The dashed, curved lines in Fig. 5.8 illustrate

the effects of wind (speed) shear on the two dimensional trajectories of particles

falling from 6 km. The trajectory slope was calculated from the equation

,dz Pi i

dt i "r"!
(5.14)

where V is the mean particle Doppler velocity at level i, U. the wind speed at

level i, and U- the wind speed at the source of the trail. The position of the

reflectivity maximum below 3.5 km after 1020 PST (Fig. 5.8) indicates that this

area is not part of the trail originating at 6 km, and may have had an origin

entirely unrelated to the trail above. Similar features appearing at 0840, 0850,

0910 and 0940 PST are probably remnants and portions of trails. Due to the

effects of directional wind shear, the precipitation trails of January 13 must

be considered three dimensional. Calculations based on wind shear measured by

a rawinsonde launched at 0928 PST indicate that in falling from a height of 6 to

4 km, a trail would be displaced northward a distance of over 5 km. In falling

from 4 to 1 km, the trail would be displaced southward less than 1 km. Because

the 1015 PST trail is visible between 6 and 4 km altitude in Fig. 5.8, it must

have a width (in the N-S direction) of at least 5 km.

The time-height cross-section of mean Doppler velocity for January 13

(Fig. 5.9) shows that Doppler velocities above 5 km were quite variable. A
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PACIFIC STANDARD TIME

Figure 5.8 Time-height cross-section of reflectivity factor in dBZ for January 13, 1975. Dashed contours

used where data missing. The vertical profiles of stability for saturated parcel

and winds shown the left. The numbers alongside the -;ind give the wind speed

in s-1. The times when the Sabreliner flew the radar indicated by the positions

of the pass numbers through 8; the bars enclose the region sampled by the Sabreliner. The

heavy dashed lines calculated trajectories for trails of precipitation particles,



Figure 5.9 Time-height cross-section of measured Ooppler velocities (in s’1) for January 13, 1975.
Dashed contours used where data missing.

1000 0930
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region of minimum velocity lies between 4 and 5 km altitude.

It was found that the mean, reflectivity-weighted particle terminal

velocity (given by Eqn. 5.4) could often be estimated by a relationship of the

form

V aCZ^ (5.15)

where a and b are positive constants and Z is the radar-measured total reflec-

tivity factor. The values of a and b were determined by using a best-fit power

law algorithn to relate the values of V (calculated from the particle size

spectra measured over the vertically pointing Doppler radar) to the corresponding

values of Z measured by the radar.

Vertical air velocities (W) were estimated from the relationship

W Vp Vp (5.16)

where V is the radar measured mean particle Doppler velocity. W is positive

for upward air motions and Vp and V are positive for downward particle motions.

The major limitation to the accuracy of vertical velocities calculated

from Eqns. (5. 15) and (5. 16) is the fact that mean particle terminal velocities

do not always conform to the relationship defined in Eqn. (5. 15) For example,

on January 13, 1975, the radar measured values of total reflectivity factor (Z_)

increased from 5. 3 to 4.5 km altitude, while the corresponding values of mean

particle terminal velocity (V-) calculated from the particle size spectrum,

actually decreased from 5.0 to 4. 7 km altitude due to a doubling in the concen-

trations of small particles (with low terminal velocities) at 4. 7 km. Thus

estimates of V based on Eqn. (5.15) which increased from 5. 3 to 4.5 km, exceeded
P

the actual value of V- calculated from the particle size spectrum at 4. 7 km

altitude. Use of the overestimated values of V- in Eqn. (5.16) would have yielded

vertical air velocities at 4.5 km which were overestimated by as much as 30 cm s
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For this reason, only air velocities between 1.9 and 3.7 km and above 5.3 km

were given weight in our analysis of the January 13 data, and only air velocities

in these regions are shown in Fig. 5.10.

Fig. 5. 10 indicates that the alternate upward and downward velocities

observed above 5. 3 km were limited in magnitude to about ^20 cm s or less

(except for the shaded regions at 1000 PST and before 0930 PST, where downdrafts

as strong as 30 cm s are indicated) Below 3. 7 km, downdrafts up to 20 cm s

were found prior to 0930 PST. A region of variable depth containing updrafts

of 20 cm s or less was found after 0930 PST.

Also shown in Fig. 5. 10 are vertical air velocities determined for each

aircraft pass over the vertically-pointing Doppler radar on January 13, 1975.

These pass average values were calculated by finding the difference between the

mean terminal velocity of particles sampled over the radar and the Doppler velocity

measured by the radar during the aircraft passage over the radar site. Upward and

downward velocities as large as 17 and 20 cm s respectively, were found. No

major conflicts exist between these values and those calculated from Eqn. (5.16)

The time-height cross-section of the reflectivity factor for January 14,

1975, (Fig. 5. 11) shows a number of precipitation trails originating above 5 km.

Three of the trails terminate by evaporation in the dry layer below about 3 km.

The form of the trails fits the calculated trajectory for that day quite well.

The northward displacement of trajectories originating at 5.5 km was calculated

to be 0.5 km at 5 km altitude, 1.5 km at 4 km, and 4.5 km at 3 km, due to direc-

tional wind shear. The trail reaching 3 km at 1135 PST must be at least 4.5 km

wide, since it was observed between heights of 5.5 and 3 km. A prominent pre-

cipitation trail can be seen to terminate within the dry layer at 1040 PST. The

time-height cross-section of mean Doppler velocity for January 14 (Fig. 5.12)

reveals the presence of Doppler velocities as large as 160 cm s at the base of

this evaporating trail. Based on airborne particle measurements made throughout
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Updraft of 10 20 s"1

Oowndraft of 10 20 s~1

^""1 Downdraft of 20 30 s’1

Figure 5.10 Time-height cross-sect ion of deri ved vert ca1 air veloc (see key left)
for January 13, 1975. Reliable values could not be obtained between 3.7 and

5.3 km altitude. Circled values pass-average vertical air velocities
(in ’) determined for each Sabretiner pass the vertically-pointing
Doppler radar.
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Figure 5.1 Time-height cross-section of reflectivity factor in dBZ for January 14, 1975. Dashed contours

used where data missing. The vertical profi les of stabi lity for saturated parcel
and winds shown the left. The numbers alongside the wind give the wind speed
in s’^. The times when the Sabreliner flew the radar indicated by the positions

of the pass numbers through 5; the bars enclose the region sampled by the Sabreliner. The

heavy dashed lines calculated trajectories for trai ls of precipitation particles.
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Figure 5.12 Time-height cross-section of measured vertical Doppler velocities (in s’1) for
January l’l, 1975. Dotted contours used where data missing.



the cloud depth, the mean particle terminal velocity at that level is expected

to be 80 cm s or less. Therefore, downdrafts within the evaporative layer of

1 m s or less are indicated by the high, variable Doppler velocities which

were measured. Another area of downdrafts of approximately the same magnitude

can be seen at an altitude of 2.5 km at 1015 PST. These downdrafts were appar-

ently the result of evaporative cooling of the air in the region where high

concentrations of ice particles entered the strongly evaporative layer. Radar

observations of organized vertical air motions due to cooling induced by evapor-

ation of precipitation have been made by Harris et_ al. (1970) and Harris and

Heymsfield (1972)

5. 4 Microphysical Analysis

Airborne measurements of the sizes and concentrations of precipitation

size ice particles obtained over a wide range of altitudes over the vertically

pointing Doppler radar were combined with observations of the types of particles

at each altitude to yield vertical profiles of ice water content and precipitation

rate. The methods by which these parameters were calculated has been explained in

5. 1. Also available from airborne sampling was information on the degree of

riming and aggregation of particles and the liquid water content (if any) through-

out the cloud system. Table 5.4 gives the particle types observed at each aircraft

sampling altitude on January 13, 1975

The average ice particle concentrations measured by the PMS probe on the

Sabreliner on January 13 for each level pass over the NCAR radar are shown in

Fig. 5. 13, along with the calculated average ice water content for each aircraft

pass. The measured peak ice particle concentrations were between 30 to 35 H~1
and were encountered below 3 km. Also shown in Fig. 5. 13 are average particle

concentrations measured with the PMS probe for five particle size groups from
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TABLE 5.4 PARTICLE TYPES USED IN MICROPHYSICAL CALCULATIONS FOR JANUARY 13, 1975 BASED ON AIRCRAFT
SAMPLING OVER THE NCAR VERTICALLY-POINTING RADAR.

Altitude
(m)

7540

6920

6280

5670

5025

4700

4080

3480

2910

2285

1660

Temp
C

-33

-30

-25

-21

-16

-15

-12

-9

-7

-4

-1

Columns

X

X

X

X

X

X

X

X

X

X

X

Bullet
rosettes

X

X

X

X

Plates

x

x

x

x

x

x

x

x

Dendrites

x

x

x

x

Rimed
dendrites

x

x

x

Lump
snow

x

x

x

x

Aggregates
of

dendrites

x

x

x

x

Rimed
aggregates

of
dendrites

x

x

x

x

x

x

Aggregates
of plates,
bullets and

columns

x

x

x

x
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Figure 5 13 Measured ice parti cle concentrat ions and ce water content for January 3 1975 Shown at
the right s the fracti on of the total ice water content IWC) whi ch s due to ce parti cles
< 770 |jm in maximum dimensi ons



80 to 770 pm. Fig. 5.13 indicates that the vertical profile of total ice

particle concentrations mainly reflects the concentrations of the relatively small

particles in the 80 to 220 \im size group. The terminal velocities of particles in

this group are generally less than 50 cm s The high concentrations of these

small particles (up to 21 i ) measured between 1 and 5 km altitude cannot be

explained by sedimentation from upper layers, since during the 33 min. required

Co fall only 1 km a particle would likely have "outgrown" the 80-220 \im size

group. It appears that either ice nucleation occurred at relative humidities

between 90 and 100%, or some process occurred which involved the production of

small particles from larger ones. Based on the average spectrum of ice nuclei

active in water-saturated conditions in the atmosphere (Fletcher, 1962) it was

found chat below 3 km altitude, within the nearly water-saturated portions of

the cloud on January 13, 1975 the concentraCions of ice particles exceeded those

of ice nuclei active at this level (-7C) by factors as large as 10 However,

if the concentrations of ice nuclei active at the cloud top temperature (-28C)
_Q

are taken, the ratio of ice particles at the -7C level to ice nuclei is only 2x10

As shown in Fig. 5.13 the ice water content increases with decreasing

altitude, which is indicative of an ice growth environment. Fig. 5.13 also shows

the fraction of the total ice water content which is due Co ice particles 770 ym

or smaller in size. At and below an altitude of 4. km, where only 10% or less of

the total particle concentration is due to particles greater than 770 pm in size

as much as 75% of the total ice water content is due to these particles. The

relationship between ice water content and precipitation rate for January 13,

illustrated in Fig. 5.14 can be expressed as

Rp 5.2 (IWC)1- 17
(5. 17)

where R is the precipitation rate (in mm hr \ ignoring vertical air motions,

-3
and IWC the ice water content in g m A simple explanation for the good rela-

tionship between these two quantities is the fact that both R and IWC are
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dominated by large particles.

The relationship between IWC (calculated from the particle size spectra

measured by the Sabreliner over the vertically pointing Doppler radar) and the

radar-measured total reflectivity factor (Z ) for January 13, can be expressed

as

0 S7Q
IWC O^SCZ^F-- (5.18)

*^ fi ^where IWC is in g m and Z is in mm m

Values of the in-cloud precipitation rate (ignoring vertical air

motions) calculated from the measured particle spectra, for eleven horizontal

passes made by the Sabreliner over the vertically pointing Doppler radar on

January 13, 1975, are shown as "Sabreliner measurements" in Fig. 5. 15. This pro-

file of in-cloud precipitation rates can be accurately expressed as a function of

the radar-measured reflectivity factor by

RQ 0.069(Z^)-619 (5.19)

The time averaged vertical profile of precipitation rate for the period

0930 to 1100 PST on January 13 was calculated using Eqns. (5.6) (5.18) and (5.19)

The total reflectivity factor measured for each of 14 range gates above the Doppler

radar was averaged over the period from 0930 to 1100 PST to find average values

of IWC and R from Eqns. (5.18) and (5.19) The average values of IWC and R,

and estimates of mean vertical air velocities (Fig. 5.7) were combined with Eqn.

(5.6) to yield an average profile of precipitation rate corrected for vertical

air motions, (labeled "0930-1100 PST average" in Fig. 5.15) The vertical air

velocity correction term in Eqn. (5.6) was always less than 10% of R-. Therefore,

the differences between the two profiles shown in Fig. 5.15 can be largely attri-

buted to the short-term variations from average cloud properties occurring during

the airborne sampling.
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SABRELINER MEASUREMENTS

PRECIPITATION RATE ( MM HR""’ )
Verti cal profi les of in-cloud precipi tation rate for January 13 1975 The 0930-1 100
PST average profi le was deri ved from the Sabrel iner measurements shown and measurements
of the verti cal profi le of reflectivi ty factor (see text) and includes the effects of
vertical ai r motions



The profile of average precipitation rate from 0930 to 1100 PST

(Fig. 5. 15) shows steadily increasing precipitation rates between 6.9 and

4.9 km altitude. Airborne observations of isolated periods of coincident

riming and turbulence above 6 km, and the neutral stability (for a water

saturated parcel) observed between 5.7 and 6.3 km, suggest that convective ice

generating cells were present above 5.7 km. Small ice particles probably grew

principally by deposition at this level, so that riming growth was only signifi-

cant in particles large enough to have significant terminal velocities. This is

consistent with observations, made from the B-23 aircraft, that only particles

larger than about 600 ym showed evidence of riming.

Two interesting features of the 0930 to 1100 PST average precipitation

rate profile are the zones from 4.9 to 4.0 km and below 2.5 km where the pre-

cipitation rate increases quite sharply with depth from cloud top. The upper

zone corresponds closely with the level marked by distinctly high concentrations

of 80 to 220 ym ice particles and anomalously low Doppler velocities which we

have attributed to these high concentrations (Figs. 5.9 and 5.13t The persis-

tence of the zone of low Doppler velocities suggests that the zone of high con-

centrations of small ice particles was a widespread feature. Ice particle types

observed from both aircraft indicated a marked increase in the size and degree

of aggregation of precipitation particles collected below 4.9 km, although

neither record indicated that active riming of particles was taking place there.

Precipitation particles from this layer, replicated by the continuous Formvar

particle sampler aboard the B-23 aircraft, showed a significantly higher number

of plate-like, stellar and dendritic crystals than at higher altitudes. The

temperatures within the layer were between -15 and -8 C, a range conducive to

the growth of plate-like stellar and dendritic crystal forms (Hobbs 1974) The

evidence strongly suggests that the sudden increase in precipitation rate

observed between 4.9 and 4.0 km was the result of the aggregation of small ice
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particles present in concentrations as high as 24 A These high concentrations

were probably present for over 3 hours on January 13, apparently as a result of

updrafts induced by stratiform lifting (Fig. 5. 7) Active nucleation and crystal

growth by deposition must have been occurring within the layer between 4.9 and

4.0 km in order to replenish the supply of small crystals removed from the layer

as aggregated precipitation particles.

The 0930 to 1100 PST average precipitation rate increased only slightly

between 4.0 and 2.5 km (Fig. 5. 15) This suggests that aggregates falling from

4.0 km could not grow indefinitely by aggregation in the conditions encountered

below 4.0 km. Slight riming growth may have occurred in this region since trace

_3
amounts of liquid water (5 0.1 g m ) were detected together with observations

of a small percentage of moderately rimed aggregates.

Fig. 5.15 shows a distinct tendency toward higher precipitation rates

below 2.5 km altitude. Aircraft observations showed that both the sizes of

aggregates and their degrees of riming were significantly greater below 2.5 km

than above 2.5 km. The temperature range below 2.5 km (-5 to 0 C) is especially

conducive to the formation of aggregates (Hobbs et_ al. 1974) and the increasing

precipitation rate below 2.5 km certainly reflected the additional aggregation

observed in that region. The exact role of riming at this level cannot be

determined. However, observations of turbulence, neutral stability (for a water

saturated parcel) between 2. 3 and 2.9 km, traces of liquid water, and some modera-

tely to heavily rimed precipitation particles suggest that relatively vigorous

vertical air motions near 2.5 km altitude provided liquid water for the riming

growth of precipitation particles.

5. 5 Summary and Conclusions

A cloud system (over 6 km deep) associated with a stationary warm front

and a strong jet stream has been investigated using rawinsonde data, quantitative

131



PPI and vertically-pointing Doppler radar data, and simultaneous airborne

sampling with two aircraft instrumented for cloud physics research. Satellite

photographs taken during the period of aircraft sampling show that the data

were collected in an extensive, relatively uniform, warm-frontal cloud band.

Ice particle concentrations measured throughout the depth of the

clouds ranged between about 3. 7 H~ at 6. 3 km to about 33. 3 S~ at 2.9 km

altitude. The concentrations of ice nuclei active at various temperature levels

in the cloud were calculated from the relation given by Fletcher (1962).

Particle concentrations measured at the -7 C level in near water-saturated con-

ditions exceeded the expected concentrations of ice nuclei active at -7 C by

a factor of about 10 This suggests that an ice multiplication process may

have been active in the stratiform clouds. However, when the particle concen-

trations at the -7 C level were compared with the calculated concentration of

ice nuclei active at the -28 C level (the cloud top region) the ice enhancement

-2
ratio was only 2 x 10 suggesting that there were more than enough ice nuclei

in the upper regions of the cloud to account for the high concentrations of ice

particles measured at the -7 C level. Therefore, in this case study, there was

no firm evidence that an ice multiplication process was active, since ice par-

ticles nucleated in the upper regions of the cloud may have been transported to

lower levels by the combined effects of turbulent mixing, downdrafts and

sedimentation.

The ice water content of the cloud increased with decreasing altitude

except within a strongly evaporative sub-cloud region located below 3.5 km (this

_3
was on January 14, 1975) Ice water content values ranged from 0.004 g m at

-3
7. 5 km to 0. 377 g m at 1. 7 km altitude. The relationship between in-cloud

precipitation rate and ice water content, determined from the airborne measure-

ments was

R 5.2 (IWC)1’ 17
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where R is precipitation rate in mm hr (ignoring vertical air motions) and

-3
IWC the ice water content in g m The relationship between precipitation

rate and the reflectivity factor (measured by a vertically-pointing Doppler

radar) was

^ 0.069(Z^’619
ft ^where Z is total reflectivity factor in mm m

Within the cloud, two regions were identified where ice particle

growth by aggregation was especially effective. One region, around the -13 C

level, showed ice particle concentrations higher than 20 A about twice the

concentration measured 300 m higher up. Airborne sampling of precipitation

particles indicated that significant particle growth by aggregation took place

where the particle concentrations exceeded 20 9. while very little aggregation

was observed above where the concentration of ice particles was much lower. The

region of high particle concentrations and increased aggregation also coincided

with the region of dendrite growth, and dendritic crystals were observed within

aggregates collected at this level. It is possible that both the presence of

easily entangled dendritic crystals and the high concentrations of ice particles

aided aggregation in this region. Further studies are necessary to determine

the importance of these two factors in the aggregation process. A second region

where vigorous growth by aggregation was observed was in the temperature range

-5 to 0 C. Observations of traces of liquid water and rimed particles below

4 km altitude (-11 C) indicate that riming growth also took place within the

cloud. However, the most rapid increases in precipitation rate with decreasing

altitude occurred within the two regions marked by noticeable aggregation,

suggesting that both depositional growth and riming growth were of secondary

importance, compared to aggregation, in producing large precipitation particles.

Two techniques (described in 5.1) for calculating the profile of
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vertical air velocity from airborne microphysical measurements have been

applied to the data collected. The "mass flux" technique relates the vertical

air velocities at the boundaries of a layer to the mass flux of water substance

into and out of the layer, using the assumption that the net mass flux of

water substance into the layer must be zero. The "depositional growth" technique

yields the updraft velocity required to maintain the vapor supply for depositional

growth of the measured particle size spectrum. A technique for applying each

method to periods beyond the aircraft sampling period is described in 5. 3.

Equations for calculating the following quantities from measured particle size

spectra are given in 5. 1: reflectivity factor, ice water content mean reflec-

tivity weighted particle terminal velocity, and in-cloud precipitation rate.

Profiles of the net, sustained vertical air velocity calculated through

the "mass flux" and "depositional growth" techniques for the case studied indicated

updraft velocities ranging between about 2 cm s~ at 6.5 km to about 10 cm s~1 at

4. 1 km altitude (Fig. 5. 7) Since temperature and humidity measurements from

both rawinsondes and aircraft measurements indicate stable to marginally stable

conditions between 5. 7 and 2.9 km, it appears that the updrafts occurring in this

region were due to stable uplift.

The vertical air velocities deduced from Doppler radar measurements

taken on January 13, 1975 (Fig. 5.10)revealed substantial deviations from the

profile of net sustained updrafts calculated for that day. The vertical air

velocities above 5. 3 km markedly alternated between updrafts and downdrafts as

strong as 20 and 30 cm s respectively. Visual observations from the Sabreliner

of turbulence and traces of liquid water just below the irregular, variable cloud

tops suggested the presence of isolated convective generating cells. The scale

of the alternate upward and downward air motions above 5. 3 km (Fig. 5.10) indicate

that it was unlikely that these air motions were due to the passage of individual

cells over the vertically-pointing radar. Due to time-averaging and smoothing
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of the Doppler radar data, air motions associated with individual cells are

probably suppressed in Fig. 5.10 leaving only the larger-scale motions, which

may be the result of gravity waves in the stable layers above 5.0 km. Except

for the coincident downdraft and reflectivity minimum at altitudes between 4.0

and 6.9 km at 1000 PST on January 13, the reflectivity factor pattern shows

little response to the pattern of derived air velocities above 5.3 km, suggesting

that the apparent vertical air motions had little influence on the growth of

precipitation particles. Travelling or stationary gravity waves in the predomi-

nantly stable layers above 5 km could have produced vertical air motion fields

through which ice particles moved (with the wind) before substantial particle

growth or evaporation had time to occur. Lee wave patterns due to airflow over

the Olympic Mountains are commonly observed in the Seattle area.

The trails of precipitation particles falling from the upper levels

within the clouds (Figs. 5.8 and 5.11) indicate the presence of ice-generating

elements which are probably both too large and too long-lived to be individual

convective cells. These elements may be cell clusters with lifetimes greater

than those of individual convective cells. However, this hypothesis can not

be fully evaluated from the present data; thus the mechanism(s) responsible for

the upper level air motions remain uncertain.

Heymsfield (1975) has used our experimental data for January 13, 1975

and has interpreted the variable pattern of air motions above 6 km to be longitu-

dinal roll vortices. However, there is no visual evidence from either the high-

resolution satellite photograph taken during the aircraft sampling period or

from the observations of the aircraft Flight Scientists that organized, longitu-

dinal roll structures were present near the cloud tops. Radar PPI echoes in the

form of lines, oriented approximately parallel to the upper level winds were

observed within the radar ."bright band" after 0930 PST on January 13, and these

could have been the result of precipitation generated in the upward moving portions

of rolls. However, PPI data taken with the radar antenna inclined 9. 8 from
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the horizontal failed to indicate the presence of any linear echoes above the

radar "bright band." Although the presence of longitudinal rolls above 6 km on

January 13 can not be ruled out, we feel that conclusive evidence for their

existence has not been presented.

We hope that future case studies in the CYCLES PROJECT will provide

additional information on the processes leading to the generation of precipitation

in cyclonic storms, thus answering some of the questions left open by the case

study presented in this section. By investigating areas of light uniform precipi-

tation, as well as areas of heavier mesoscale precipitation, we hope that the

significant, characteristic features of each will emerge.
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APPENDIX A

AIRBORNE MEASUREMENTS AND OBSERVATIONS IN CIRRUS CLOUDS

From November 1973 to March 1975 the University of Washington’s B-23 air-

craft made a series of flights in order to explore the distribution of ice the

crystal types and the ice mass concentrations in cirrus clouds. The methods and

instrumentation and the results obtained in the first fifteen of these flights

have been described by Hobbs et al. (1975)

In this Appendix we described the results obtained in nine additional

flights which are listed in Table A.I.

For each flight a cross-section of the area covered by the flight is pre-

sented. Shown in the cross-section is the extent of the clouds the flight track,

and the sizes of the largest ice particles collected. Also shown in the figures

are ice mass concentrations (derived from Formvar replicator data) and liquid

water contents (measured by a Johnson-Williams hot-wire meter)

A. I November 26, 1974

A front was approaching the Washington Coast with an associated short wave

trough at 500 mb. Upper and middle cloud thickened during the day.

Layers of cloud were sampled from 3.6 km to diffuse tops near 6. 7 km. Some

thin higher layers were present. Crystal types were predominantly assemblages of

columns and bullets with occasional assemblages of plates. Some stellar-like

crystals were encountered on the descent into the lower part of the cloud. Ice

particles were generally less than 1.5 mm in dimension, mass concentrations ranged

_3
up to 0. 46 g m

A cross-section of the flight is shown in Fig. A.I.

A. 2 December 12, 1974

A warm frontal cloud band was moving into western Washington during the

flight period. An upper ridge was over the Pacific Coast with a short wave trough

moving in from the west.
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TABLE A.I CHRONOLOGY OF UNIVERSITY OF WASHINGTON’S B-23 FLIGHTS MADE IN CIRRUS
CLOUDS OVER WASHINGTON STATE FROM NOVEMBER 1974 TO MARCH 1975.

Date

Nov.

Dec.

Dec.

Dec.

Jan.

Jan.

Jan.

Jan.

Mar.

of

26,

12,

19,

20,

9,

13,

14,

24,

18,

Flight

1974

1974

1974

1974

1975

1975

1975

1975

1975

Flight
Time (PST)

1300-1512

0724-1037

1141-1423

1126-1426

0747-1025

0816-1109

0708-1114

0709-0959

0928-1115

Synoptic
Situation

Prefrontal

Prefrontal

Stationary
front

Prefrontal

Stationary
front

Prefrontal

Stationary
front

Stationary
front

Upper trough

Distr:
Cloud

3.7

0.5

0.3
4.0

0.5

1.1

1.0

0.5
2. 7

0.6

1.0

Lbution of
Layers(km

to >7. 7

to >7.5

to 2.0
to >7.0

to >6.4

to 6. 7

to 6.8

to 1.5
to 6. 7

to 6. 7

to 6.0

Maximum
i) Flight Altitude (km)

7. 7

7.2

7.0

6.3

6. 7

6.8

6.2

6. 7

5.9

Data
Quality

Good

Good

Good

Fair

Fair

Good

Good

Good

Fair
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A cross-section of the flight from 1300 to 1512 PST on November 26 1974
showing areas of cloud SSgSS ) size of largest particles collected X
0 .4 to 0 .7 mm, ^ 0.8 to 1.5 mm, ^ >1.5 mm) and ice mass concentra-
tions (in boxes g m-3) No liquid water was detected. Temperatures
(C) and winds (numbers by arrows give speed in m s-1) shown on the right
hand side are from the 1600 PST Quillayute rawinsonde
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The 0820 PST rawinsonde shows the atmosphere saturated from 1.5 to

5.5 km with a strong inversion at the frontal surface at 2.7 to 3 km. Clouds

over the Puget Sound basin thickened rapidly and by the end of the flight they

extended from 0. 76 to over 7. 3 km. The rawinsonde indicated diffuse tops above

7.9 km.

Crystals above 5.8 km were predominantly assemblages of columns and

sideplanes, assemblages of columns and single bullets, and columns. The lower

parts of the cloud had more plate-like crystals, sometimes rimed. Isolated

traces of liquid water were encountered. Ice mass concentrations ranged from

0.13 to 0.4 g m

Cross-sections of the flight are shown in Figs. A.2(a) and (b)

A. 3 December 19, 1974

A warm front crossed Washington State late in the afternoon. At upper

levels, a weak short wave trough was moving through an upper ridge over the

Pacific Coast.

The flight was made in a cirrostratus layer ahead of the front. The base

was near 4.6 km with diffuse tops at 7.3 to 6.1 km. A layer of apparently

orographic cloud, almost all droplets, was present below 3.0 km.

No liquid water was detected in the upper layers but isolated riming was

noticed.

Crystal types were predominantly assemblages of columns and bullets with

some assemblages of plates and assemblages of plates and columns below 6.1 km.

-3Ice mass concentrations were all below 0.1 g m on the ascent but had increased

-3
to about 0.3 g m on the descent.

Cross-sections of the flight are shown in Figs. A.3(a) and (b)
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Figure A.2(a) Cross-section of the ascending part of the flight from 0724 to 1037 PST
on December 12 1974 showing flight track and presence of liquid water
(--lll"ll--) size of largest ice particles sampled X 0 .4 to 0.7 mm

)((= 0 .8 to 1.5 mm, ^= >1.5 mm) ice mass concentrations in boxes (in
g nT3) and areas of cloud ( :?:?:::::$:::; ) Temperatures (C) and winds (numbers
by arrows give speed in m s -) shown on the right hand side are from the
University of Washington 0820 PST rawinsonde
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Figure A.2(b) Cross-section of descending part of flight from 0724 to 1037 PST on

December 12 1974.
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Figure -A.3(a) Cross-section of the ascending part of the flight from 1141 to
1423 PST on December 19 1974 showing the flight track and presence
of liquid water (->-11|||1|--) (values in g m-3) size of largest ice
particles collected ( X= 0.4 to 0.7 mm, ^= 0 .8 to 1.5 mm, ^ >1.5mm)
ice mass concentrations (in g m~3) in boxes and areas of cloud
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Figure A.3(b) Cross-section of the descending part of the flight from 1141 to 1423 PST
on December 19, 1975 Temperatures (C) and winds (numbers by arrows
give speed in m s-1) shown on the right hand side are from the 1258 PST
University of Washington rawinsonde
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A. 4 December 20, 1974

A complex front was lying east-west across Western Washington. A weak

upper ridge was over the Pacific Coast with a strong westerly stream across

Washington State.

Cloud was continuous from about 1.2 km to above 7 km during ascent but

had broken into layers by the time of the descent.

Assemblages of plates and columns were the most common crystal type.

Irregular ice, columns, assemblages of plates and dendrites were also encountered.

-3
Riming was frequent. Liquid water content reached 1.0 g m below 2.4 km on the

ascent, and small quantities of liquid water were present at all levels Ice

-3
mass concentrations ranged from 0.08 to 0. 75 g m

Cross-sections of the flight are presented in Figs. A.4(a) and (b)

A. 5 January 9, 1975

Strong northwesterly flow aloft over Washington was associated with an

upper ridge off the Pacific Coast and a trough over the Mountain States. A weak

surface low and associated fronts caused prefrontal clouds over Western Washington,

but subsequently passed south of the state.

A deep cloud layer was present at the flight time from 1.2 to 6 7 km with

thin cirrus above to 8.2 km. Rawinsonde data showed the atmosphere to be neutrally

stable to 3 km and stable above.

Small quantities of liquid water were detected below 1.5 km. Above 3 km

crystals were predominantly assemblages of plates and columns with the percent-

age of columns increasing with height. Below 3 km most crystals were irregular,

platelike fragments and assemblages of plates some rimed. Ice mass concentra-

-3
tions were generally low, less than 0.1 g m

A cross section of the flight is shown in Fig. A.5.
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Figure A.4.(a) Cross-section of the ascending part of the flight from 1126 to
1426 PST on December 20 1974 showing the flight track and presence
of liquid water (->-tni|--) (values in g m-3) size of largest
particles collected ( X= 0 .4 to 0.7 mm, ^ 0 .8 to 1.5 mm,

^ >1.5 mm) ice mass concentrations (in g m-3) in boxes and
areas of cloud. Temperatures (C) and winds (numbers by arrows give
speed in m s-1) on the right hand side are from the University of
Washington 1253 PST rawinsonde.
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Figure A.4(b) Cross-section of descending part of flight on December 20 1974
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Cross-section of the flight from 0747 to 1025 PST on January^ 1975

showing the flight track and presence of liquid water (-^-limil--)

(values in g m-3) size of largest ice particles sampled ( X= 0 .4 to

0.7 mm, >(< 0 .8 to 1.5 mm, ^ >1.5 mm) ice mass concentrations

(in g m-3) in boxes and areas of cloud (^^) Temperatures (C)

and winds (numbers by arrows give speed in m s"’1) shown on the right

hand side are from the 0909 PST University of Washington rawinsonde
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A.6 January 13, 1975

An occluded front was in an almost stationary position along the Oregon-

Washington border with a weak upper-level ridge of the Pacific Coast.

Clouds were continuous from 1.2 to 6.9 km with thin layers above 8.5 km.

Small quantities of liquid water were present at various levels. Ice mass con-

-3
centrations were near 0. 1 g m above 5.5 km but increased rapidly below.

Ice crystals were predominantly assemblages of columns with some assemblages of

columns and plates above about 5.5 km, with stellars dendrites and other large

platelike crystals below. Maximum crystal dimensions reached 5 mm in the lower

regions of the cloud.

A cross section of the flight is shown in Fig. A.6.

A. 7 January 14, 1975

The occluded front was still stationary along the Washington-Oregon border

with a strong westerly airstream at upper levels.

Broken layers of liquid water clouds were present below 1.5 km. A contin-

uous deck of middle and upper cloud extended from 2.4 to 6.1 km with a thin layer

at 6. 7 km and thin cirrus above 10.7 km. Significant liquid water was present in

the upper half of the main layer. Some samples taken in the cloud tops at 6. 1 km

showed only liquid water. Others contained assemblages of columns, and irregular

particles. Below 5.5 km, stellars dendrites and other large platelike crystals

were present, some reaching 4 mm in dimensions. However, the number concentrations

-3
of particles were low and ice mass concentrations were usually below 0.2 g m

A cross section of this flight is shown in Fig. A. 7.

A. 8 January 24, 1975

A wave on a stationary front (lying east-west) over Oregon had caused a

broad and deep-layered cloud deck to extend over western Washington. A strong
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Cross-section of the flight (from 0816 to 1109 PST) on January 131975 showing the flight track and presence of liquid water (-^-||’|fh-
(values in g m-3) sizes of largest ice particles collected( X= 0 .4 to 0.7 mm, ^ 0.8 to 1.5 mm, ^ = >l.5 mm) ice mass
concentrations (in g m--5) in boxes and areas of cloud (mss)Temperatures (C) and winds (numbers by arrows give speed in m’s-1)
shown on the right hand side are from the 0928 PST University of
Washington rawinsonde.
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Figure A.7 Cross-section of flight from 0908 to 1114 PST on January 14, 1975
’O.I

showing flight track and presence of liquid water (-,
(values in g m-3) size of largest ice particles collected >(< 0 .8
to 1.5 mm, ^ >1.5 mm) ice mass concentrations (in g m~3) in boxes
and areas of cloud- (SSS:^) Tempe’ratures (C) and winds (numbers by
arrows give speed in m s-1) shown on the right hand side are from the
1023 PST University of Washington rawinsonde.
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westerly flow was present at upper levels.

Cloud layers were present to 6. 7 km with thin cirrus streaks above 7.9 km.

Significant liquid water was encountered in the lower layers and in the tops of

the higher layers. Crystal types were platelike in the lower layers with

assemblages of columns and plates dominated in the higher layers. Riming was

frequent at all levels. Both the ice mass content and crystal size varied within

the cloud system. The highest mass content measured was 0.96 g m A cross

section of the flight is shown in Fig. A.8.

A.9 March 18. 1975

A cold front had crossed Washington State the previous afternoon and

evening, but the associated upper trough was almost stationary and still off the

Pacific Coast at the time of the flight.

While climbing to maximum altitudes, it was noticed that the edge of a

solid cloud bank was lying northeast to southwest over the Seattle area. Cloud

tops were near 6. 1 km. Samples were taken in the top part of the cloud layer.

Crystal types were predominantly assemblages of columns and bullets with some

platelike ice. The ice mass concentrations in the cloud tops were in the range

-3
0.2 to 0. 4 g m No ice. data were obtained on the descent due to a malfunction

of the Formvar replicator. No liquid water was detected during the flights

although occasional rimed crystals were collected.

A cross section of the flight is shown in Fig. A.9.
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Cross-section of the flight from 0709 to 0959 PST on January 24, 1975
showing the flight track and presence of liquid water (->-llTlll---)
(values in g m~3) size of largest ice particles collected (+ 0 .1
to 0.3 mm, X 0.4 to 0 .7 mm, >^= 0 .8 to 1.5 mm, ^ >1.5 mm) ice
mass concentrations (in g m~3) in boxes and areas of cloud (i’::’::’:??:?;
Temperatures (C) and winds (numbers by arrows give speed in m s~1)
shown on the right hand side are from the 0800 PST University of
Washington rawinsonde
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Cross-section of the flight from 0928 to 1115 PST on March 18, 1975
showing areas of cloud (SSSS?;:;) size of largest particles collected
( )(= 0 .4 to 0 .7 mni, ^<= 0 .8 to 1.5 mm) and ice mass concentrations (in
g m’^) in boxes No liquid water was detected. Temperatures (C)
and winds (numbers by arrows give speed in m s~1) on the right hand
side are from the 1100 PST University of Washington rawinsonde
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APPENDIX B

DERIVATIONS OF EQUATIONS IN SECTION 5

B.I Derivation of Eqn. (5.1)

The reflectivity factor for a size spectrum of particles of the same

type is given by
n

f,
Z Z N(I) [D(I)]6

1=1

f. Q

where Z is reflectivity factor in mm m n the number of size groups in the

particle spectrum, N(I) the concentration (in m ) of particles in size class I,

and D(I) the melted diameter (in mm) of a particle in size group I.

When the particle size spectrum contains a number (m) of different

particle types, the reflectivity factor can be expressed as

n m

Z^ Z Z(I,H) (B.I)
1=1 H=l

where Z(I,H) is the contribution to the total reflectivity factor from particles

of type H in size group I. Z(I,H) is given by the relationship

Z(I,H) F(I,H)N(I)[D(I,H) ]6 (B.2)

where F(I,H) is the fraction of particles of type H in size group I and D(I ,H)

is the melted diameter of a particle of type H in size group I.

Expressing mass as the product of density and volume

P^CD(I,H) ]3
M(I,H) --^------- ^ -i)

where M(I,H) is the mass of a particle of type H in size group I and p is the

density of ice. Solving Eqn. (B. 3) for [D(I,H) ]6 yields

CD(I.H)]6 [^W2 (B.4)
p! 7r

combining Eqns. (B.4) and (B.2) yields
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Z(I.H) F(I,H)N(I) pp"^ ’^ (B.5)

which gives Z(I,H) in terms of the concentrations and masses of precipitation

particles. M(I,H) can be calculated from the particle mass-length relation-

ships given by Locatelli and Hobbs (1974) and Heymsfield (1972) Combining

Eqns. (B.5) and (B. I) yields

n m CAM / T U ll ^Z E Z Fa^NO) ?1^10 (B.6)
T

1=1 H=l L P! J

which is Eqn. (5. 1)

B.2 Derivation of Eqn. 5.5

The depth of water accumulated on a flat surface exposed to a constant

downward flux of precipitation particles for 1 hour is given by

3600 f
d ----w w

where d is the depth (in m) of accumulated water, f the mass flux of water (in
w o

-2 -1
g m s ) just above the surface ignoring vertical air motions, and p the

A ^density of water in g m Since p 10 g m d (in mm) is given by
w w

d 3.6 f (B.8)
w o

If we neglect vertical air motions the downward mass flux of water

due to a size spectrum of precipitation particles (consisting of m particle

types) is given by

n m V (I/H)
f Z E F(I ,H)N(I)M(I,H) vi-

0
1=1 H=l

luu

where V (I,H) is the terminal velocity (in cm s ) of precipitation particles of

type H in size group I.

If the precipitation rate is expressed as the depth of accumulated
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water per unit time, Eqn. (B.8) indicates that

RO 3.6 f^ (B.10)

where R^ ls P^cipitation rate (in mm hr ) ignoring vertical air motions,

Combining Eqns. (B.9) and (B.10) gives

n m

R 0.036 E E V (I,H)F(I,H)N(I)M(I ,H) (B. ll)
1-1 H=l

which is Eqn. (5.5) Heymsfield (1975) has used a similar result.

B. 3 Derivation of Eqns. (5.6) and (5. 7)

As suggested by Heymsfield (1975) the component (f ) of the vertical
w

flux of water substance due to the effects of vertical air motions on precipi-

tation particles, can be represented by

f W(IWC) ,_
100 (B12)

-2 -1 -1
where f is in g m s and W is the vertical air velocity in cm s Eqn (B. 12)

represents f in terms of the advection of IWC by vertical air motions. Substi-
w

tuting f and R (the precipitation rate due to the mass flux f ) for f and R-.

in Eqn. (B.10) and combining the results with Eqn. (B. 12) yields

R 0.036 W(IWC) (B.13)
w

where R is in mm hr
w

The total precipitation rate R (combining the effects of the mass fluxes

f and f ) is given by
o w

R R^ + R^ (B. 14)

Combining Eqns (B.13). and (B. 14)

R R 0.036 W(IWC) (B.15)

which is Eqn. (5.6)
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*
The downward mass flux (f ) of water substance due to precipitation

particles falling in a region containing vertical air motions is given by

f* f + f (B.16)
o w

* -2 -1
where f is in g m s Eqn. (B.10) can be solved for f to give

^ -278 \ (B.17)

Substituting Eqns. (B. 17) and (B.12) into Eqn. (B.16) yields

f* 0.278 RQ -^Qo IWC (B. 18)

which is Eqn. (5. 7)

B. 4 Derivation of Eqn. (5.8)

Eqn. (B. 18) indicates that the downward mass flux of water substance

due to precipitation particles falling into the top of a layer is given by

4 o.278 R^ ^(IWC)^ (B.19)

where R is the precipitation rate (ignoring updraft velocities) in mm hr~ W

the vertical air velocity in cm s IWC the ice water content in g m and

the subscript T refers to the top of the layer. Similarly, the mass flux of

water out of the bottom of the layer is given by

^ "-^^OB -llo^^B ^-20)

where the subscript B refers to the bottom of the layer. The mass fluxes of

-2 -1
vapor (in g m s ) at the top and bottom of the layer (Q and Q respectively)

are given by

^^ Too ^ <B21)

^ SO ^B <B22)

where p and p are the vapor densities at the top and bottom of the layer.
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Positive values of Q and Q denote upward mass fluxes. If the relative humidity

within the layer is constant with time, then the total mass flux of water substance

into the layer must equal the total mass flux of water substance out of the layer,

so that

^ -^B ^ -^T (B-23)

Combining Eqns. (B.19) (B.23) and solving for W yields

^^W^ ^O^T^ (B.24)
B 100. ^B ^VB------------

which is Eqn. (5.8) Heymsfield (1975) has used the sane general approach in

calculating vertical air velocities in stratiform clouds. However, Eqn. (B.23)

differs from Heymsfield’s final result in that it includes separate updraft

velocities at the layer boundaries, rather than using a mean updraft velocity

for the layer as a whole.

B.5 Derivation of Eqn. (5.9)

The rate of depositional growth of a precipitation particle of type H

in size group I is given by

dM^10 S^ C(I,H)F*(I,H)G(T,P) (B.25)

where M(I,H) is the mass of a particle of type H in size group I which is growing

by vapor deposition, S. the supersaturation with respect to ice, and C(I,H) and

*F (I,H) are the shape and ventilation factors, respectively, for vapor deposition

on a particle of type H in size group I. G(T,P) is a factor related to the trans-

fer of heat between the growing ice particle and its environment, and is given by

(Mason, 1971)

^^ -i^T--r-r-LS& -l).^ Rv_^_
KT ^R T De (T)

v s
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where L is the latent heat of sublimation, K the thermal conductivity of air,
s

R the gas constant for water vapor, D the coefficient of diffusion of water

vapor in air, and e (T) is the saturation vapor pressure over a plane ice sur-

face at the temperature T. C(I,H) was calculated using relationships given by-Mason (1971). F (I,H) was calculated using relationships given by Mason (1971)

and Jayaweera (1971)

When the particle size spectrum contains a number (m) of different

particle types the total rate of vapor deposition (per m of air) is given by

d<5 n m jii/T n\

E F(I,H)N(I) d^lO^D- (B.26)
dt

1=1 H=l
dt

where & is the total mass of vapor deposited, F(I,H) the fraction of particles

in size group I which are of type H, and N(I) is the total concentration of
d6

particles in size group I. By combining Eqns. (B.25) and (B.26) can be

expressed as

d6 n m
^S Z Z F(I,H)N(I)C(I,H)F (I,H)G(T,P) (B. 27)

1=1 H=l

which is Eqn. (5.9) Eqn. (B.27) is equivalent to the expression used by

Heymsfield (1975) except for the dependence of F upon I and H, rather than H

only.

B.6 Derivation of Eqn. (5.11)

The vapor density p of an air parcel can be expressed as

p p + S .p (B.28)
V VS 1 VS

where p is the vapor density, p the ice saturation vapor density and S. the

supersaturation with respect to ice. Differentiating Eqn. (B.28) with respect to

height yields
dp dp dS

cL" a+s^ + \s dT (B- 29)
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The quantity vs can be derived from the relation
dz

vs R T
v

(B. 30)

where e is the saturation vapor pressure over a plane ice surface and R iss v

the gas constant for water vapor. Differentiating Eqn. (B. 30) with respect to

height yields

1 ^ ^ dT , ,
T dz ^2 dz (B. 31)

dp
vs

dz
1
R
v

1
T

de
s

dz

e
s

T2
dT
dz

Substituting the relation

de.
dz~

de! ^dT dz

into Eqn. (B. 31) yields

dp
vs

dz
1

R T
v

dT
dz

de
s

dT

e
s

T (B. 32)

The Clausius-Clapeyron equation gives

de L
_s^ s
dT T(v -v )

v s
(B. 33)

where L is the latent heat of sublimation, and v and v are the specific

volumes of water vapor and ice, respectively. Since v v and v R T/e
v s v v s

Eqn. (B. 33) can be simplified to

de

dT

L e
s s

R T2
v

(B. 34)

irp/dT,Combining Eqns. (B. 32) and (B. 34) and substituting (--) (the change of temperature
dz

with height for an ice-saturated parcel) for in Eqn. (B. 32) yields

(B. 35)
dp

vs
dz

e
s

R T
v

dT

’dz[
L
s

R T2L v

1
T
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Since p e / (R T) Eqn. (B. 35) can be simplified to

^vs dT
dz ^’vs ’dz

î R T
v

2 T

Combining Eqns. (B. 36) and (B.29) yields

^ <^^
~L

s

R T2
v

1
T

+ Pvs

dS
i

dz

which is Eqn. (5. 11)
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