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ABSTRACT

The general objective of this program was to document the
boundary-layer transport of aerosol pollution into Sequoia National
Park. To accomplish this, four measurement programs were carried out:
(1) Tethersonde profiles of temperature, humidity, and wind velocity,
(2) tethered balloon measurements of aerosol concentrations, (3) Pibal
wind measurements at three sites in the park, and (4) measurement of
surface meteorological parameters at the pibal wind sites. These data
were collected during July and August 1985 at Emerald Lake, Wolverton
Meadow, and Ash Mountain. The following conclusions are drawn from the
data: 1) When averaged over the entire concentration period, the
concentration of all fine elements reported is higher in upslope
conditions than in other conditions; 2) the fluxes of most elements
also exhibit similar behavior; 3) the concentration of certain coarse
elements shows a strong tendency to increase upward in the lower 200 m
during the nighttime hours; 4) the potential for "smog front" phenomena
seems to exist in the lower regions of the park, due to convergence in
the meso-scale wind field, 5) The upslope/downslope boundary-layer,
meso-scale, and large-scale winds seem to interact in a complex fashion

to produce the observed transport.
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I.  INTRODUCTION

Sequoia National Park, located east of the San Joaquin Valley in
central California, is noted for its unique panoramic vistas and as a
primary location for an extensive acid deposition research program.
This research program encompasses wet and dry deposition effects on
vegetation, soill, lakes, and streams. This report summarizes
measurements we made during summer 1985 of pibal winds aloft and
surface meteorological parameters at three locations (Ash Mountain,
Wolverton Meadow, and Emerald Lake) and vertical profiles of

temperature, humidity, winds, and particulates using tethered balloon

techniques at Wolverton.

ITI. MEASUREMENTS
A. Introduction

During this study, we collected data at three sites in Sequoia
National Park during two ten-day intensive sampling periods in July and
August of 1985. The data from the July period are incomplete because
of equipment problems. At all three sites we released single

theodolite-tracked pilot balloons 4 times a day and twice nightly 50

percent of the time. The calculated ascent rate was 3 meters per
second (30 gram free-lift weights). Observations were recorded every
30 seconds, yielding wind observations every vertical 90 meters. The

Atmospheric Science Department of Fresno State University also released
4 balloons per 24-hour period in Fresno at times which roughly
corresponded to the release times used in the park.

At all three sites 23 setup ground weather stations with

instrumentation measuring wind speed, wind direction, relative
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humidity, and temperature at five meters and temperature again at two
meters. Every 30 minutes, mean relative humidity, temperature, wind
speed, mean wind vector magnitude, wind direction, and standard
deviation of direction were recorded.

Additionally, we operated dual tethered balloons were operated at
the middle elevation site. On one balloon a meteorological sounding
package (tethersonde) was attached which measured pressure (change),
dry- and wet-bulb temperatures, wind speed and wind direction. On the
tether line of the other balloon, two-staged stacked filter unit
aerosol samplers were attached at intervals of 50 meters up to 250
meters above the ground. The filters were analyzed for elements
heavier than sodium using an alpha particle induced x-ray emission
(PIXE) technique developed at the Crocker Nuclear Laboratory at the
University of California, Davis (Cahill et al. 1976). Elemental mass
is measured above a threshold value which is determined by the filter
characteristics, particle loading, and sensitivity of the x-ray detec-
tor. In addition, the filters were weighed using a Cahn electrobalance
and the fine filters were analyzed for carbon soot and elemental
hydrogen.

This study was the first time we employed the aerosol sampling
balloon system in the field. The system was tested, however, prior to
the present study at the University of California, Davis, for short
periods. We made a total of 5 morning, 9 afternoon, and 3 evening
aerosol profiles during the August field period. We made a total of 7
morning, 15 afternoon, and 7 evening meteorological profiles as well.

Table 1 shows the schedule for the July and August field periods.
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Table 1 Schedule of tethered balloon runs. For samplers, time indicates when
the first pump began and total minutes indicate the longest sampling
time, usually corresponding to the sampler at the highest level (except
where indicated). The levels 0, 1, 2, 3, 4 and 5 correspond to 0, 50,
100, 150, 200, and 250 meters, respectively. For each level, the
sampling time was 5 minutes on average less than the level above it.
If, for example, all 5 levels were in operation, then the sampling time
difference between the lowest and highest level would have been
approximately 20 minutes. The sounding schedule also shows the
starting time and indicates the duration of the up and down soundings.
Also listed are Fresno temperature (T), dewpoint temperature (DT), and
station pressure (P).

SAMPLERS TETHERSONDE FRESNO
TOT. TIME MIN. MIN. °C mb

DATE TIME MIN. LEVELS (PDT) Up DOWN T DT P

7/25 0934 59 0,1,2 1005 34 -- 30.0 17.8 997.8

7/26% 0920 70 0,2 0959 23 _ 28.3 16.7 1001.2

7/26 1242 72 0,1,2,3 1300 09 __ 35.6 15.0 1000.2

7/26% 1426 34 0,4 1440 09 _ 36.7 15.0 999.2

7/217 1354 08 17 37.8 12.8 999.2

7/28 0838 26 18 26.7 13.9 999.8

7/28 1101 15 08 31.7 12.8 999.5

7/28 1143 12 05 33.9 11.1 999.2

7/28 1220 12 10 36.7 10.0 998.8

7/28 1647 22 14 38.3 8.9 996.4

7/28 1818 17 15 37.8 8.3 996.1

7/28 2224 22 14 26.7 13.9 997.5

7/29 0411 13 10 18.9 10.6 998.5

7/29 0624 27 20 16.7 11.1 1000.5

7/29 0746 20 15 17.8 11.1 1001.2

7/29 0857 20 12 19.4 11.7 1001.5

7/29 1132 09 12 26.1 11.1 1001.2

7/29 1255 18 13 28.9 10.0 1000.8

7/30 0743 17 17 17.2 12.2 1002.5

7/30 0855 19 12 20.0 12.8 1002.9

7/30 1114 17 27 23.9 12.8 1003.2

7/30 1510 13 18 30.6 12.8 1001.5

7/30 1805 14 11 31.7 10.6 999.5

7/30 2208 14 09 25.0 12.2 999.8

7/31 0727 12 07 17.7 11.7 1002.5

7/31 1138 13 16 25.0 12.2 1003.2

8/13 1020 83 1,2,3 23.3 12.2 1003.9

8/14 1416 92 1,2,3 1445 37 17 32.2 0l1.6 1000.8

8/15 0902 96 1,2,3 0845 45 16 22.2 12.2 999.5

8/15% 1446 97 1,2 1450 16 13 33.9 11.7 997.0

8/16 0859 128 1,2,3,4 0923 11 24 23.9 13.3 997.1

8/16 0958 25 20 23.9 13.3 997.1

8/16 1643 134 1,2,3,4 1649 18 17 34.4 12.8 994.4

8/16 1656 16 15 34.4 12.8 994 .4

8/16 1811 17 20 33.9 12.2 994.1

8/17 0824 28 28 17.8 13.9 1001.5

8/17 1627 134 2,3,4,5 1629 46 40 29.4 15.6 1000.8
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SAMPLERS TETHERSONDE FRESNO
TOT. TIME MIN. MIN. °C mb

DATE TIME MIN. LEVELS (PDT) UpP DOWN T DT P
8/17 1755 16 17 29.4 15.6 1000.5
8/18 0936 134 2,3,4,5 0954 22 30 20.0 12.8 1006.3
8/18 1127 27 28 25.0 15.0 1005.9
8/18 1648 102 2,3,4,5 1640 25 13 31.7 14.4 1003.2
8/18 2301 109 2,3,4,5 2324 21 17 22.8 11.7 1003.2
8/19 0002 39 22 22.8 11.7 1003.2
8/19 1443 115 1,2,3,4,5 1148 29 35 30.6 12.8 1003.2
8/20 1002 106 2,3,4,5 1056 38 32 26.7 1l4.4 1003.2
8/20 1206 26 30 29.4 13.9 1002.9
8/20%* 1638 106 2,3,4,5 1639 31 20 33.3 10.6 1000.2
8/20 1730 22 06 33.9 9.4 999.8
8/21%* 0406 112 1,2,3,4 0414 20 23 18.9 8.9 1002.5
8/21 0457 22 21 18.3 8.9 1002.5
8/21 1402 48 28 32.8 12.2 1003.6
8/21 1656 112 2,3,4,5 1704 31 40 34.4 11.1 1001.9
8/21 1900 43 29 33.3 11.7 1001.5
8/21 2216 121 1,2,3,4 2053 36 29 28.9 13.3 1002.2
8/21 2251 43 33 25.6 12.2 1002.9
8/22% 1349 114 2,3,4,5 1456 22 15 35.0 10.6 1002.9
* 7/26: (0920) 100m batteries exploded at unknown time, 70 minutes estimated.

7/26: (1416) 200m batteries exploded at unknown time, 29 minutes estimated.

8/15: (50m sampler brought down early due to high windspeed, total time was

32 minutes.
8/20: 250m intake tube came off at unknown time, 106 minutes estimated.
8/21: 50m batteries quit at unknown time, 97 minutes estimated.

8/22: 100m batteries quit at unknown time, 102 minutes estimated.
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B. Sites

The three experimental sites were located at or near Sequoia
National Park’s 1long-term primary acid deposition research sites
established in 1982 through funding from the congressionally mandated
10 Year National Acid Precipitation Assessment Program. Figure 1 is a
map of the study area. For the study, the lower elevation site at Ash
Mountain was 125 meters northwest of and 30 meters above the Park
Headquarters area at 560 meters elevation. The site was located on a
east-southeasterly facing slope in the chaparral community vegetation.
The mid-elevation site, Wolverton, was 1.5 kilometers southwest of the
Lodgepole campground and 1 kilometer from the General's Highway by
road at 2222 meters elevation. Balloons were launched in the middle of
Wolverton Meadow, which is surrounded by mixed-conifer community
vegetation. The upper elevation site, Emerald Lake, was 3.5
kilometers east of the Lodgepole campground along the Marble Fork west
of Pear Lake at 2719 meters elevation. The site was located on a flat
granite area sparsely vegetated with sub-alpine community species. The
weather stations were located near the balloon release sites. At Ash
mountain, the weather station was located at the Park Headquarters
area. The instrumentation was located at ten and seven meters on the
park’s meteorological tower instead of at five and two meters above the
ground as at the other two stations because of the tall oak trees
surrounding the area. The weather station at Wolverton was near a
maintenance road directly across Wolverton Meadow from the ski
resort/trail head parking lot and was surrounded by low-lying meadow
vegetation. At Emerald Lake, the weather station was located on a

large granite outcrop, using a dead standing tree as the instrument
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tower. The data were recorded on CR21 microloggers (Campbell
Scientific, Inc., Logan, Utah) and transcribed manually twice a day.

The special requirements of the tethered balloon systems, namely
storage area and electricity, greatly limited the possible locations
for the mid-elevation site. Electricity was not required but was
convenient for charging the 12-volt batteries needed for the winch
operation and was used to operate the receiver and printer ground
station. For these reasons the Wolverton site was chosen and as a
result, the features of this location are slightly different from those
at the park’s research site in Log Meadow. The other two sites are
more comparable to the Park research sites. The Wolverton Meadow is in
a bowl that faces to the north and is used as a ski area during the
winter season. Localized inversions are frequent and break up in late
morning. The topography has more gradient and is more complex than in
the gently rolling Giant Forest area.

The topographic features for the three sites are presented in
Table 2. Fresno is included for comparison. The values were estimated
using 15-minute quadrangle maps. Directions are from true north and
indicate the direction toward the specified parameter. For example,
the up-valley direction for Emerald Lake is 90 degrees. This
indicates that the Marble Fork Valley rises toward the east near the
Emerald Lake site. Since the topography is variable and does not
follow a straight line, an imaginary line was drawn perpendicular to
the valley axis and through the site, representing a cross section of
the valley at the site. The direction of a line perpendicular to this
at the valley floor was the recorded up-down valley direction. Valley

floor width was measured by the distance between the two intersection
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points of the lowest contour line and the cross section line. The
distance between the first contour above and below the valley axis line
was used to measure the valley floor slope. Distance ridge to ridge
was measured by a cross section of the valley perpendicular to the
orientation of the highest ridges on either side of the valley, which
was not always the same as the cross section through the site. To
determine the general slope orientation surrounding the site, the
ground weather station wind directions were also considered in addition
to the maps. Slope inclination was then calculated by a line drawn
from the site to the second 400 foot contour line above the site using
the up-slope direction. For Fresno, the valley floor was approximated
by the distance between the beginning of the coastal range to the west
and the foothills to the east at the 1000-foot contour levels. The
distance ridge to ridge was taken along the same line but extended to
the Fresno County line on either side. The slope of the San Joaquin
Valley was considered approximately zero.
C. Equipment
1. Aerosol Sampling Unit
The weight of each sampling unit including batteries, and filter
cassettes assemblage was less than one kilogram. A review of the
aerosol sampling system may be found in Flocchini (1984).
a. Filter cassette assemblage

The stacked filter cassette design is described in Cahill, et al.
(1977). The only differences in the configuration for this study were
that an intake manifold was not used and the filter cassette hung
downwards toward the ground from the tether line. For the coarse and

fine particle modes, 8.0-micron coated nuclepore filters and 3 micron
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TABLE 2: TOPOGRAPHIC FEATURES
EMERALD WOLVERTON ASH FRESNO
LAKE MOUNTAIN STATE
Longitude 118.68 118.73 118.83 119.75
Latitude 36.62 36.60 36.50 36.93
Township 158 158 168 13s
Range 30s 30E 29E 20E
Section 24w 29NE 33E 5SE
Elevation 2719 2222 560 100
(m msl)
Height Above 10 200 50 0
Valley Floor (m)
Up/Down Valley 90/270 080/260 020/210 135/315
(degrees)
Valley Floor 250 100 125 100 km
Width (m)
Ridge Height 3400 SE 2750 SE 1900 E 1200 W
(m msl) 3400 NNW 2450 NW 1080 W 4000 E
1600 NW 2000 SE
Ridge Height 767 SE 528 SE 1340 E 1100 W
Above Site (m) 767 NNW 228 NW 520 W 3900 E
1040 NW 1900 SE
Distance Ridge 5 10.9 7.4 200
To Ridge (km) N-S NNW-SSE NW-SE SW-NE
Valley Floor 5 6 7.5 0
Slope (%)
Upslope/Downslope 150/130 135/315 300/120 090/270
(degrees)
Slope Inclination 18 10 23

(%)
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teflon filters were used, respectively, which were both 25 millimeters
in diameter. The manufacturer’'s filter specifications are listed in
Table 3.
b. Motor and pump assemblage

Astro Challenger Cobalt 05 motors designed for model airplanes by
Astro Flight were employed to drive the modified GAST rotary vane
vacuum pumps. They were powered by two lithium cell batteries (50
ampere-hour) which 1lasted approximately 3 to 4 hours without an

appreciable decline in output.

Table 3: Membrane Filter Specification

Filter Mfg. Pore Pore Filter Por- Filter Filter

Type Code Dia. Dens. Thick. osity Dia. Area
um pores/cm _pm % mm cm?

Teflon! PTFE 3 1x 10 25 75-85 25 1.12

Nuclepore4 N800 8 -- 108 5 25 3.8

1. Gelman Science, Ann Arbor, Missouri.

[a]

Masked filter area.

3. Values are for uncoated filters. Apeizon-L grease coated filters
(lot 51A8B2) were used during this study which increased the
thickness by 30 to 65 um (actual value unknown).

4. Nuclepore Corp., Pleasanton, California. ampere-hour) which lasted
approximately 3 to 4 hours without an appreciable decline in
output.

During the July field program, we discovered that the pumps were
rotating too fast; we reduced the speed by one third for the August
field program. This reduced the average flow rate from 11.9 * 1.7 to
1.05 + 1.8 1liters per minute but improved the battery performance
remarkably, resulting in only one case of battery explosion during the
August period compared to a 30+ percent failure rate during the July

period.
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Flow rates were measured at the beginning and end of each sample,
and flow volumes were estimated as described in Appendix II-B. The
cut-point between fine and coarse collection stages was between 1.0 and
1.5 microns aerodynamic diameter. The coarse filter probably had no
practical upper cut-point due to the high face velocity (46 centimeters
per second) and the absence of an intake manifold. The calculated
upper cut-point was approximately 123 microns aerodynamic diameter.
This includes most coarse particles suspended in the atmosphere!

2. Tethersonde

Specifications for the tethersonde package and balloons are
contained in the Appendix II-C. The meteorological package is
described in Morris, et al. (1975). Since barometric pressure at the
site was not measured, pressure was calculated using Fresno airport
hourly station pressure observations and the hydrostatic equation. The
equation for this calculation as well as equations for calculating
potential temperature, mixing ratio, absolute humidity, and other

secondary meteorological parameters are presented in the Appendix II-D.

D. Filter Analysis

The fine teflon filter was used with a mask to decrease the sample
area by 70 percent, thus increasing the sensitivity of the elemental
analysis. The samplers were run from one to two hours, allowing detec-
tion of major elements present at higher concentrations in the
atmosphere. Minor elements such as lead and vanadium were frequently
below the sensitivity threshold. The accuracy of the PIXE elemental
analysis, determined by regular re-analysis of filters, is reported as

4 percent for sulfur, 6 to 9 percent for silicon, potassium, calcium,
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iron and zinc and 10 to 15 percent for copper, lead and bromine. A new
analytical method, proton elastic scattering analysis (PESA), was used
to analyze the fine filters for elemental hydrogen as well. The
current accuracy for this method is approximately 15 percent.

Filters were analyzed for gravimetric mass and carbon soot (fine
filters only) using a GCahn 25 electrobalance and a laser integrating
plate method, respectively (Cahill et al. 1984). The wuncertainty
associated with the Cahn electrobalance is on the order of 2
micrograms, which would correspond on average to a 6 and 7/ percent
uncertainty for the fine and coarse gravimetric mass concentratiomns,
respectively. An additional uncertainty associated with weight gain is
discussed below. For the carbon soot calculation, an absorption
efficiency of 10 m2?/g is used to convert the coefficient of optical
absorption to carbon soot concentration. The uncertainty of the
measurement technique is approximately 6 to 7 percent. Table 4 lists
the averages and associated errors for the fine and coarse elemental,
gravimetric mass, and carbon-soot data. Table 4a gives a more detailed
analysis in which average values for all afternoon (upslope) and all
evening and/or morning (downslope) soundings are shown separately.

To investigate artifact weight gains, filter blanks were prepared
and treated identically to the filters used for sampling, except that
they were not loaded into the filter cassettes. A small weight gain
was observed. It is possible that the major weight gain for the teflon
filters is through interaction with the plastic material of the filter
cassettes (Feeney et al. 1984). Weight gain from contact of the teflon

filters with the O-ring was avoided by using filter masks. The weight
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Table 4: Elemental concentrations averaged over all profiles and
heights for August 13th through 22nd, 1985.

FINE COARSE
Al 1 2 Fe 1 2 Al 1 2 Fe 1 2
avg. 189 139 avg. 71 69 avg. 1217 982 avg. 543 575
s 87 46 s 45 25 s 1050 391 s 839 202
err 21 11 err 22 10 err 39 16 err 24 12
s 10 <1 s 10 <1 s 17 2 s 11 <1
up 19 9 wup 34 9 up 29 9 wup 34 9
down 11 down 25 down 19 down 27
Si 1 2 S 1 2 Si 1 2 S 1 2
avg. 260 268 avg. 630 713 avg. 1786 2234 avg. 320 89
s 136 90 s 299 123 s 1223 781 s 146 16
err 19 10 err 14 10 err. 25 11 err. 68 82
s 9 <1 s 8§ <1 s 10 <l s 22 7
up 33 9 up 33 9 up 33 9 wup 8 2
down 28 down 29 down 27 down 6
K 1 2 Mass 1 2 K 1 2 Mass 1 2
avg. 61 143  avg. 36 14  avg. 284 262 avg. 27 14
s 33 29 s 33 2 s 259 71 s 19 3
err 33 10 err 6 1 err 51 18 err 7 1
s 19 <l s -- -- s 17 3 s -- --
up 33 9 up 34 9 up 19 9 up 33 9
down 26 down 15 down 22 Cc-S 1 2
avg. 1119 420
s 616 108
err 7 7
S - - -
up 33 9
down 27
1. Avg. = average concentration; s = standard deviation of the

concentration; err = average error for concentration; g = standard
deviation of the error; up = number of afternoon concentrations in
average; down = number of morning and/or evening concentrations in
average.

2. mass = (ug/m3)
elements and carbon-soot = ng/m3

3. 1 = Tethered Balloon.

2 = Giant Forest 24 hour data.
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Table 4a: Elemental concentrations averaged for all afternoon
(upslope) and all morning and/or evening profiles (down slope) for the

period 13 August through 22 August, 1985.

morning &

afternoon evening

Element mean s n mean s n df
FINE

Mass 39.1 19.3 34 33.1 11.0 29 61
S 849.5 191.9 33 380.8 179.4 29 60
K 73.3 33.8 33 45.9 26.3 28 59
Si 304.7 148.9 33 207.0 96.3 28 59
C-S 1474 .3 705.6 33 684.7 434 .7 27 58
Ca 33.2 16.6 22 34.0 13.7 15 35
Fe 84.3 50.8 34 52.5 23.7 25 57
Pb 61.7 37.0 12 58.1 30.5 11 21
H 580.9 155.0 33 386.6 146 .8 26 57
Al 152.9 65.1 34 140.0 62.2 30 62
COARSE

Mass 27.9 14.4 33 25.7 15.0 30 61
Si 2137.2 1524.7 33 1356.1 521.3 27 58
K 332.6 247 .7 27 211.9 67.7 21 46
Ca 312.1 234 .4 30 218.6 101.2 22 50
Fe 636.2 634.9 34 426.1 342.8 27 59
Al 1333.9 958.8 29 1037.7 620.8 19 46

df-degrees of freedom, s-standard deviation, n-number of data points,
NS-not significant.
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gain has been found to increase over time. The filters used for
sampling were in the cassettes for no longer than a day and usually
fewer than three hours. Over this period, the weight gain was found to
be negligible and thus no corrections were made to the gravimetric mass
values. The weight gain, in general, is less for the nuclepore filter
than it is for the teflon filter so corrections for the nuclepore

gravimetric mass were also considered negligible.

E. Sources of Error
In this section we will discuss the various sources of error
related to the pilot balloon observations and tethersonde data. These
sources of error can be discussed only in light of findings from other
studies since no attempts have been made here to quantify them. We
also discuss the problems associated with the aerosol sampling balloon
and the possibility of contamination of the aerosol filters by the

carbon vane pump.

1. Pilot Balloomns
Wind speed error associated with single theodolite-tracked pilot
balloon observations was investigated by Swanson, et al. (1981), using
data from a study conducted in the Delta and the Sacramento Valley of
Northern California. Variations in ascent rate for the 4-, 8- and 12-
minute observations from 169 double theodolite profiles showed that
some but not all releases had significant variability in ascent rates.
The investigators did not explain why some of the releases showed more
variability than others. Wind speed profiles were calculated using
both theodolite observations and observations from just one of the

theodolites and plotted in the same figure. It was evident that the
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single theodolite profiles showed areas of large, fictitious wind speed
shear when the ascent rate was not constant. Some of the windspeeds
were three to six times higher than the double theodolite-calculated
windspeeds. The ascent rate used for the single theodolite calcula-
tions was calculated from the computed height of the last double
theodolite observation divided by the total time so that the error was
minimized for the single theodolite computation. The ascent rate of
1.5 meters per second from the assumed constant ascent rate as
presented by Swanson, et al. would be the lower limit in most cases.
Wind direction error was not investigated.
2. Tethersonde Balloon

There has been some investigation of balloon-borne instrumentation
error. Whiteman used the same meteorological package as does this
study to investigate breakup of inversions in Colorado mountain valleys
(1980, 1981). He conducted a series of tests at the National Center
for Atmospheric Research (NCAR) facilities in Boulder, Colorado. The
instrument package was tested in a wind tunnel and some attempts were
made to simulate the conditions that might occur while the package was
suspended from a balloon. The standard instrument ‘specifications from
the testing are included here in Appendix II-A and will not be
discussed here. One test was to tilt the package 10, 20, and 30
degrees from the vertical and compare the resulting measured wind speed
to the true wind speed. As expected from theory, the package
windspeeds were consistently lower than the true air speed by
approximately the cosine of the tilt angle. The balloon used for the
project was a lightweight (1.5 kilogram) 3.25 cubic meter blimp-shaped

balloon (Follmer Model 115). Field observations were presented that
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give insight into the possible errors. They observed that when the
wind speed was greater than 5 meters per second, the balloon drifted
downwind, causing a low wind speed on the ascent and a high wind speed
on the descent. A further complication was that on the descent, the
balloon maintained its elevation until nearly above the winch, at which
point it would descend straight down. For this reason, Whiteman did
not average the up and down soundings in the data analysis. The
balloon’s response to changes in wind direction were discussed in view
of its dimensions. The balloon was very responsive to light winds,
pointing into the wind even when the cup-anemometer was stationary. It
was theorized that the balloon would not respond to directional eddies
smaller than half the length of the balloon. The balloon was observed
to respond slowly to large stepwise changes in the wind direction,
especially a 180-degree directional change. During turbulent
convective conditions, it was observed that the tethersonde package
swayed as much as 20 degrees away from the balloon orientation. It was
summarized that the accuracy was a complex function of the "response
time and damping coefficient of the balloon, the response time of the
tethersonde compass, the angle of attack of the sonde and the swinging
and twisting of the tethersonde relative to the balloon."

The package was suspended below the tail of the balloon to achieve
a 25-degree angle of attack under calm conditions. This positioning
was necessary so the balloon would be relatively level at higher
altitudes with stronger winds since the tail expands with the increased
inside pressure (Morris et al. 1975).

During our study, we used balloons purchased from Pie in the Sky

(San Mateo, California). The balloon used for the tethersonde package
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weighed 6.8 kilograms with a volume of 10.2 cubic meters (see Appendix
B). Because of its different characteristics, its response was
probably slower than the lightweight Follmer balloon. However, there
were several reasons why we chose this balloon. During the July field
season, we used the Follmer balloon for the tethersonde package. The
balloon was very susceptible to damage, especially if moisture remained
on the plastic for any length of time. For this reason as well as the
problem of diffusion of air into the balloon, the balloon required
constant recharging with helium and often became deflated during a
profile. The Pie in the Sky balloons, although heavier, were not as
susceptible to damage and required little recharging. We also
suspended the tether package immediately below the front of the balloon
because of the different lead-line configuration. The problem of being
in the wake of the balloon was avoided, and the package was much more
stable because of the reduced length of the suspension lines. Since
the l1ift was greater than the Follmer balloon and the tether line came
from the center of the balloon, the balloon was relatively level under
calm conditions, and the front end tilted slightly upwards at higher
altitudes because the expansion cords were located toward the front
end of the balloon.

A study in Florida compared data from balloon-borne (metal-cable
tether) and from tower-mounted instrumentation including the mean
horizontal wind speed and direction and the fluctuating components
of the horizontal winds, vertical winds, and temperature (Gaugen and
Kaimal 1975). The instrument package on the balloon was attached to a
vane which kept the instrumentation pointed into the wind. The blimp-

shaped balloon was much larger (1300 cubic meters) than the balloons
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used during the present study but some salient findings are of
interest. The dominant motion of the balloon was lateral oscillation
and this motion increased with increasing height above the ground. The
sensors were located at 500 and 1000 feet with the balloon position
varied at 1200, 2000, 3000, and 4000 feet above ground level. The mean
horizontal wind speed was overestimated by the balloon instrumentation
by 7 and 11 percent at 500 and 1000 feet, respectively. The balloon
motion was tracked by two theodolites simultaneously, The average
ratio of the standard deviation of the lateral motions of the cable at
the two heights (500 and 1000 feet) and the ratio of the horizontal
wind speed discrepancy were very close, indicating the overestimate of
horizontal wind speed was largely attributable to the lateral motions
of the balioon.. It was stated that the effect of the lateral motion
could be minimized By increasing the balloon-probe separation. Ryan,
et al., 1979, recommended a spacing of 100 to 300 meters between the
instruments and the balloon when measurements were taken close to the
ground since they observed the instruments swayed as much as 15 to 20
meters from an imaginary centerline when the balloon was close to the
ground. During the present study, the balloon acted as the wind vane,

and it was not possible to increase the distance from the package to

the balloon.

3. Aerosol Sampling Balloon

The balloon used for aerosol sampling during the August field
study was a spherical-shaped Pie in the Sky balloon which had more lift
than the blimp shaped JK20 balloon used in July (the same balloon used

for the meteorological package during August). The JK20 balloon lifted
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only 3 aerosol packages whereas the spherical balloon lifted 5
packages. The only problems encountered with the aerosol sampling
balloon was at the point of attachment of the sampler on the tether
line. During the July period, a JK20 balloon was lost because the line
was cut by the edge of the plate on which the pump and motor were
mounted. In August, the samplers were attached in such a way that the
plate could not contact the tether line. Another added feature in
August was attachment of the exhaust line to the tether line away from
the filter inlet to avoid contamination from the pump exhaust. The
aerosol samplers were placed every 50 meters along the tether line.
Much calmer conditions prevailed during the morning and at night so

that the tether line was nearly vertical.

4. Filter Contamination

A test was run connecting the exhaust of the pump to the filter
inlet to determine if "blow-by" contamination was occurring. Data from
one 33-minute sample were used to obtain the ratio of each major
element (and carbon-soot) to silicon. In Table 5 are the ratios from
the exhaust filter (test), balloon data (1), and 24-hour particle
samples (2) collected during the same time at Giant Forest (Cahill et
al. 1986a). Elements that are not listed but that occurred in the
exhaust sample are fine Mg, Mn, Zn, Br, Cl, and Pb and coarse Mg, Mn,
Cu, Zn, Cl, and Br. These elements are mnot presented because they were
not included in the data analysis and because most of their
concentration errors were larger than 50 percent since they were trace
elements in the atmosphere. The 24-hour samples were from a similar

stacked filter unit which was operated at a lower face velocity. The
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TABLE 5
FINE

K/SI Al/Si Fe/Si
Test .261 .207 8.867
1-Balloon .248(58) .640(30) .279(58)
2-Cahill .582(9) .527(9) .254(9)
Soil .070 .335 .200
Crust .074 .292 .200

C-S/Si H/Si S/Si
Test 2.159 .156 .433
1-Balloon 5.222(58) 2.359(57) 3.061(60)
2-Cahill 1.790(9) 2.017(9) 2.850(9)
Soil -- -- .009
Crust - -- <.001

COARSE
Al/Si S/Si Ca/Si Fe/Si

Test .621 .141 .099 5.352
1-Balloon .657(46) .207(14) .151(52) .294(59)
2-Cahill .465(9) .051(9) .120(9) .257(9)
Soil .365 .021 .053 .192
Crust <.001 147 . 200

Dashes indicate the numerator is not present in soil.
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coarse filter collected particles between 2.5 and 15 microns and the
fine filter collected particles smaller than 2.5 microns. The sampler
height was approximately 2 meters above ground level. The data are
presented as ratios to render the data directly comparable. The
exhaust sample was concentrated exhaust whereas the data collected in
the field, if contaminated, would show values including the ambient
air as well. The values in parentheses are the number of measurements
that were averaged. Also presented are soil and average crustal
ratios. The soil ratios are from a soil sample collected near the
Giant Forest area which was analyzed for elemental concentrations. The
crustal values were taken from a report by S.R. Taylor (1964).

The ratio for fine carbon soot (C-S) is higher for Wolverton than
Giant Forest such soot may be a contaminant from the exhaust.

For the coarse particles, the ratios for sulfur and aluminum
appear to be higher for Wolverton than Giant Forest. Since the test
ratio for aluminum is so close to the Wolverton and Giant Forest
ratios, it is not possible to determine whether the aluminum is a
contaminant or mnot. The difference in the sulfur ratios between
Wolverton and Giant forest may be due to the different cut-points. The
coarse filters used for the balloon samplers collected particles larger
than 1 micron whereas the coarse filters used at Giant Forest collected
particles between 15 and 2.5 micromns. The fine sulfur ratios agree
fairly well which indicates that the discrepancy may be due to larger
sulfur-containing particles. Since the test sulfur ratio is so much
smaller than the Wolverton ratio, if there 1s contamination, it is
probably small. As with the fine carbon-soot concentrations, the

standard deviation for the Wolverton coarse sulfur concentration is
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nearly half the average. The standard deviation of the sulfur/silicon
ratio is 0.11, which indicates it is not significantly different from

the Giant Forest ratio.

III. BOUNDARY-LAYER PROFILES

A. Meteorological parameters. As described in the Measurement
section, a Tethersonde was operated at Giant Forest during the Sequoia
program. Detailed profiles of temperature, absolute humidity, wind
speed, and.direction were obtained over the lower few hundred meters.
Six soundings were made over the period 27-28 July and twenty-three in
the August 14-22 period.

A bulk Richardson number, Rp, was computed for each sounding,

AGAZ
RB =

|t
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where AZ was chosen as the lower 200m, Af was taken as the potential
temperature difference, and U-bar as the average wind speed over the
same height interval. 1In principle, the bulk Richardson number should
be based on measurements taken over the entire boundary layer.
However, the thickness of the boundary layer exceeded the vertical
range of the Tethersonde system in many cases. Adopting a fixed Az
allows comparison between soundings but may not allow universal
comparisons with measurements at other sites and in the laboratory.
Table 6 gives average values of Rp for different periods of the day.
The Richardson numbers demonstrate that the Afternoon, Late Afternoon,
and Night periods correspond to three distinct regimes: (1) Rg = -0.68,

slightly unstable - near neutral, (2) Rg = 88.83, stable, (3)

Rp = 23.30, very stable. The value for the morning Richardson number,
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43 .46, would seem to indicate that the data from this period would fall
in the same category as the late afternoon. However, this is a time of
rapid change with the latter half of the period being unstable.
Therefore, we advise caution when comparing these two periods. The
Richardson number and related similarity parameters are highly useful
in boundary-layer studies. When presented in non-dimensional form,
most boundary-layer variables display universal relationships that can
be used in practical applications. However, in the case of air quality
data, Barone, et al. (1983) showed that when pollutant concentrations
are significantly influenced by distant sources, vertical distributions
depart markedly from the similarity relationships found for local

ground-level sources.

Table 6. Average values for the bulk Richardson
number for various periods of the day.

Period Time (PDT) Average Rp

Afternoon (13 - 17) -0.68
Late Afterncon (18 - 20) +88.830
Night (21 - 07) +223.30

Morning (08 - 12) +43 .46

Appendix II-E shows plots of all the tethersonde data. In each
diagram the vertical distribution of absolute humidity, virtual
potential temperature, and the wind vector are shown. Some conclusions
can be made from inspection of these diagrams: in most cases, there is

no sign of an upper limit to the boundary layer; that is, the boundary-
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layer is thicker than the vertical extent of the tethersonde. The
local influence of Wolverton Meadow is obvious on several soundings,
resulting in a layer 100 to 200m thick with properties significantly
different from the remainder of the sounding. In the morning, the
"meadow influence" amounts to a local inversion while in the afternoon,
the meadow causes a local unstable layer. Most of the tethersonde
temperature soundings show largely neutral profiles above the surface
layer. This may be due to the influence of the rough terrain of this
site. 1In practical terms this may mean that the air from, say, 100 to
500m above the ground is always well mixed. The upslope/downslope wind
regime is well represented in the tethersonde data. In most cases,
however, this circulation extends to greater heights than those reached
by the tethersonde.

The relationship between stability, as measured by the Richardson

number, and the vertical structure of the wind flow is discussed in the

next section.

B. Hodograph Analysis.

Hodographs (the x-component of the wind plotter against the
y-component) which display average conditions for afternoon, late
afternoon, transition downslope/night, and upslope/morning periods are
shown in Figures 2-6. The first four periods correspond to the

Richardson number categories previously discussed.
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These diagrams show the upslope flow to consist of a layer of vigorous
westerly to southwesterly winds, which can be seen from the tethersonde
profiles to be at least 300 m thick. Examination of the corresponding
tethersonde temperature data shows that the virtual potential
temperature was approximately constant in the upslope layer during this
period. This indicates that the layer was well mixed by turbulence.
Similarly, examination of the hodographs and the tethersonde plots
shows no appreciable turning of the wind vector with height during the
afternoon period. The data suggest that the wind vector may have a
tendency to become more southerly at the highest levels but most of the
upslope flow is solidly westerly to southwesterly.

Figures 2 and 3, in which all afternoon (1300-1700 PDT) and late
afternoon (1700-2000 PDT) wind data are plotted show much the same
features discussed above, except that general weakening of the flow is
evident on the later data and a slight tendency to shift towards the

south. Figure 4 shows a hodograph for the transitional period between

the afternoon upslope and nighttime downslope regimes. Only two
tethersondes were taken in the narrow transitional time period. The
diagram shows a shift towards the southeast during this period. 1In

contrast to the upslope period, there is considerable wind direction
shear apparent in the transition period. This is to be expected since
the classical behavior of thermally driven diurnal wind regimes is for
changes in wind direction to occur first at the surface, then later at
higher elevations. This structure can be seen in the tethersonde wind
data for August 21, 1985, at 2100 PDT where the downslope winds have
begun near the surface while the upslope winds persist aloft. Figure 5

shows the composite hodograph for the nighttime downslope period. The
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data generally show weak easterlies in this period but with consider-
able dispersion in wind direction. There is greater wind direction
shear at night than in the afternoon but the data are insufficient to
be more specific. Figure 6 shows the composite diagram for the morning
(0700 - 1200PDT) upslope period. The structure of the wind is similar
to the afternoon period except that the wind direction is shifted

somewhat to the southeast.

C. Aerosol Profiles

The aerosol profiles are the unique portion of the meteorological
data set (Figures 7 and 8). To our knowledge, these are the first such
measurements in mountainous terrain. All individual soundings,
collected together for the morning, afternoon, and night periods, are
given in Appendix I. Figures 7 and 8 show the profiles for selected
elements averaged for the same three periods.

The most striking feature of the data collected by the tethered
particulate sampler is the behavior of fine sulfur. The concentration
is markedly higher during afternoon conditions. Since this is also the
period of strongest upslope winds, substantial upslope transport of the
fine sulfur aerosol occurs. The same feature is apparent for all the
elements although not to the same degree and not necessarily at all
levels.

In general, most of the vertical profiles are relatively constant

with height, indicating good mixing by turbulence. The nighttime
coarse elements are an exception. Most of these show a mnoticeable
minimum at the lowest measurement level. We believe this 1is a

reflection of surface deposition of these elements.
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D. Aerosol Fluxes

The particulate data concentration profiles described in the
previous section can be used to compute an upslope or downslope flux.
This flux is the product of the concentration and the wind speed
measured at the appropriate height. All flux profiles are shown in the
Appendix I. Figures 9 and 10 are shown because of their striking
features. The sulfur fluxes are divided into day and night regimes.
This corresponds to an upslope/downslope characterization. It is clear
from the diagram that the fluxes are considerably higher during the day
or upslope periods. The same conclusion can be drawn for potassium

although the results are perhaps not as striking.

IV. Pibal Winds

Pibal winds were measured at Ash Mountain, Wolverton Meadow, and
Emerald Lake six times a day for the period August 13 through
August 22, 1986. The observation times were 0400, 0700, 1100, 1600,
1900, and 2300PDT. The maximum height the balloons were tracked was
5500m above mean sea level.

These data are shown in Appendix II-E plotted as east-to-west
cross sections which also include the National Weather Service pibal
data at Fresno. These plots are useful for putting the circulation of
the Sierra slopes into a larger perspective which includes synoptic
variation and the meso-scale wind regime in the San Joaquin Valley.

Comparing the three mountain sites, shows clearly that the
upslope/downslope regime is both deeper and more intense at Ash
Mountain than at the higher locations. This is true for both the

upslope and downslope winds; in each case the winds at Ash Mountain are
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usually stronger and extend to greater heights than at Wolverton and
Emerald Lake.

It is conceivable that the winds at the Ash Mountain site are
stronger and deeper because this location shares in the San Joaquin
Valley meso-scale circulation. By examining Fresno pibal data we can
make some conclusions in this regard. The 1600PDT soundings suggest
that the afternoon San Joaquin Valley west-northwest winds are
connected to strong upslope winds at Ash Mountain. Both flows are
about 1000m thick and the speeds are comparable. Figure 11 shows an
example of this situation; however, by 2300PDT the downslope winds have
usually appeared at Ash Mountain whereas at Fresno the northwesterlies
have usually accelerated. At this time, these two systems are clearly
decoupled. In the morning hours, the upslope flow starts early and is
vigorously developed by 1100PDT. At this time, the northwesterly flow
at Fresno is only weakly developed.

During the night, these data usually suggest a pronounced conver-
gence in the wind field between Ash Mountain and Fresno. Based on
experience in Southern California, the situation is one that often
creates a "smog front." A possible sequence that might lead to the
formation of a smog front in the Sierra foothills is as follows.
During the night, pollutant-laden air flows up the San Joaquin valley
and towards the foothills. These winds are opposed by the downslope
flow of clean air from the mountains, creating a zone of horizontal
convergence and mean rising motion. By morning, the boundary zone
between the polluted and clean air is compressed into a narrow zone or

"front." As the upslope wind develops, the smog front is swept along
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with the general flow. The result at a fixed location would be a
sudden increase in pollution sometime during the morning or early
afternoon as the smog front passes over. This event may not yet have
been observed in the Sierra foothills. As development proceeds in the
San Joaquin Valley, it may become common. Figure 12 shows an example
of a convergence zone between Fresno and Ash Mountain.

The passage of synoptic weather systems is obvious on these plots.
The trough which passed through the area August 16-17 appeared first as
middle-level southeasterlies on the 15th. By 1600PDT on the 16th,
strong southeasterlies are found at all levels above the boundary
layer. However, even under these conditions, the Valley northwester-
lies and Sierra upslope flows are well developed. By the 18th, the
upper air flow has become westerly to southwesterly.

The cross sections reveal three wind regimes. One is the lower,
boundary-layer flow system which is found from 100 to 1000m above the
surface of the earth. This regime is dominated by a very regular
oscillation of upslope and downslope winds controlled by the diurnal
variation of solar heating of the Sierra slopes.

The second regime is the meso-scale San Joaquin valley wind
system. This circulation sweeps up the Valley in a northwesterly
current which reaches its maximum strength in late evening. The valley
circulation has two specific features which may be significant to air
quality meteorology in Sequoia National Park. One is the nocturnal
jet, which is strongest about midnight. The jet may be an efficient
means to transport pollution from Central California to the southern

San Joaquin area. The second feature of interest is the Fresno Eddy.



47

ISW (W) LH9I3H

‘Ul Ysy PUB OuS3Ij U99M]aq auoz 90uaBisauod Jurmoys sa3IS Apnis 1B SpulA [BGIJ

*ZT °an3tg

INYT QIVHIWS NOLYIATOM NIVLNNOW HSV ONS3Y4
0
S/W 0
02 Sl Ol & O
006 - _y:________._____:__ —00¢S
, 7
000I 7 // - 000I
_ ] ,
00G| - , \ _00G]|
| 1 \
0002~ J |
Vs 3 0002
00G2- J\\\ y 0062
000¢ - % “\ -ooo..o.
00G¢ - w \ -00G¢
f
000t \ \ \ -000t
. 7
/ 7 78
00SH \ \ \ _00SH
/
4 \
000G _ \\ - 00065
4 \
00GS 00GS

wrdd \v&ﬁm,\h\

SYNOH O00Y0 3NIL

G8/1¢2/80 31vd

ISW (W) LHOI3H



48
This flow feature may be a significant mechanism for transport of
pollution from the o0il fields of Kern County te the Sequoia area. The
meso-scale system is represented in these analyses only by the Fresno
pibal.

The third system 1is associated with synoptic-scale wvariation.
These fluctuations are seen most clearly at upper levels and are
irregular in their occurrence. The synoptic scale controls long-range
transport, particularly the transport of sulfur-rich air from regions

to the south of Sequoia National Park.

V. Surface Station Data
The equipment used in collecting surface data is described in

Appendix II-A. Plots of the data, given by hour to emphasize diurnal

variation, are given in the same appendix for the three sampling sites.

These data will be valuable for further analysis that may emphasize

deviations from normal conditions. For the most part the data for the

sampling period are consistent.

VI. Summary and Conclusions
Based on the data collected and presented in this report we make

the following conclusions.

1. When averaged over the entire observation period, the
concentration of all five elements is higher in the afternoon
(upslope) than in the nighttime or early morning (downslope)
hours.

2. The concentration of some of the coarse elements, including
silicon, iron, and calcium shows a strong tendency to increase

with height in the lower 200m during nighttime hours.
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3. The fluxes of most elements show larger values during the
afternoon (upslope) period in comparison with other times of the
day.

4. The fluxes of some of the elements such as fine and coarse silicon
and fine mass show less of an upslope/downslope contrast.

5. The potential for "smog front" phenomena seems to exist in the
lower regions of the park due to convergence in the meso-scale
wind field.

6. The upslope/downslope boundary-layer, meso-scale, and large-scale
winds interact in a complex fashion to produce the observed

aerosol transport.

VII. Recommendations

In future transport experiment in the Sierra Nevada region it will
be important to obtain soundings that include the entire boundary
layer. This could be done with an instrumented aircraft with
sufficient power to operate at high elevation.

The value of the aerosol profile data would be greatly enhanced if
they were obtained in conjunction with three-dimensional meso-scale
trajectories.

Questions regarding the complex interaction of meteorological
phenomena of different scales remain unanswered. For example, the
Fresno Eddy may play a major role in transporting pollution into the
Sequoia region from the south. Is this a simple transport process
operating "down-the-gradient" or are there more subtle

three-dimensional and counter-gradient processes at work?
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In future experiments we recommend a more integrated approach to
the meteorology of the region. This would include observation periods
in various synoptic situations, estimation of three-dimensional
meso-scale trajectories, and measurements of the entire boundary layer.
We also suggest that since pronounced horizontal divergence exists
in the wind field between Fresno and Ash Mountain, "smog fronts" may
form in this region. This possibility of such fronts should be

investigated.
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CHAPTER 1
INTRODUCTION

The San Joaquin Valley of California is surrounded to the
east, west and south by mountains which act to restrict
the movement of pollutants from the urban, agricultural and
industrial activities of the San Joaquin Valley, foothills
and coastal areas. Typically during a summer day, the wind
flow in the valley is from the northwest. The yinds travel
eastward through the Carquinez Strait near San Francisco
Bay and sometimes through other coastal gaps. The winds
then turn to the southeast and head up the San Joaquin
Valley towards Bakersfield. The probable residence time
for pollutants in the San Joaquin Valley in the summer is
approximately tﬁo days (Blumenthal et al. 1985). The major
escape routes for pollutants out of the San Joaquin Valley
during the day are over the Tehachapt Mouﬁtains to the
south or up the Sierran slbpes to the east. Typically, a
nbcturnal inversion will form which traps the pollutanfs
remaining in the valley after sunset. Various mechanisms
‘such as the Fresno eddy and the low-level jet act to
redistfibute the pollutants within the valley during the
night (Smith et al. 1981). The»summér wind flow patterns
are the same day after day unless disrupted by larger,
synoptic scale meteorologiqal events.

While the Los Angeles basin and the San Bernadino
Mountains to the east have been reporting pollution

problems since before 1953, the first report indicating



pollution problems in the San Joaquin Valley and Sierra was
not until 1969 (Miller et al. 1969). Miller et al.
conducted a survey of oxidant air polliution damage to
various tree species in the forests of California. Since
then, many studies have verified this and documented that
the problem is worsening. While meteorology and air
pollution go hand in hand, very few studies have focused on
both in the Sierra. It is extremely important to know air
pollution concentrations but without meteorological data it
is impossible to determine the origins of the air
pollution.

The goal of this thesis was to gain a better
understanding of the aerosol transport and meteorology in
the southern Sierra by conducting aerial measurements of
meteorological parameters and aerosols. Upper air wind
data and surface meteorological data were‘collected along
an elevational gradient (560 to 2720 meters elevation).
Bbundary—layer meteorology and aerosol concentrations were
collected at one site (2222 meters elevation). In the
.following chapters are an extensive literature review and
descrlbtlon of the experimental design followed by the data
analysis and summary. The data analysis includes the data
collected during ten days in August, 1985. This lncludes
17 aerosol and 23 neteorological profiles for one site,
approximately 50 wind épeed and wind direction profiles for
four sites and continuous ground meteorological data for

three sites.



CHAPTER 11
REVIEW OF PREVIOUS RESEARCH
A. Tethered Balloon Systems
This section will review studies which have used tethered

balloon systems to measure pollutant concentrations. An
extensive review on this subject was done by Armstrong et
al. (1981), Armstrong also described several sampl ing
systems that they developed at the Denver Research
Institute. One of these systems was used to sample
particle emissions downwind from two Hayden coal-fired
power plants in Colorado fron morning to midday on Novenmber
29th, 30th and Decenmber Ist, 1977 (Armstrong and Russell
1979). Some earlier fileld tests were conducted at Arapahoe
power plants, also in Colorado. The balloon suspended a
single 1200 gram sampling package within the power plant
plume; horizontal and vertical gradients were not measured.
The sample surface was a 0;4 micron nucleopore strip filter
attached to a plate. The sampl ing head, attached by a
flexible tdbe to a pump, moved across the filter powered by
three silver cell batteries. A ground'based radio
_transmitter controlled the sanpling head, pump operation
and emergency flight termination. The filters were
analyzed using a scanning electron microscope with a KEVEX
energy dispersive X-ray analyzer. Although the samples
were amenable to bulk ;ample X-ray excitation analysis,
this was not done. The appropriate sampling time for the

X-ray analysis was dependent on the horizontal distance




from the power plant. A 15 minute sample at a distance of
150 meters was consldered adequate while a 120 minute
sample was needed with a distance of 1000 meters. A 1175
gram battery powered transmitting meteorological package
(Atmospheric Instrumentation Research, Inc.) was carried by
a second jdentical balloon to measure dry and wet bulb
temperature, horizontal wind speed and direction and
pressure (change). Results were presented on particle size
and composition of the plant emissions.

A tethered balloon system with a 16 kilogranm
transmitting instrumentation package (including
temperature, wind speed, pressure, humidity and aerosol
concentrations) was operated up to 500 meters to study
aircraft noise propagation (Sentell et al. 1976). Aerosols
were measured using a sizing aerosol counter (light forward
scattering). Calibration size categories were 0.3, >0.5
apd 23.0 microns. Balloon height was deterninedbby the
pressure transducer In the instrument package, which was
~temperature compensated. Sampling was conducted starting
at sunrise fo; four hours on June 29, 1976, at Wallops

~Island, Virginla. The 23.0 micron aerosol count was less
than 0.9 per cubic centimeter and showed a slight Iincrease
by the last sodndlng (0500 EDT). At sunrise and for an
hour after, the 20.5 and 20.3 micron aerosol concentrations
were less at the ground level (40 and 250 per cubic

centimeter, respectively) becoming constant above the

inversion top at approximately 100 meters (200 and 800 per



cubic centineter, respectively). As the temperature
inversion broke up and the temperature profile became
isothermal, aerosol counts becane constant with height.
The particle counts increased by 100 to 200 (0630 EDT) as a
result of increased mixing and then decreased by 100 <0800
EDT) with the establishment of an adiabatic lapse rate.
Three grab samplers and a radiosonde unit (temperature
and humidity), both timer-activated and battery powered,
were attached to a tethered balloon system over Cinclinattti,
Ohio (Cleeves et al. 1966). Grab samples had to be removed
before the one-hour timer recycled. A hand-operated ground
grab sampler was also used collecting samples at the five
foot level. Profiles were collected up to 275 meters at
various times during ten days in July and August, 1962.
The two liter grab samples were only analyzed for methane
(parts per million (ppn)) but analysis of carbon monoxide,
carbon dioxide and light hfdrocarbon gases up to‘propane
would have also been possible. Had the collector bag been
inert, addlfional gases could have been determined. The
weight of one grab sambler unit was 906 grams. The weight
.of the radiosonde was not given but was less than or
comparable to one grab sampler unit. The approximate
balloon height Qas deternined by the elevation angle and
the length of the tethgr line. Results indicated that
methane concentrations at the five foot level were higher
at night and early morning (2 to 6 ppm) and morning surface

concentrations (before 0500 EST) were higher (2 to 4 ppm)




than those at 100 meters or above ({2 ppm). By early
afternoon the concentrations were generally constant with
height up to the maximum height sampled with values around
one to two ppn.

Vertical profiles of two types of pollen (40 and 13
micron diameter) and one type of fungal spore (10 micron
diameter) were measured from ground level up to 800 meters
over an agricultural field in the Po Valley near Bologna,
Italy, during September 1975 and May and July, 1976
(Mandrioli and Tampieri 1978). Profiles were made once a
day (19 days total) between the hours of 0900 and 1530
using four radio controlled impactor type sampling units
and a radiosonde. The batteries supplied a constant
voltage for each motor for at least 45 minutes. The
sampling surface was a plastic strip (Melinex) 1 millimeter
thick coated with silicone grease. The weights of the
instrument packages were not indicated but they were 1lifted
by a 14 cubic meter tethered balloon. This size balloon
would have had a 1ift of aproximately 15 kilograms at mean
sea level (standard atiospherlc conditlons) not Including
.the weight of the balloon (Warren et al. 1971). The grass
pollen and fungal spores were from local sources whereas
the chestnut poilen was transported from 40 kilometers to
the south. The typica; midday temperature profile was
neutral to slightly unstable up to 300 reters then slightly
stable to the maximum height of sampling. In general, the

local source pollen and fungal spores decreased rapidly



with height to 100 meters and then increased back to ground
concentrations or slightly less above 100 meters. The
authors hypothesized that during unstable conditions the
two layers were independent and seperated at the level of
maximum eddy vertical velocity variance which corresponded
to a minimum in the concentration profile. The authors
theorized that these two layers sometimes mixed giving
profiles that were somewhat uniform with height. Since the
chestnut pollen was from a remote source, its midday
profiles did not show a simple correlation to the local
temperature profiles. The concentration profiles were
probably the result of re-entrainment during windy
conditions or due to varying advective conditions.
Profiles for all three sources during elevated inversion
conditions tended to show a peak at the base of the
elevated inversion above which the concentrations varied
widely. In addition to thé ground being a sourcé, it was
thought that particles aloft fronm preﬁious days may have
‘also beenltfapped in the stable layer. In summary, they
stated that the ground'layer was’strongly influenced by
.emission rates whereas the layer aloft was constant with
height over a period of a few days and mainly Influenced by
"randonm lntakes; from the air below. The authors
acknowledged that thei? interpretation was made without
data on the dynamic structure of the atmosphere.

A tethered balloon system equipped with a Mast-Brewer

ozonesonde (MAST Development Co., Davenport, Iowa) was used



to measure ozone profiles up to 200 meters in the rural
town of Hay in New South Wales (Galbally 1968).
Information was not given on the balloon dimensions but the
weight of the ozonesonde was less than one pound. The
sonde was designed to operate for four hours using water-
activated batteries. Data was presented for sounding
profiles performed during a 24 hour period starting 1600
August 22nd, 1967. Before the onset of the nocturnal
inversion, the concentration profile was constant with
height (23 parts per billion (ppb)). Inversion formation
began after 1600 local time and a gradient was established
where ozone concentrations increased with height from the
ground up. The gradient was sustained until the morning
inversion break up at 0900 (local time). Surface
concentrations were less than 8 ppb throughout the night
and the same as the 200 meter level by mid-afternoon. The
concentrations during the 24 hours at 200 meters varied
from 23 to 28 ppb. Calculated flux values using wind data
from an airfield 6 kilometers away ranged from 14 to 36
billion molecules per square centimeter per second agreeing
.with values from a previous independent study.

A similar study done in Tatenb, Japan, also found the
upper layers toibe largely conservative (30 to 40 ppb) with
little variation in thg ozone concentrations (Sekihara et
al. 1977). A total of 25 tethered balloon profiles were
conducted between May and November, 1976. No surface ozone

was detectable when a very stable nighttime surface layer



prevailed. Ozone concentrations increased after sunrise
even before the inversion had broken. 1In a few cases, the
surface and upper level ozone concentrations were unusually
high (70 ppb). 1In these cases, transport of ozone or
oxldizing substances from the surface upward was suggested.

In Japan, three types of ozonesondes have been developed
and one has been used in the Antarctic since 1966
(Kobayashi and Toyama 1966a, 1966b; Kobayashi et al. 1966).
The optical type can be used only iIn the daytime and at
levels above 15 kilometers. The two electrochemical types
(using either the potassium-iodide or the carbon-iodine
titration method) can be used at heights below 30
kilometers. Test flights for these two ozonesondes have
shown them to be accurate to +two percent in comparison to
each other and to other methods. The optical type
ozonesonde had a lower accuracy of +15 percent below 15
kilometers. The ozonesondes were constructed to.be "low
cost and small weight® although specifics were not glven.
.The electrochenmical ozonesondes were approximately 12 by 23
centimeters in size as>111ustrat¢d in é cross-sectional
.dlagran.

Regener (1960, 1963, 1964) describes a 1 kilogram
chenllunlnescenﬁ ozonesonde that is powered by 3-1.5 volt
dry cells connected In series and can be directly connected
to conventional radiosondes without modification. The
sonde is callibrated with an ozone generator before each

flight. This type of ozonesonde has been used by the Air



Force Cambridge Research Laboratories and the U.S. Weather
Bureau.

A program entitled "Atmospheric Studies in Complex
Terrain® conducted nocturnal tracer releases in the coast
range of northern California in September, 1980 (Dickerson
and Gudiksen 1983). Part of the tracer sampl ing network
(five experiments) were tethered balloons collecting tracer
samples up to 500 meters above ground level. Two
perflourocarbon tracers were released at five meters
simultaneously from half way up the slopes of two adjacent
drainages (Anderson and Gunning Creeks). While the
horizontal distribution was similar for all five releases,
the vertical distributions were not. One experiment (#4)
showed that the tracer decreased rapidly with altitude
indicating vertical stability. Another experiment (#2)
resulted in lower concentrations that were homogeneous with
altitude. The other experiments were intermediate to these
two. Heavy methane tracers were released at two he ights
.simultaneously (5 and 60 to 75 meters above the ground)
near the ridge top of a dralnage.(hndefson Creek). The
~vertical distributions'were much like the perfluorocarbon
distributions except the bulk of the tracer was within the
lowest 200 metefs. Sulfur hexafluoride tracer was released
in the upper part of a narrow and steep drainage at five
meters (Putah Creek). While the average transport speed
for the previously mentioned tracers was one meter/second,

in this drainage the average was two to four meters per

10
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second. One experiment (#4) showed high elevated
concentrations with no surface impact and another (#2)
showed high surface concentrations. Tracer plumes were
first detected at an elevated level with the bulk of the
tracer arriving at the surface within one to two hours over
the valley basin. The various tracer plumes all merged
over the basin at approximately the same altitude during
the one experiment (#4), with sulfur hexafluoride passing
through first, while they all merged at the same time and
altitude for another experiment (#2). The various
differences between the experiments were attributed to the
influences of the regional scale flows in the vicinity of
the release sites. During one experiment (#4), the
regional flow was in the direction of the general drainage
flow while during another (#2), the regional flow was
directly opposite the drainage flow direction.
Streamfunction analyses shéwed recirculation patferns which
seemed to explain the vertical variability remarkably well.
Perroud'eﬁ al. (1973) used captive balloons to measure
sulfur dioxide, chlorine and hydrocarbdn concentrations as
.well as meteorological variables such as hunidity,
pressure, temperature and wind Speed. Depending on the
load, five dlfférent sized-blimp shaped balloons were used.
Sulfur dioxide and hydrocarbon concentrations had similar
profiles under no lInversion conditions. The concentrations
decreased raplidly from the surface to 400 to 600 meters

above ground level after which they Increased again. The



chlorine increased from very low values up to 400 meters
above ground level and then remained constant. Under
inversion conditions, the sulfur dioxide profile was very
different. The concentrations were three times higher than
the maximum values in the former case below the inversion
level but near zero at the surface. Above the inversion
the concentration dropped to zero and then increased again.
The chlorine and hydrocarbon profiles were similar to the
no-inversion condition except the chlorine levels were 50
percent lower and the hydrocarbon concentration decreased
to near O at 400 meters. Since only the abstract and
figure labels had english translations, a more detailed
review was not possible.

A study to determine the sulfur dioxide mixing height
was conducted from April to October, 1974, at a location
five kilometers southeast of the city of Bedford, Great
Britaln (Garland and Branson 1976). The main sources of
sulfur dioxide were two brickworks to the west-southwest of
the study area. Sulfur dioxide bubblers were placed at
five levels on a balloon (powered from the ground through a
.metal cable tetherline) at varying intervals ranging from
150 to 1200 meters and sampled for one hour periods. No
information was>given on balloon dimensions but a single
sampl ing package weighgd nine kilograms. Meteorological
variables (tenperatqre, relative humidity, wind speed and
direction) were measured on the same balloon before or

after the sulfur dioxide profiles were taken. The paper
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presents data for 15 profiles: 10 during the late
afternoon, 4 during the late evening and 1 during the nid-
morning. The shape of the individual profiles exhibited
large variability which was attributed to the differences
in meteorology and sources. From the limited number of
profiles during stable conditions, it was suggested that
the inversion did not always limit the upward spread of
pollutants as observed by other authors. Height versus
average concentration was plotted for selected profiles
(profiles with local influences or with samplers in the
clouds were excluded). The plot showed an increase of
concentration with height (20 percent) up to 500 meters
with a more distinct decrease above. The mixing height was
estimated by extrapolating the sulfur dioxide concentration
to zero and was determined to be 1200 to 1500 meters above
the ground.

A lightweight sampling package (2.3 kilograms) was
designed by the U.S. Forest Service for monitoring smoke
plumes fron.forest fires (Ryan et al. 1979). Twelve
sampl ing packages were carried on a 99‘§ublc meter balloon
.with 45 kilograms available l1ift at sea level (15 kilograms
at 3000 meters above sea ievel)l Packages included
temperature and.wind speed sensors and particle and gas-
grab samplers. They were powered by three nine volt
batteries (eight hour capacity). Both the grab and
particle samplers were activated and deactlivated at the

ground by audio tones fed through a hard-wire control line.



14

Interrogation of all 48 sensor positions (4 sensors per
package) was accomplished every 36 seconds and transmitted
via hard-wire line as well. The particles were sampled
through a teflon filter with a pump that could sample at
constant flow rates of 0.5 to 4 liters per minute (loading
compensated). The grab sample was collected in an
aluminized five liter bag, although other types of bags
could have been used. The pumps had a glass pre-filter and
sampled at 0.05 to 0.2 liters per minute. This system was
developed for sampling carbon monoxide, carbon dioxide (for
forest fuel consumption estimation) and nitrogen oxides.
They suggested that the balloon be positioned above the
unstable region when samplers were located close to the
surface to ensure balloon stability. When the balloon was
near the surface under unstable conditions, the instrument
packages were observed to swing 15 to 20 meters on either
side of an imaginary center line with the balloon making
figure eight movements. They found that the battery
‘powered pumps which could normally run for 5 to 6 hours
only ran for 30 minutes at near zero degrees celcius and
-quit at sub-zero tempefatures. Results were not reported
for the field tests and subsequént reports have not been
publ ished (HcNahon 1986).

Large 10 and 20 meter dlameter manned “"balloon-borne
Lagranglan measurement platforms® (LAMP) were used to
investigate the conversion rate of sulfur dioxide gas to

sulfate aerosol at the edges of power plant plumes (Forrest



15

et al. 1979; Zak 1981). They found an average conversion
rate of 5.5 percent per hour with a range ofll.l to 8.5
percent. The lower range was from a nighttime experiment
over Alton-Wood River refinery area, Missouri, and the
upper range was during the afternoon over St. Louis,
Missouri. Conversion rates were on average much lower
between the stack and the first measurement. Fron previous
work and the results of the LAMP study, it was suggested
that the key factors determining the conversion rate were
the degree of mixing with background air, the chenmical
composition of the background air, the intensity of
sunlight and the concentration of ozone. Ozone may have
acted as a surrogate for free radical concentrations during
the daylight hours resulting in higher conversion rates.
Plume edges showed higher conversion rates than plume
centers and were comparable to rates found in urban
atmospheres. |

Several studies have used tethered balloon systems to
~address méteorologlcal topics such as turbulent
fluctuations in wind, temperature and humidity over the Sea
.C(Thompson 1972) and land (Yokoyama 1969; Haugen et al.
1975) and inversion breakup in mountain valleys (Whiteman
1982). The stuay by Haugen, et al., Investigated the
feasibility of turbulept measurements using balloon systenms
as measurement platforms and is discussed in more detall in
the methods section of this paper. Whiteman used the sane

meteorological package used during this study to
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investigate the morning inversion destruction in several
valleys in Colorado and developed a thermodynamic model for
the same. The model was able to simulate the temperature
structure evolution in a wide range of valley topography
without accounting for the along-valley wind systems (up-
slope mass transport was implicit). The simulations for
two of the three inversion breakup patterns observed were
obtained by fitting two constants related to the surface
energy and energy partitioning. This study will be dis-
cussed further in the next section.
B. Topographic Wind Systems
1. Introduction

This section will begin with an overview of the major
meteorological Influences in the San Joaquin Valley of
California and a summary of the presently accepted theory
on topographic circulations with a brief description of
their general characteristics. Several wind patferns that
complicate the typical day/night topographic flow structure
are then presented. The various field studies which
describe the wind and tenperaturg regimes observed in
-mountainous terrain follow. Finally, the processes related
to nocturnal Inversion breakup and formation as studied by
Whiteman are présented (1980, 1981, 1982).

There is a large body of-literature on meso-scale
circulations in mountainous terrain beginning in the early
1800°’s and only the most relevant features can be presented

here. Several authors have presented reviews covering the
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literature at various times (Hawkes 1947; Defant 1951;
Orgill 1981; Whiteman 1980). The proceedings of many
conferences and symposiums are avéilable with abundant
papers presented on mountain meteorology and related
subjects (American Meteorological Soclety 1974, 1976,
1978a, 1978b, 1979, 1981, 1983, 1984; Reiter and Rasmussen

1967). Several of the papers presented at these meetings

are dlscussed below.

2. Overview

Wind patterns in the mountains during the summer are
necessarily complex due to the rugged and non-unifornm
terrain and intense daytime solar radiation. To the west
of the southern Sierra Nevada are the San Joaquin Valley
and the coast range and to the east are the Owens Valley
and the Inyo mountains (see Figure 2). The western slope
of the southern Sierra Nevada begins at the foothills of
the eastern San Joaquin Valley and, for more thah 60
kilometers, rises from 100 meters to bver 4400 meters above
sea level at the crest. In contrast, the eastern slope
rises abruptly from the Owens va;ley (1000 meters above sea
_level) to the Sierran crest in only 24 kilometers (75
percent of the rise is within 10 kilometers of the crest).

During the suﬁmer months, the dominant wind directlion in
the San Joaquin valley_is from the northwest to southeast
or “up-valley" from Stockton toward Bakersfield. This flow
results from a combination of the land-sea breeze, the

Pacific coast summer monsoon and the topo-graphical
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constraints of the coastal and Sierra Nevada mountain
ranges. Marine air flow observations for the Pacific coast
have been numerous (Fischer 1960; Edinger and Helvey 1961;
Pearce 1962; Frenzel 1962; Lowry 1963; Edinger 1963;
Fosberg and Schroeder 1963, 1966; Staley 1957).

Many theoretical papers and reviews on the land-sea
breeze have been published (Defant 1951; Pearce 1955;
Palmer 1957; Fischer 1961; Estoque 1961, 1962; Schroeder et
al. 1967). The land-sea breeze cannot be discussed without
the summer monsoon. The summer monsoon lasts from late
spring to fall. The land-sea breeze is a local, small
scale convection wind often limited to the east by the low
coast range. The summer monsoon is part of the general
circulation in that it is part of the semi-permanent
subtropical high pressure belt and it is limited to the
east by the Sierra mountain barrier (Schroeder et al.
1967). The summer monsoon winds travel inland off the
ocean and do not reverse at night as the land-sea breeze

.does. The land-sea breeze is the result of differential
heating of the land and water. Slince water retalns heat
- longer than land, the land is heated by day and cooled by
night whereas the temperature of the ocean remains
relatively consiant. The ocean is at its lowest
temperature in the summer due to it slowly cooling
throughout the winter months. The ocean temperature is
further cooled by summer upwelling of cold bottom waters.

During the daylight hours, the sun warms the land and the
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land warms the air above it. As the buoyant air rises, it
is replaced by the cooler and denser air from over the
ocean resulting in an onshore flow or “sea-breeze". To
compensate for the surface movement of air from the ocean,
air above the land moves toward the ocean and subsides
creating a closed circulation cell. The reverse or "land-
breeze®" occurs at night but rather than offshore flow, what
is observed is a decrease in speed of the onshore flow
(Frenzel 1962). This is because the sea-land breeze |{s
superimposed on the Pacific coast summer monsoon with each
modifying the other. Schroeder et al. (1967) point out
that because of the monsoon, the sea breeze has no
significant molsture across its front unlike éhose found
elsewhere.

Schroeder et al. (1967) classified the marine air flow
into "warm® and “"cool”® days. Warnm days (offshore gradient)
occurred when the temperature in Sacramento was Qreater

-than 38 degrees celcius. These days were characterized by
.an intense Sea breeze “front®, little inland penetration,
shallow sea breeze depfh, weak sea breéze flow and shallow
.marine layer. Cool daYs (onshore gradient) occurred when
the temperature in Sacramento did not exceed 32 degrees
celcius. These-days were characterized by a weak sea
breeze front, far lnlapd penetration, deep sea breeze
depth, strong sea breeze flow and deep marine layer.
Marine air 1s able to flow through gaps or low ridges in

the coast range into the Central Valley. Different



synoptic patterns result in conditions in between the two
extremes described above.

The timing of the northwesterly flow of “marine air
invasion” can be seen from Fresno wind data (Smith et al.
1981). During the morning the flow is frequently from the
south or from the west (toward the Sierra) and
characterized by light wind speeds. By afternoon, however,
the winds are stronger and from the northwest peaking
between 1600 and 1700 PDT (4 to 5 meters per second). The
strongest wind speeds, however, are observed near midnight
due to the formation of a low-level nocturnal jet. When
the nighttime inversion begins to form, the layer of cooler
alr next to the ground is decoupled from the warmer alr
above. As a result, the northwesterly wind just above or
at the height of the nocturnal inversion top is released
from the frictional effects of the ground surface and
agcelerates to supergeostrophic speeds as high aS 20 meters
per second (Smith et al. 1981). The average height of the
low-level jet maxima is around 300 meters. In the northern
half of the Valley the jet is stronger, develops later and
1s centered at a higher level than In the southern half of
the Valley (Willis and Williams 1972; Morgan 1974). Almost
every day of the year, a nocturnal inversion forms in the
San Joaquin Valley (Lorenzen 1979). There is a tendency
for the jet to form on all nights yet high velocity jet
occurences (greater than eight meters per second) are less

frequent (Smith et al. 1981). There have been some summers
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when the Jjet did not occur very frequently. This was
probably due to the lack of gradient between the coast and
inland areas which is necessary to set up the northwest air
flow up the San Joaquin Valley (Morgan 1987). The jet is
less developed when the marine air inversion is deep enough
to allow the cool marine air to flow over the coast range
into the Valley and weaken the thermal low and hence, the
northwest flow (Willis and Willlams 1972).

The southerly flow observed in the morning hours is due
to a wind pattern referred to as the "Fresno eddy”® and
occurs regularly during the summer (Smith et al. 1981,
Blumenthal et al. 1985). When the Valley nocturnal
inversion top is below the surrounding topography and the
flow is northwesterly, the Tehachapi Mountains to the south
block the air flow causing it to stagnate and be diverted
cyclonically back to the north. The vertical extent of the
Fresno eddy is on average 1000 meters, begins clbse to
midnight and is observed in Fresno by 0900 PDT the
following mbrnlng. The eddy center is generally located
west of Visalla near Highway 99 with Ffesno being the
.northern limit. On rare occasions, however, the Fresno
eddy has extended as far north as Manteca (Smith et al.
1981). The eddy is usually restricted to the eastern side
of the Valley causing a funneling of the northwesterly flow
down the western side of the valley in the morning hours.
On one of these occasslons, velocitles as high as 16 meters

per second at 500 meters above ground level were observed
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on the western side. The eddy wind speeds are generally
less than five meters per second. The days the eddy was
absent were characterized by a cold ailr trough moving over
the area causing cooler air temperatures aloft. During
these times, air continued to flow over the Tehachapt
Mountains for most of the night. During a study in 1979,
both the Fresno eddy and the low-level jet occurred
approximately 80 percent of the time in July and September
(Smith et al. 1981). While the jet provides a mechanism to
rapidly transport alr pollutants from north to south, the
eddy effectively transports pollutants throughout the
southern part of the Valley and possibly upwards to higher
altitudes. The section In this paper on Pollutant
Transport Studies in the San Joaquin Valley describes a
conceptual model of the Fresno eddy.
3. Topographic and Slope C}rculation

- Topographic winds include daytime up-valley and upslope
winds, nighttime down-valley and downslope winds and
.assoclated compensation winds. For the purposes of this
report, compensation winds will be discussed seperately
. from topographic winds.although compensation winds are part
of the topographic wind system.‘ During the daytime, flow
in the mountalné is directed upslope and up-valley
(“"valley” wind), often 1ike clockwork, usually beginning
a few hours after sunrise and ending near sunset. During
the nighttime, the flow is reversed to downslope and down-

valley ("mountain® wind). Commonly, return currents exlist
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above the valley and mountain winds. The terms used in the
literature for the return flows include anti-winds, anti-

mountain and anti-valley winds, counter-flows and

conpensation winds. The literature is replete with
departures from the basic valley, mountain and slope
(upslope and downslope) wind patterns due to the variety of
valley orientations, shapes and sizes and the complex
interactions with gradient winds and adjacent valleys and
ridges. Invariably, for every generalized trend reported,
there are cases that support the opposite trend.

Although not completely understood, the slope, valley and
mountain winds are the result of a baroclinic condition due
to temperature gradients from unequal heating. The thermal
upslope flow results from the sun warming the sloping
ground which in turn warms the air next to the slope. A
horizontal pressure gradient away from the slope results
between the warmer air nexf to the slope and the cooler air
at the same height away from the slope. Due to the
confines of the slope and the buoyant character of the
heated air, the air is forced upward ahd along the sloping
.sidewall. Very small ténperature differences between the
slope and the free alr over the valley can initiate the
upslope flow (Atkinson 1981). The reverse situation occurs
at night. Once the slope no longer receives solar heating,
the air adjacent to the slope is cooled faster than the air
further away over the valley. A pressure gradlent toward

the slope results but since the cooler air is heavier, it
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moves downward along the slope by gravity flow.

The valley and mountain winds are thermally induced as
well. The distinction lies in the difference of scale.
Considering a horizontal plain that is adjacent to a
valley, both receiving solar radiation during the daylight
hours, the volume of air over the plain is much larger than
the volume over the valley. The valley sidewalls offer
more surface area for heating the air as well as an
additional mechanism for distributing the heated air
(upslope flow). As a result, the air temperature over the
valley becomes warmer than the alr over the plain at the
same level creating a horizontal pressure gradient toward
the valley. The resulting flow Is toward the valley (up-
valley). At night, the pressure gradient reverses and the
resulting flow Is toward the plain (down-valley).

The mechanism by which the slope winds transfer heat to
apd from the valley atmosphere, as mentloned abo?e, remains
somewhat unresolved. In the following discussion only
daytime flows will be mentioned since nighttime flows are
simply the reverse of daytime flows but at a lower
~magnitude. It is clear that, at the ridge level, there are
vertical currents that carry the slope flow upwards during
the day. Wagnef (1938) theorized this alr tis subsequently
transported over the center of the valley and is mixed
downward back into the valley. Few observations have
documented this type of vertical motion or convergence zone

over the center of a valley (Hindman 1973; Myrup et al.



1983). Scorer (1958) speculated that the air moves
horizontally to the valley center at various levels along
the slope. This theory would not allow the depth of the
upslope flow to increase toward the ridge as observed. The
various evidence points to the importance of the valley
sidewalls in the valley and mountain wind systems with some
authors stating valley and mountain winds are the
consequence of the slope winds (Thyer 1966). Sterten and
Knudsen (1961) theorized that after sunrise, as drainage
flow ceases at the head of the valley but continues at the
other end of the valley, the resulting pressure gradient
would initiate the up-valley flow. Poor understanding of
the various mechanisms involved and their relative
Importance that has contributed to the difficulty in
modeling mountain meteorology.

Although exceptions can be found for every rule, sonme
characteristics of slope, Qalley and mountain wihds appear
repeatedly in the literature (Defant 1951; Thyer 1966;
‘Buettner 1967; Whiteman 1980; Orgill 1981). 1In general,
they found the upslope flow is tblcker‘ﬁnd greater in
.magnitude than the downélope flow and both increase in
depth downwind.' Downslope wlnd'speed has been reported to
be both proportional and inversely proportional to the
slope of the valley sl@ewall. This was also true for the
slope of the valley floor and the valley and mountain wind
systems. The cross sectlional shape of the valley, however

>

does not seem to influence the valley and mountain winds.



Valley size appears to affect the timing of the flows; wind
systems develop sooner and more rapidly in smaller valleys.
Both the depth and magnitude of the valley and mountain
flows have been found to decrease with distance up-valley.
The depth of the valley wind flow tends to be close to the
ridge height whereas the depth of the mountain wind flow is
below ridge height. Both the slope, valley and mountain
winds have wind speed maxima above the surface where
frictional forces are reduced. Slope winds are easily
modified by changes in topography, solar insolation,
vegetative cover and weather conditions. Compensation
winds have been both observed and not observed. When they
occur, they are usually as thick as the mountaln or valley
wind layer underneath but can be reduced below ridge level
or entirely suppressed with strong gradient winds.
Compensation winds form later and end sooner than the
corresponding valley and mountain winds. Qualitatively,
the above characteristics are most likely observed under
llght to moderate gradient winds and clear skies In a close
to "ideal” valley which is, as dgscribed by Buettner
(1967), closed at the head (not a pass), slopes down to and
opens into an adjacent plain and is large, dry, straight
and steep but nét canyon-like.
4. Other Wind Flow Patperns

The basic valley, mountain and slope flows interact with
other commonly observed wind flow patterns in complex ways.

Complicating the general picture are cross-valley winds,

26
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nocturnal airfalls, jets and surges, wind profile
instabilities and "maloja" type winds. Cross-slope flow
results from the unequal heating of the opposite valley
sidewalls resulting In a wind flow towards the more heated
slope. For example, in a north-south oriented valley
after sunrise, a circular flow develops with winds flowing
up the heated east facing slope, crossing below ridge level
to the shaded west facing slope and then down the west
facing slope. The opposite would occur once the east
facing slope was heated in the late afternoon while the
west facing slope became shaded. During midday or
midnight, these patterns would be dimished due to the
heating and cooling becoming more evenly distributead
throughout the valley. Interaction of the slope flows with
the valley and mountain wind systems and overlying winds
makes the cross-valley flow difficult to observe in its
pure form. Wanta and Lowry (1976) have presentea, in
theory, circulations resulting from various combinations of
.valley orientations and upper-level gradient winds, some of
which are relatively conmplex. HpHattlé (1968) observed
.considerable cross-valiey component in a north-south
oriented valley in Kanasis Valley of southwestern Alberta,
Canada. |

Nocturnal airfalls hgve been observed by Morgan and
Slusser (1979) in the southern Sierra Nevada of California
and are the result of terrain channeling. From their

ground observations, they found that these winds occurred



at the bottom of steep canyons that drained large
watersheds. One site showed maximum wind speeds of eight
meters per second, averaging around six meters per second.
These airfalls developed a few hours after sunset and ended
abruptly one hour after sunrise. 1In the mountains, the up-
valley nocturnal low-level jet has received little
attention but results from the same mechanisms (although on
a smaller scale) responsible for the low-level nocturnal
jets observed all over the United States at all seasons of
the year (Blackadar 1957). As the nocturnal inverstion
forms, the late afternoon up-valley flow is decoupled from
the surface resulting in increased wind speeds. This
phenomenon has bgen observed in the Sacramento Valley
(Myrup et al. 1986) and the San Joaquin Valley (Glroux et
al. 1981; Smith et al. 1981; Blumenthal et al. 1985).
Whiteman (1982), during an investigation of the inversion
fprmation period in Colorado Rocky Mountain valleys, did
not observe an increase in up-valley wind speeds but rather
'@ decrease. Nocturnal surges have been widely reported in
the literature (Buettner and Thyer 1966; Tyson 1968;
.Dickerson 1980). Surges result from adiabatic heating of
the air as It moves downslope or down-valley which weakens
the pressure grédient responsible for its movement. The
downslope or down-valley flow slows down until the air is
cooled enough to produce the pressure gradient that drives
It downslope or down-valley again. These wind speed

oscillations have been observed in the mountain wind (down-
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valley) with periods ranging from one to three hours.
Similar oscillations in the daytime valley winds have not
been reported (Orgill 1981).

Wind profile instabilities occur in the mountain wind
profile within the inversion layer. Davidson and Rao
(1963) observed wind speed deformations below the level of
maximum wind speed possibly initiated at the ground by
sudden large wind shears which then propagated upwards. It
was noted, however, that wind shears observed near the
surface did not always lead to profile deformations.
Whiteman (1980) observed temperature profile deformations
that corresponded to wind shifts or directional wind shears
within the inversion layer prior to sunrise. He suggested
a similarity of these deformations with those observed by
Petkovsek in Yugoslavia. Petkovsek (1973) attributed the
defbrmatlons to downslope flow penetrating horizontally
into the valley after belng heated adiabatically. The flow
was restricted teo a thin 30 to 180 meter layer due to
Intense tenperature gradients within the inversion layer.
Petkovsek found 97 percent of the defofmations occurred at
.night. A study conducted in the northern Sierra Nevada
observed nultiple layers within a surface based inversion
by acoustic radér (echosonde) (Dunsmore and Pransiolt
1978). The layers were attributed either to slope
advection of cooler alr near the valley floor displacing
warmer alr upward or advection of warmer air into a level

above the valley-floor. These differences in air
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temperature probably originated from the unequal cooling
near sunset of opposite slopes. They found that under the
influence of strong gradient winds, the thin layers
exhibited internal gravity waves which propagated at near
Vaisala-Brunt frequency (3 to 24 minute periods). When
temperature data were available, the temperature variations
corresponded to the echosonde records. The layers were
shear zones with vigorous mixing and were not associated
with updrafts. A study conducted at Kirkwood Meadows near
Lake Tahoe, California, also found evidence of gravity
waves within the inversion layer at Vaisala-Brunt
frequencies (three to five minute periods) which were
attributed to the winds aloft (Palmer and Watrous 1978).
The "sloshing® back and forth across the valley was
observed by filming the movement of smoke. The transverse
gravity wave enhanced the mixing of the smoke along and
near the bounding slopes. Later in the morning, during
another smoke release, the waves were gone and general
mixing prevailed. There was evidence of interaction
between the gravity wave oscillations and the up-down
valley velocity fluctuations.

Winds that are down-valley ddrlng the daytime have been
observed iIn man? mountaln reglons of the world and have
frequently been called "Maloja" winds after a mountain pass
between Engadine and Bergall Valleys in Switzerland
(Huschke 1959). This unusual wind pattern ls characterized

by down-valley flow during the day. In Switzerland, the
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stronger daytime valley-wind from the Bergall Valley flowed
over the pass and continued down the Engadine Valley.
DeMarrais et al. (1968) frequently observed up-valley winds
from the Camas Valley flow over the pass and down into the
valleys to the north in Sawtooth National Forest, Idaho.
Buettner (1967) observed Maloja type winds in two valleys
of Mount Ranier in Washington. These valleys showed
“correct” up-valley winds in the morning and/or afternoons
with Maloja type winds the rest of the time. These winds
were observed at some sites but not others, apparently
influenced by the glaciers, adjacent valleys and timing of
insolation down-valley from the sites. Somewhat related
are the downslope winds observed on the east side of the
Coast Range in San Diego, California, during the afternoons
resulting from marine air “spilling” over the coastal
mountains (Schroeder 1961). The down-valley winds occurred
both when the marine lnver#ion was deep (cool weéther type)
and when it was shallow or absent (warm weather type). The
~down-valley winds tended to be stronger than the up-valley
winds and generally replaced the up-vailey winds before
.noon causing a 180 degfee wind shift. These unexpected
wind shifts were most likely the cause of many fire fighter
fatalities on séveral wildfire incidents. These down-
valley winds have been observed all along the eastern side
of the California coastal mountains, on east-draining
valleys in the foothills of the Sierra Nevada and on

eastern slopes of the Santa Ana Mountains of southern




California (Countryman and Schroeder 1959a, 1959b,
Schroeder 1961). A similar wind pattern but on a larger
scale, are the Foehn-like Santa Ana winds which blow warm,
dry air over southern California from the Great Basin
(Sommers 1978). Although the mechanism is very different,
the effect is to dominate the local wind patterns in a
frequently unexpected and unpredictable manner.
5. Complex Terrain Field Studies

Intense local meteorological studies such as those
reported by Countryman and Schroeder (1959%a, 1959b), Ryan
and Brown (1978) and Dickerson and Gudiksen (1983) are very
informative on the range of complex interactions that can
occur given the variation in weather and topography. For
example, Countryman and Schroeder documented the hourly
wind flow variations on an easterly draining mountain in
the Slerra Nevada with 20 meteorological stations. In the
early morning, west-facing'slopes were showing down-valley
and downslope flow while eastern slopes were already up-
valley and upslope. By mid-morning the western slopes of
the Sierra Nevada had heated sufficliently to cause a
westerly (down—valley)'flow throughout the study area.
More topographically sheltered 5lopes, however, maintained
upslope flow. The afternoon pattern was similar to the
mid-morning except for the.area around the south-facing
slopes of a prominent ridge where the flow was upslope.
LLate afternoon showed stronger westerly winds which caused

winds in the study area to be less variable. An eddy
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circulation that had been observed since early morning at
one station was less pronounced as well. After sunset,
flow for all the stations was downslope and down-valley.
This area was studied in preparation for a prescribed burn.
During the burn, a firewhirl developed at the same location
as where the eddy circulation had been observed.

Firewhirls have been well documented on the lee side of
ridges and behave like dust devils except that they carry
burning debris which can cause fires to spread more rapidly
by spotting (Graham 1955).

An on going research program entitled “"Atmospheric
Studies in Complex Terrain® (ASCOT) began in 1978 with a
major emphasis on studying nocturnal drainage flow
(Dickerson and Gudiksen 1983). The field research thus far
has been carried out in mountain regions of four states:
Mayacmas Mountains (coast range), California; Rattlesnake
Mountain, Washington; Pajarito Mountain, New Mexlico; and
Brush Creek (Rockies), Colorado. The majority of the
‘research waé conducted at Mayacmas Mountalns in Californla.
A high density of direct and remote seﬁsing meteorological
.Instrument systems were used In a relatively small area for
each major experiment includlng'instrumented towers,
tethered sondes; minl-sonde equipped balloons, optical path
anemometers, opticallyftraeked pilot balloons and doppler
sodar. Several atmospheric tracer systems were used In the
California experiments as well. Although the data analysis

ls far from complete, results that have been published to
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date are extremly informative. Dickerson and Gudiksen
(1983) are the editors of a progress report that summarizes
the program over four and one half years and includes
extensive references. The following is a very brief
summary of some of the results from the ASCOT studies.

Interaction of drainage and upper level wind fields
created complex flow patterns. In the coast range of
California, there were three larger-scale winds that
affected the local dralnage winds: winds fron migratory
synoptic disturbances, seasonal onshore flow of marine alr
or afternoon sea-breezes and descending upper-level
easterly winds. In summertime, when the migratory synoptic
features were less frequent, strong drainage flows occurred
over 50 percént of the time. Although cooling occurred
before the local sunset, downslope flow did not begin until
the ambient winds were light enough and an adequate surface
inversion formed (3 to 30 degrees celsius over few tens of
meters or less).

The inversion depth was observed to range between 3 and 7
percent of the verticalrdrop (for all experiments) from the
.top of the slope. Althbugh the Inversion depth Increased
linearly with distance down the'slope, the strength of the
inversion and the wind speed increased at a lesser rate. A
low-level “"jet” occurred at approximately one half of the
inversion height that was associated with the drainage
winds. Vertical profile data of tracer concentratlons from

Mayacmas Mountains showed the tracer plumes to arrive first
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a few hundred meters aloft and then later at the surface
over the valley basin because of the increase in wind speed
with height. Wind speed and drainage layer depth decreased
with time during “"good” drainage nights probably due to a
decline In the influence of higher level winds from
increased stratification.

The tracer experiments at Mayacmas Mountains indicated
that surface drainage flows at and below mid-slope were
fairly well decoupled from the upper level winds whereas
there was considerable mixing between the transition layer
(60 to 75 meters above ground level) and the drainage layer
higher up on the slopes. Even when there was mixing, the
tracer was confined to the lowest 200 meters indicating
vertical stability. Meteorological and tracer
concentration profiles indicated the existence of
'redirculation' systems or compensatlion winds. Tracer
experiments within the forest canopy showed that the canopy
inhibited dispersion and slowed the tfansport speed.

6. Inversion Breakup and Formation

Whiteman (1980, 1981, 1982) has investigated both the
breakup and formation of inversions In seven Colorado
mountain valleys for both winter and summer seasons using a
balloon-suspendéd meteorological sounding package. He
described three patterns of inversion breakup, two of which
only occurred once or twice out of 64 days of experimental
data. The first pattern shows the convective boundary

layer growing upward into the inversion. This pattern has
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been most frequently observed over flat terrain. In
pattern two, the convective boundary layer begins to grow
but ceases after a shallow height is attained. The major
path of inversion destruction is accompl ished by the
descent of the inversion top. The most frequently
observed, third, inversion breakup pattern during this
study was a combination of the first two patterns. Both
the growth of the convective boundary layer and the descent
of the inversion top acted to break up the inversion.

A subset of 21 cases in 4 different valleys under clear,
undisturbed weather conditions were chosen to demonstrate
the main features of the inversion breakup. Overall,
inversion depths, as determined by the potential
temperature inflection point, were roughly the height of
the surrounding ridges but were lower than the height of
the regional terrain. On average, inversion breakup was
completed 3.5 to 5 hours after sunrise. The ratio of
Inversion depth to valley depth ranged from 0.53 to 1.75
with and average of 1.10. The inversions occurring above
the ridge height were probably reglonal, covering more than

_one valley. The inversions occurring below the ridge top
were probably due to terraln constriction upstream or
widening of the-valley downstream. The inversion depth had
a limited effect on thg Inversion strength; the deeper the
inversion the weaker was the inversion strength.

During the inversion breakup (after sunrise), five layers

were ldentified with characteristic temperature and wind
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profiles. The two diagrams in Figure 1 show the typical
wind and temperature patterns during valley inversion
breakup (Whiteman 1982, Figs. 8 and 9). (1) A convective
boundary layer was present immediately above the valley
floor and (2) valley slopes with up-valley and upslope
winds, respectively. (3) Above the convective boundary
layer but within the valley, was a stable core region with
down-valley winds. (4) The neutral layer over the inclined
slopes of the Rocky Mountains and above the inversion top
contained up-incline winds. (5) Above this layer were the
gradient winds of the stable-free atmosphere. The
subsidence of the stable core was attributed to the
divergence of mass by the upslope flow. The average ascent
rate of the'convective boundary layer and descent rate of
the inversion top were approximately equal (71 and 79
meters per hour, respectively).

_After the inversion breakup, up-valley flow prevailed up
to ridge height throughout the valleys. PFrom limited
_observatloné of the cross-sectional strqcture, it was
observed that the isotherms in the lnvérsion layer were
.horizontal across the vélley except for the cool, shallow
down-slope wind layer near the slope. Although the
convective boundary layer began to grow sooner over the
sunlit slope, the grow;h rate was similar to that over the
valley floor. The slope convective boundary layer showed
temperature deformations and large down-valley wind

components not observed in the valley floor convective
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Figure 1: (Top) Typical correspondence between temaerature
and wind structure during inversion destruction in ereion
(Bottom) typical wind system development during invers
destruction (from Whiteman 1980).
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cross-valley wind components were disorganized and showed
multiple layering.

The evening inversion formation was initially
characterized by four layers. PFrom the ground upwards were
a surface (inversion) layer, a constant theta (potential
temperature) layer, an inversion cap (strong jump in
potential temperature) and an isothermal layer. By
approximately four hours after sunset, the surface layer
had grown to the entire depth of the valley. Winds were
down-valley within the surface layer and up-valley in the
isothermal layer. Wind shear and cross-valley wind
components were characteristic of the constant theta layer
(the top portion of the down-valley flow regime). Winds
within the inversion cap (50 meters thick) were weak and
exhibited appreciable cross-valley components as well. The
inversion depth initially grew rapidly for several hours
(170 to 210 meters per hour), beginning 30 minutés or more
before the sites were shaded. Down-valley winds were
established below the inversion cap layer and increased in
depth and speed. This was followed by'a period of slower
.growth and wind development until sunrise. The maximum
height of the inversion was approximately ridge height by
sunrise. Both fhe constant theta layer and the inversion
cap lasted until the inversion top reached a height of 500
to 600 meters above the site approximately two hours after
sunset.  The rise of the inversion cap was attributed to

mass convergence from adlabatic vertical advection of the
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down slope flow below the inversion top. The down-valley
winds, unlike the up-valley winds, showed maximum speeds
(eight to nine meters per second) in the center of the
layer and decreased toward the ground and inversion top.
Unlike a nocturnal jet, the maxima occur throughout the
nocturnal period, are in the down-slope direction and are
related to the decrease in frictional forces above the
ground surface rather than from the top of the temperature

inversion.

C. Pollutant Transport Studies in the San Joaquin Valley of
Callifornia

1. Introduction

Numerous studies have investigated the flow patterns and
associated pollutant transport in the San Joaquin Valley
and Delta regions (northwest end of the San Joaquin
Valley). These studles are partlculary relevant since the
pollutant distribution within the San Joaquin Valley
determines the source strength of pollutants avallable for
transport into the Sierra Nevada. To date, no summary
exists for these large and informative studies. The
various studies have measured vertical profiles and ground
transects (width and length of the valley) of varlious
meteorological variables and pollutant and tracer (from
tracer releases) concentrations (Miller et al. 1972; Lamb
and Shair 1977; Unger 1978; Carroll and Baskett 1979;
Lehrman et al. 1980; Smith et al. 1981; Blu;enthal et al.

1985). The studles by Lehrman et al. and Smith et al.

extended their networks Into the Sierra. Carroll and
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Baskett and Miller et al. used alrcraft and ground
stations on selected days to specifically investigate the
transport into the Sierra.

2. Review

A 1976 study in the San Francisco-Bay Area region
completed 8 tracer releases fron August 31 through
September 14 (Lamb and Shair 1977). Two types of tracers
were sampled by automobile, aircraft and automated ground
stations from Sacramento to Manteca to the north and south
of the.release site, respectively. The releases were
conducted during all hours of the day to investigate the
various phases of the sea-breeze cycle. Of the eight
releases, five were at Montezuma Hills (north of Antioch in
the Delta reglion), one at Martinez and two at Pinole. On
the average, the tracer was transported southeast over
Stockton. It was apparent that material emitted from the
northern portions of the Bay area followed trajectories
south through Stockton and Tracy into the San Joaquin
Vallef although sampling stopped 17 kilometers south of
Manteca.

‘The study by Lehrman et al. (1980) was conducted from the
foothills to the upper reaches of the San Joaquin River
Valley northeast of Fresno during the summer and fall of
1979 (see Fligure 2). Tracer was released from Friant Dam
(300 meters above sea level) August 25th ané 28th, 1979,
from 1200 to 1530 PDT and sampled by automobile and

aircraft from 1530 to 1700 PDT. The alrcraft was
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instrumented with a temperature probe. Additional ‘
arternoon aircraft flights on July 27th and September 23rd
measured ozone, turbulence, dry-bulb and dew-point
temperature, nitrogen oxides, sulfur dioxide and
condensation nuclei. Ground stations were located along
the San Joaquin River at Meadow Lakes, Shaver Lake,
Huntington Lake and on the South Fork of the San Joaquin
River at the Forebay (1365, 1676, 2132 and 2184 meters
above sea level, respectively). These stations were
instrumented to measured ozone, particle light scattering
coefficlent (lndicates degree of light scattered away from
the line of sight by gases and particles), wind speed, wind
direction and temperature. Ozone data from the Forebay
site were not available due to equipment problems'and
additional ozone data were available from Whittaker’s
Forest (5360 meters elevation) in Kings Canyon National
Park. Pllot balloons were released frequently July 26 to
27, August 25 to 28 and September 23. An accoustic sounder
was operated at Shaver Lake from August through October to
obtain surface mixing depths.

'At Shaver Lake, the mean nighttime mixing depth, as
determined from the accoustic sounder, was less than 25
meters and the afternoon depth exceeded 500 meters. The
afternoon mixing depths, as determined from the pilot
balloon observations, at Huntington Lake ané Meadow Lakes

reached 400 to 600 meters above ground level while at

Millerton Lake the mixing depth often extended to 1000
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meters above ground level. Little correlation was observed
between the daily surface maximum ozZone concentrations at
Fresno and the mountain sites. Shaver Lake, however,
showed higher values during an extended period of high
ozone concentrations in Fresno. The mountaln sites showed
a downward trend toward the end of the sampling periocd
while Fresno did not, indicating reduced slope transport.
Day/night ozone and scattering coefficient patterns
suggested transport from the valley with peaks occuring
later in the day and lower in magnitude at the mountain
sites than at Fresno. Ozone concentrations at the mountain
sites were relatively uniform throughout the day with a
less dramatic peak as compared to Fresno. The day/night
scattering coefficient at Forebay showed the least
variation and lowest median values indicating significant
dilution of the valley air mass. A high correlation
between the ozone concentrations and the scattering
coefficlent at 1100 and 1700 hour (PDT) observatlions for
Huntington Lake indicated a well-aged pollution source.
Lower correlatlons were observed for 0500 and 2300 PDT
indicating local sources during the night and early morning
periods.

Aircraft traverses and spirals on July 27th showed the
mixing layer to be 1470 meters above the foothills and at
or above the surrounding ridge level for th; mountain
sites (600 tol900 meters above ground level). Within the

mixing depth, the ozone concentration and scattering
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coefficient were constant with height except over the
Sierran crest where multiple layering of pollutants and
meteorological parameters indicated less efficient mixing.
Above the mixing height, the air was less polluted.
Aircraft traverses indicated pollution levels decreased
with increasing distance from the valley. On September
23rd, the afternoon mixing layer was 300 meters deeper over
Huntington Lake and the same over the foothills as compared
to July 27th. This difference was attributed to a cutoff
low pressure area aloft off the central coast of California
causing considerable Instability. The ozone concentrations
and scattering coefficient were much lower on the September
flight.

On the day of the August 25th tracer release, the mixing
height was 1290 meters above ground level over the
foothills. Over Shaver Lake a neutral lapse rate extended
to 760 meters above the ground capped by a weak inversion
with a stronger inversion 180 meters higher. The South
Fork élrcraft spiral showed an even more complex
temperéture structure. The estimated path of the tracepr
plume was initially up the San Joaquin River but at 1500
PDT, the plume separated with one branch continuing up the
river while the other headed to the east due to a wind
shift. Tracer material was detected in low but significant
levels at Forebay but not at Huntington Lak;, which is up a

small side drainage of the San Joaquin River. Initially,

the plume was 26 kilometers wide but once the wind shift
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occured, it was wider than the length of the 100 kilometer
automobile traverse. The second tracer release was made
under similar synoptic conditions as the first except with
less cloud cover. Up to 1040 meters above the foothills,
the temperature profile showed several alternating stable
and unstable layers and above this the profile was more
stable. Tracer concentrations peaked at Huntington Lake at
1800 PDT, beginning at 1700 PDT, and dropped to zero by
1900 PDT. A similar wind shift from west to northwest
occured as in the previous tracer release but due to the
sampling plan, the data only suggested a separated plume.
Again the plume was widely dispersed and the tracer
material above the foothills reflected the layering of the
temperature profile. The South Fork was not sampled during
this release. From the tracer tests, it was concluded that
alr reaching the mountain slopes originated from north of
Fresno and the Fresno urban plume did not frequently impact
the San Joaquin River Valley.

Smith et al. (1981) presented the results from six summer
and six fall tracer releases in the San Joaquin Valley
ddring July and September, 1979. The three releases to
characterize transport from the San Fransisco-Bay area
(Manteca and Livermore) showed preferential transport down
the western side of the San Joaquin Valle; during the day
with no tracer detected in Fresno. The edd; circulation on
the east side of the valley restricted the tracer to the

west side during the two morning releases in Manteca.



48

During the afternoon Livermore release, the majority of the
tracer was restricted to the west side probably as a result
of the channeling by the strong, valley-wide northwest
flow. The morning after the two Manteca tracer releases,
low levels of tracer (less than 10 parts per trillion

(ppt) were widely dispersed north, east and west of Fresno
which indicated transport by the Presno eddy. Most of the
tracer from the Livermore release remained in the valley
spread out north of Fresno (10 to 20 ppt) the following day
probably due to the later release time (1510 to 2030 PDT)
restricting the transport south. Tracer was not sampled
further south than Presno during these three releases. An
afternoon release from Reedley in the Slerra foothills 30
kilometers south-southeast of Fresno (1200 to 1700 PDT)
resulted in two tracer plumes movlng east and northeast due
to the upslope windshift during the release. The tracer
Plume was detected at 1830 PDT (85 ppt) between Whittaker’s
Forest and Lodgepole in Sequoia National Forest and Sequoia
and Kings Canyon National Parks, respectively (transport
speed of 8 kilometers per hour). The tracer remained in
that area the entire night dropping to zero the next day.
during the afternoon upslope flow. Since little of the
tracer was transported out of the valley by upslope flow
during the day of the release and trace lévels of tracer
material were found the next day in the valiey, it was

uncertain whether the bulk of the tracer on the following

day was transported upslope and out of the valley or was



merely highly dispersed within the San Joaqguin Valley. A
significant amount of tracer (31 ppt) was detected at 0500
PDT at Huron on the west side of the San Joaquin Valley
Iindicating downslope and eddy transport. Results from a
tracer release 2 days later indicated 25 percent of the
Reedley tracer release was possibly still in the valley
glving the tracer an approximate 2 day residence time
within the valley. An aerial nighttime release into the
nocturnal jet (at 400 meters above ground level) along
Highway 99, north of Fresno, showed that the majority of
the tracer was transported south to Bakersfield and
remained aloft. Unfortunately, tracer sampl ing ended at
1500 PDT the following day while the tracer was still aloft
and the subsequent path of the tracer was unknown. It was
suggested that, as the mixing depth developed, the tracer
would have been mixed downward to the ground in the
southern end of the valley. An afternoon release in the
coast range west of Highway 152 resulted in the tracer
being carried aloft and out of the valley in a convergence
zone of the upslope flows from both sides of the coastal
mountains.

Two of the six fall releases were from Oildale, north of
Bakersfield, to document transport from the San Joaquin

Valley into the Mojave Desert and are discussed later. @A
release from Fellows on the east side of the coast range In
the southwestern valley had similar results as the summer

release In the coast range. The release, however, was in
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the morning hours (0700-1220 PDT) and the flow on this day
in the low levels was easterly. The next release from
Fellows four days later was conducted shortly after
mnidnight (PDT) and downslope drainage flow Cuntil 0900 PDT)
transported the tracer eastward and subsequently into the
Mojave Desert the following day. A release fronm Oildale,
north of Bakersfield, just before midnight (PDT) resulted
In the tracer being transported to the northwest In the
drainage flow and then upslope into Sequoia National Forest
the next day with none detected in Bakersfield. A rorning
release from Manteca was directed south along Highway 99
unlike the July Manteca releases which were transported
further west. Tracer was detected in Bakersfield beginning
25 hours after the release (16 kilometers per hour
transport speed). The following day, the majority of the
tracer was still in the east-céntral valley until midday
when afternoon instability began.

The extensive project by Blumenthal et al. ¢1985)
incluaed continuous measurement of ozone (25 sites),
surface winds (32 sites) and upper-air wind data (2 sites)
and periodic aircraft soundings (mornihg and midday), pibal
or airsonde wind measurements (4 sites plus airport),
hydrocarbon sampling (surface and aerial) and tracer
neasurements (3 Bakersflield releases, surface and aerial)
throughout the southern and central San Joaéuin Valley from
July 15 through August 18, 1984. The midday median mixing

heights (above ground level) were found to be 60 percent
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deeper at the edges of the valley (Fresno, Wonder Valley,
Oildale, Bakersfield and Arvin) than in the center (Sierra
Sky Park, Selma and Buttonwillow) possibly from the upslope
flow on the valley sides causing compensating sinking
motions in the valley center. The mixing depth was
typically 200 meters greater in the Bakersfield area than
the Fresno area probably due to the narrowing of the valley
in the southern end. During the study period, the mixing
height (determined from afternoon temperature profiles from
aircraft spirals) at any one site varied between 15 and 20
percent and in the Fresno and Bakersfield areas, median
mixing heights ranged from 600 to 925 and 1100 to 1125
meters above ground level, respectively. Wind speed turned
out to be a more important factor than the mixing height in
the day/night ozone variation. The average wind run was 50
percent hligher on low ({12 parts per hundred million or
pphm) than on high (212 pphm) ozone days.

The Fresno "plume” (peak hour concentrations) impacted
areas frorm northwest to southwest of the city and mrost
frequently impacted areas directly to the east. These
directions were determined by aircraft spirals and
traverses, surface ozone monitoring stations and surface
streaml ines constructed from the 32 surface wind stations.
In general, the maximum ozone concentration in Fresno
occurred between 1500 and 1700 hours (PDT) ;nd a lesser
peak frequently occurred in the late morning. The morning

peak was probably from the recirculation of the Fresno air
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mass carried north in the morning by the Fresno eddy and
then returned when the winds shifted to the upslope or up-
valley (toward Bakersfield) direction. The afternoon
pollutant~-laden air mass probably reached Visalia by the
evening (2000 to 2100 PDT) and continued on to the
southeast during the night. As in a previous study

(Smith et al. 1981), occasionally more than one ozone plume
was observed due to the southeasterly to westerly wind
shift. The afternoon ozone peak in Visalia (1500 PDT) was
not associated with the afternoon peak in Fresno and was
attributed to emissions from Highway 99 by calculation of
back surface trajectories. The Bakersfield afternoon plume
impacted areas to the east~southeast or southeast. As
observed in Fresno, pollutants were recirculated back to
Bakersfield from a mid-norning‘southeast to northwest wind
shift. The eddy at Bakersfield, largely a result of the
downslope winds from the mountains to the southeast, was
smaller and less well defined than the Fresno eddy. A
tracer release conducted 18 kilometers southeast of .
Bakersfield at 1630 to 1830 PDT was initially transported
odt of the valley but close to 10 percent retufned in the
nocturnal drainage flow and was detected at Delano (30
miles north-northeast of Bakersfield) at 0600 PDT the
following morning. Tracer was also detected at Lake
Isabella (800 meters elevation) in the Sier;a to the
northeast at 0100 PDT (no additional samples were taken

after this time).
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After analyzing various correlations and back-
trajectories, the sources of morning ozone background
levels were uncertain. It was suggested that the morning
background ozone levels were determined by the regional
ventilation rates and were probably transported from the
north or northwest of the region in question. Residence
time for pollutants was estimated to be no more than two
days within the valley agreeing with the previous study by
Smith et al. (1981). The morning and afternoon average
background values upwind from Fresno and Bakersfield were
eight pphm. Fresno and Bakersfield, on average, added 40
percent (5 to 6 pphm) to the afternoon background levels
resulting iIn average downwind ozone concentrations of 13 to
14 pphm.

In 1973, Carroll and Baskett_(1979) investigated two
episodes of pollutant fumigation in Yosemite National Park
following persistent periods of stagnation in the Central
Valley. Synoptic conditions favoring an extended sea
breeze brought the elevated pollutant concentrations into
the mountains. Evidence of counterflow was observed In the
vertical profliles of oxidant and water vapor over Yosenmite
Valley. The scenario of a period of stagnation followed by
an extended sea breeze was estimated to occur less than
three times per month in the summer. :

A 10 day study conducted in 1970 by Mille; et al. (1972)
used alrcraft and ground statlons to trace oxidant

transport Into the Mineral King Valley (upper East Fork of
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the Kaweah River) of Sequoia National Park. They found
that nighttime oxidant concentrations were preserved in the
mountains whereas in Fresno, oxidant concentratlions fell to
zero. They attributed this to the lack of fresh sources of
nitric oxide in the mountains which converts ozone to
nitrogen dioxide and oxygen. The report concludes that
Fresno is probably the geographic origin of the daily
oxidant peaks observed at Hammond at 1800 PDT and the
following day in the Mineral King Valley at 1700 PDT.
Hammond is 20 kilometers west of the Mineral King Valley at
the confluence of the East Fork and the Middle Fork of the
Kaweah River. The aircraft flights showed a distinct
elevated oxidant layer over Three Rivers (5 kilometers
southwest of Hammond at 260 meters elevation) between 350
and 1570 meters above ground level at midday and in the
afternoon but not in the early morning .

A tracer study was conducted in Sequoia National Park
during the summer of 1985 (Shair 1986). The preliminary
resulfs of three daytime tracer releases from Woodlake (17
kilometers northeast of Visalia) showed tracer transported
to Emerald Lake 45 kilometers to the northeast at 2800
meters in elevation. The transport speed varied from 10.5
kilometers per hour (3 meters per second) during a frontal
storm to less than 1 kilometer per hour (0.3 meters per -
second) under clear sKy condlitions. The pr;vlously
mentioned report by Lehrman et al. indicated a transport

speed of 8 kilometers per hour from Reedley In the
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foothills to Grant Grove in Kings Canyon National Park.
Using 8 kilometers per hour as an approximate transport
speed from Fresno to Hammond, an air parcel beginning in
Fresno at 0900 PDT would reach Hammond by 1930 that
evening. The more probable case would be a transport speed
of less than 5 kilometers per hour beginning at 1100 PDT
which would transport the Fresno parcel to Hammond by 0300
PDT the next morning. Since downslope winds begin near
sunset, an air parcel from Fresno would never arrive at
Hammond. The oxidant peak in Hammond occurred at 1800 PDT
(Miller et al. 1972). A more likely source for the Hammond
ozone peak would be the upwind areas westward as far as and
including Visalia (40 kilometers east-southeast of
Hammond).

The results of the transport studies above do not resolve
the relative importance of the two major ventilation
mechanisims for the San Joaquin Valley during the summer,
namely, the daytime upslope flow over the Slerra and the
up-valley flow over the Tehachapi Mountains. Smith et al.
(1981) suggested the flow out the southern end of the
valley was the major mechanism whereas Blumenthal et al.
(1985), indicated the Sierran upslope flow was the more
important mechanism. Pilot balloon observations in the
Slerra and San Joaquin Valley showed the mixing depth was
greater at the higher elevations compared t; the valley
(Smith et al. 1981). To account for the increased

horizontal flux, air was assumed to be drawn in laterally
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from layers above the valley floor. The alr drawn in
laterally was estimated to account for 70 to 80 percent of
the total upslope flux. The relative importance of the
upslope ventilation was stafed to be further reduced by the
return of pollutants in the nocturnal drainage flow.

Tracer releases also indicated only air at the edges of the
valley was effectively transported upslope into the Sierra.
The calculated flux (volume of air per unit time) for July
from Fresno to Bakersfield (below 1200 meters) indlicated
that upslope flow may have accounted for half of the flux
but insignificantly contributed to the flux between
Stockton and Fresno. The flux above 1200 meters in
Bakersfield may have accounted for half of the excess flux
in Fresno due to the low-level nocturnal jet indibatlng the
northwest flow was diverted over the blocked air mass in
the southern valley and transported over the Tehachapi
Mountains.

A conceptual model was developed to integrate the results
from one of the San Joaquin Valley studies (Smith et al.
1981). They suggested that the excess flux from the
ndéturnally blocked northwesterly flow forns a-convergent
zone in the southern portion of the valley resulting in
small compensating upward vertical motions within the
Fresno eddy with a divergent zone above. This type of
circulation would transport pollutants from-lower levels to
levels where they could be transported by winds aloft.

This 1s one explanation for the complex layering aloft



frequently seen in aircraft spirals over the valley. The
many possible mechanisms for the pollutant layering
preclude simple explanations. The decoupling of the
surface layer with the layer aloft by the nocturnal
inversion acts to conserve the pollutant layer above while
the surface pollutants are subject to surface and chemical
destruction mechanisms. The decoupling is underscored by
the low-level nocturnal jet which frequently forms at or
above the inversion top. Another mechanism would involve
winds above the mixing layer or inversion layer which move
in a different direction than the surface winds thus
transporting air aloft from a different orlgin. During
more stable synoptic conditions, the mixing layer within
the valley may never develop enouéh during the day to mix
In the layers aloft thus conserving the pollutant layering.
One early morning profile over the southern San Joaquin
Valley showed high concentrations at the base of an
elevated temperature Inversion (1200 meters above ground
level) which most likely represented the maximum mizxing
depth from the previous day . Another proflle made shortly
after midnight the next day showed higher concentrations in
an elevated layer Isolated from the surface but trapped by
the nocturnal stable layer (Blumenthal et al. 1985). These

layers were probably mizxed to the surface the following day
during unstable afternoon conditions.
Although probably much less significant, the importance

of nocturnal ventilation over the Tehachapi is relatively
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unknown as well. One early morning aircraft spiral made to
the south of Bakersfield found peak ozone concentrations at
the ridge level and it was speculated that some of this was
probably transported over the mountains into the Mojave
Desert (Blumenthal et al. 1985). A paper by Giroux et al.
(1981) discussed results from two nights of aircraft
sampling in the southern San Joaquin Valley. He found,
during one of the nights, a nocturnal "ozone reservoir”
over Bakersfield which was decoupled from the surface by
the nocturnal jet flow. At 2000 PDT, the vertical profile
showed ozone concentrations increasing from 2 pphm at the
surface to 10 pphm at 100 meters and 12 pphm at 2000 meters
(above ground level). At 0345 PDT, the ozone
concentrations were less than 2 pphm at the surface
increasing to 8 pphm at 1000 meters and beginning to
decrease above 1600 meters (abéve ground level). Since the
average Tehachap!l ridge elevation lis approximately 1500 to
1800 meters elevation (Tehachapi Pass and Tejon Pass are
appro#imately 1200 meters elevation), it was probable that
with the northwesterly flow, the ozone reservoir was not
only being depleted at the ground but also be ing
transported over the mountains.

An investigation of transport into the Mojave Desert
reported an assoclation of nighttime part{culate lead -
concentrations with winds from the d;rectlo& of the San
Joaquin Valley at a site eight kilometers east of Tehachapi

Pass in the Mojave Desert (Flocchini and Myrup 1986),



Nighttime particulate lead levels were thought to be higher
than the daytime levels due to the concentrating effect of
the stable, shallow nocturnal drainage flow as compared to
the dispersing effect of the unstable afternoon flow. Two
of the tracer tests during the study by Smith et al. (1981)
were morning releases from Oildale (just north of
Bakersfield) to investigate transport to the Mojave Desert
(1981). Both releases indicated the high nighttime levels
of pollutants were associated with the afternoon upslope
flow In the southern end of the San Joaquin Valley
impacting the Mojave desert between 2000 and 2100 PDT.
Initially, southeast winds transported the tracer to the
northwest but when the winds shifted beginning at 1100 PDT,
the tracer was transported out of the valley. Tracer was
transported to the northeast through southeast over the
southern Sierra and Tehachapi Pass. From a mass balance
calculation it was estimated that 70 to 80 percent of the
tracer was transported into the Mojave desert by the night
following the release with 10 to 20 percent transported to
the southern half and the rest transported to the northern
half. BAn estimated 15 percent remained in the southern San
Joaquin Valley the same night and 5 percent the next day.
The dilution factor from Bakersfield and Oildale to the
Mojave was only two to three and agreed well with the
conserved aerosol dllution factors. _Comparing these
factors to the unconserved aerosol specles Indicated that

sulfates were created and nitrates were scavenged from the
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valley to the Mojave. A release from the Los Angeles Basin
allowed comparison of the sulfate mass distribution between
the Los Angeles and San Joaquin Basin air masses. The
Oildale aerosol mass was distributed around 0.1 to 0.2
microns aerodynamic diameter indicating homogeneous gas
phase conversion of sulfur dioxide. The Los Angeles aerosol
mass distributed around 0.5 microns aerodynamic dlameter
indicating heterogeneous droplet phase conversion. It was
determined from Mie scattering calculations that the air
mass from the Los Angeles Basin would degrade visibility
more than the San Joaquin Valley air mass. Although the
release times for the two Oildale releases were different
(0700 to 1200 PDT and 0200 to 0700 PDT), the similarity of
the results demonstrated that the time of maximumiimpact of
sources in the southern San Jo;quin Valley upon the Mojave
Desert occurred during the late evening corresponding to
the afternoon upslope flow in the San Joaquin Valley. The
peak in visibility degradation, as measured by particle
absorption, corresponded to the peak in tracer
concentration. Visibility was aproximately 100 kilometers
between 1600 and 1800 PDT and was 60 kiloueteré between
2200 and 2300 PDT. The degraded visibility continued until
1000 PDT the next day indicating pollutant Impact the
entire night and next morning. This timing corresponded to
the wind shift to southeasterly or upslope ;s seen at the
Tehachapi site in the previously mentioned study (Flocchini

and Myrup 1986). These two tracer releases contrasted with



61

results from a nighttime Oildale release (2200 to 0337 PDT)
11 days later. During this test, the tracer was wholly
transported during the day to the northeast into the Sierra
where only low levels were detected due to rapid dispersion
by unstable afternoon conditions. No tracer samples were
taken in the Mojave Desert, however.
3. Summary

Smith et al. (1981) first reported on the Fresno eddy
circulation In the San Joaquin Valley. The San Joaquin
Valley nocturnal jet has been documented by several authors
(Willis and Williams 1972; Morgan 1974; Smith et al. 1981;
Blumenthal et al. 1985). The land-sea breeze and summer
monsoon in California have also been well studied (Cramer
and Lynott 1961; Scroeder et al. 1967; Carroll and Baskett
1979; Lamb and Shair 1977). The complex mountaln and
valley air flows have been studied to some extent in the
Sierra Nevada (Countrfman and Scroeder 1959a; Miller et al.
1972; American Meteorological Society 1978a; Carroll and
Baskett 1979; Lehrman et al. 1980; Shair 1986). While the
individual subjects have been studied in some cases
extensively, no single study has ever attempted to study
the interaction between the various phenomena and how they
are influenced by synoptic weather patterns.

Lamb and Shair showed that pollutants are transported _
frén the bay area into the northern San Joqiin Valley.
Smith et al. (1981) showed that pollﬁtants vere

preferentially tradsported down the west side of the San
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Joaquin Valley that originated from the north. They also
showed that the Fresno eddy and the nocturnal jet occurred
frequently during the summer. Blumenthal et al. (1985)
could not identify the sources of morning ozone levels and
concluded that they were determined by regional ventilation
rates. Lehrman et al. (1980) indicated the Fresno
pollutant plume impacted areas to the east and southeast
while Blumenthal et al. found the plume impacted areas
northwest to southwest of Fresno with the most frequent
direction being east. Smith et al. associated the Visalia
afternoon peak ozone levels to emissions from Highway 99.
Both Blumenthal et al. and Smith et al. agreed that the
overall summer residence time of pollutants in the San
Joaquin Valley was less than two days. While Blumenthal et
al. contributed the major ventilation mechanism to upslope
flow over the Slierra, Smith et al. contributed it to
upslope flow over thevTehachapis. The importance of
nocturnal ventilation over the Tehachaplis was also
inconclusive from the various studies.

Carroll and Baskett (1970) observed synoptic conditions
favoring an extended seé breeze which, when preceeded by
periods of stagnation in the San Joaquin Valley, brought
elevated pollutant concentrations into the Sierra. Miller
et al. (1972) attributed afternoon ozone levels in Hammond
and Mineral King to ozone transport from PFresno. The
timing of the peak ozone levels, howéver, did not

correspond as reported by Miller et al. when compared to a
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tracer study by Shair (1986).

A conceptual model was developed by Smith et al. for the
Fresno eddy circulation. They suggested that a convergent
zone in the southern portion of the valley resulted in
small compensating vertical motions within the Fresno eddy
with a divergent zone above allowing transport of
pollutants from lower levels to levels where they could be
transported by winds aloft. A model is currently being
developed for the National Park Service by Systems
Application, Inc., in San Rafael, California, to model
ozone concentratlions in the San Joaquin Valley for impacts
on the western slopes of the Sierra using large urban areas
in the San Joaquin Valley and Bay Area as source regions
(Henderson 1967). A draft of the flirst phase has been
completed which mbdeled ozone concentratlions for two summer
days in 1984 for which an extensive data base was
available. This phase focuséd on Sequoia and Kings Canyon
National Parks. The next phase will iﬁclude a larger area
and a longer and more varied meteorological period. The
model being used is a modified version of an established
regional transport model (RTM-3) that has been used
extensively in Canada, Europe and eastern United States.
The model was originally used for sulfate and sulfur
dioxide and has been modified to include ozone. A draft.
rebort of the second phase should be completed by fall of
1987. |

The immense data sets from some of the larger studlies
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(Smith et al. 1981, Blumenthal et al. 1985) have produced
much information and probably much more information could
be extracted with further analysis of these data sets. At
the same time, these studies have had spread out networks,
inot included the mountain areas and operated under limited
synoptic weather conditions. Important questions remain
unanswered. It may be necessary to conduct a valley-wide
sampling network, including the Sierra Nevada and coast
range as well as the San Joaquin Valley and foothills, with
a grid spacing of 10 kilometers as suggested by Myrup et
al. (1983) for the Sacranmento Valley. There is presently a
project being planned which will investigate the air
pollution/meteorology of the entire San Joaquin Valley
including from the Delta region to the north to the
Tehachapis to thé south and from the coast range to the
west to the Sierra (up to 9000 feet elevation) to the

east (Ranzler) 1987).. This project will probably begin in
1989 with some preliminary work possibly in 1988. The
project will involve monitoring ozone and possibly PM-10
(respirable size particulate matter) pollutants. A 20
member Policy Committee'wlth representatives from all
participating agencies together with the Valley County
Board of Supervisors (8 countles represented) will direct
the contracted studies. The five to seven year project.
wiil investigate pollutant transport in light of questions
based on policy concerns on growth aﬁd clean air in the San

Joaquin Valley.
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CHAPTER 111
EXPERIMENTAL DESIGN

A. Introduction

The field data were collected at three sites in Seguoia
National Park during two ten day intensive sampling periods
in July and August of 1985. The data from the July
intensive were incomplete due to equipment problems. At
all three sites single theodolite tracked pilot balloons
were released 4 times a day and twice nightly 50 percent of
the time. The calculated ascent rate was 3 meters per
second (30 gram free-lift weights). Observations were
recorded every 30 seconds yielding wind observations every
vertical 90 meters. The Atmospheric Science Department of
Fresno State University also released 4 balloons per 24
hour period in Fresno which roughly corresponded to the
release times used in the Park. For the three sites in
Sequoia National Park, a pre-addressed and pre-stamped post
card was placed in each pilot balloon requesting
information on date and place found. Only one post card
was returned out of approximately 50. The post card found
was released in Ash Modntgin at 0700 PDT on August 15th,
1985, and found in the Tablelands between Pear lake and
Moose Lake on September Ist, 1985 (approximately 19
kilometers to the northeast, 2730 meters higher in
elevation). -

At all three sites, ground weather'stations were set up

with fnstrunentatién measuring wind speed, wind direction,
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relative humidity and temperature at five meters and
temperature again at two meters. Every 30 minutes mean
relative humidity, temperature and wind speed, mean

wind vector magnitude and direction and standard deviation
of direction were recorded.

In addition to the above, two large tethered balloons
were operated at the middle elevation site. On one balloon
was attached a meteorological sounding package
(tethersonde) which measured pressure (change), dry-and
wet-bulb temperatures, wind speed and wind direction. On
the tether line of the other balloon, two-staged stacked
filter unit aerosol samplers were attached at intervals of
50 meters up to 250 meters above the ground. The filters
were analyzéd for elements sodium to lead using an alpha
particle induced'x-ray emission (PIXE) technique developed
at the Crocker Nuclear Laboratory at the University of
California, Davis (Cahill et al. 1984). In addition, the
filters were weighed using a Cahn electrobalance and the
fine filters were analyzed for carbon soot and elemental
hydrogen.

This study was the first time the aerosol sampling
balloon system was employed in the field to collect real
time data. The system was, however, tested prior to the
present study at the University of Californlia, Davis, for
short periods. A total of five morning, nine afternoon and
three evening aerosol profiles were made during the August

field period. A total of 7 morning, 15 afternoon and 7
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evening meteorological profiles were made as well. The
date, time and duration of each aerosol sampling period or
tethersonde ascent and descent for July and August are
presented in Table 1. For the aerosol samplers, the listed
time is when the first sampler began and total minutes is
the longest sampling time usually corresponding to the
highest level. For each sampling level, the total time was
5 minutes , on average, less than the level above it. If,
for example, all 5 levels were operating, then the sampling
time difference between the lowest and highest level would
have been approximately 20 minutes. Also included in Table
1 are the Fresno temperature, dewpoint temperature and
station pressure.
B. Location

The three experimental sites were located at or near
Sequoia National Park’s long-term primary acid deposition
research sites established in 1982 through funding from the
congressionally mandated 10 year National Acid Deposition
Assessment Program. A map of California with the study
area outlined is shown In Figure 3. Figure 4 is a map of
the Marble Fork of the Kaweah River watershed drawn from 15
minute quadrangles (1:62,500 scale, 80 foot contours) wifh
contour intervals at every 400 feet. The heights shown are
in hundreds of feet above mean sea level. - On the south
side of Elk Creek at the 2400 foot contour level (24) is
the Park’s lower elevation research site. The Park’s mid-

elevation research site is in the Giant Forest area (GF)



SAMPLERS __ TETHERSONDE FRESNO

Tot. Time Min. Min. deg. C mb
Date__| Time Min. Leveis_ (PDT) Up__ Down|_ _T_____DT____P
77125 0934 59 o0,1,2 1005 34 - 30.0 17.8 997.8
7/26% 0920 70 0,2 0959 23 - 28.3 16.7 1001.2
7/26 1242 72 o0,1,2,3 1300 09 - 35.6 15.0 1000.2
7/26% 1426 34 0,4 1440 09 - 36.7 15.6 999.2
7/27 1354 08 17 37.8 12.8 999.2
7/28 0838 26 18 26.7 13.9 999.8
7/28 1101 15 (0] 31.7 12.8 999.5
7/28 1143 12 05 33.9 11.1 999.2
7/28 1220 12 10 36.7 10.0 998.8
7/28 1647 22 14 38.3 8.9 996.4
7/28 1818 17 15 37.8 8.3 996.1
7/28 2224 22 14 26.7 13.9 997.5
7/29 0411 13 10 18.9 10.6 998.5
7/29 0624 27 20 16.7 11.1 1000.5
7/29 0746 20 15 17.8 11.1 1001.2
7/29 0857 20 12 19.4 11.7 1001.5
7/29 1132 09 12 26.1 11.1 1001.2
7729 1265 18 13 28.9 10.0 1000.8
7730 0743 17 17 17.2 12.2 1002.5
7/30 0855 19 12 20.0 12.8 1002.9
7/30 1114 17 27 23.9 12.8 1003.2
7/30 1510 13 18 30.6 12.8 1001.5
7/30 1805 14 11 31.7 10.6 999.5
7/30 , 2208 14 09 25.0 12,2 999.8
7731 0727 12 07 17.7 11.7 1002.5
7/31 1138 13 16 25.0 12.2 1003.2
8/13 1020 83 1,2,3 ' 23.3 12.2 1003.9
8/14 1416 92 1,2,3 1445 37 17 32.2 10.6 1000.8
8/15 0902 9% 1,2,3 0845 45 16 22.2 12.2 999.5
8/15x% 1446 97 1,2 1450 16 13 33.9 11.7 997.0
8/16 0859 128 1,2,3,4 0923 11 24 23.9 13.3 997.1
8/16 0958 25 20 23.9 13.3 997.1
8/16 1643 134 1,2,3,4 1649 18 17 34.4 12.8 994.4
8/16 1656 16 15 34.4 12.8 994.4
8/16 1811 17 20 33.9 12.2 994.1
8/17 0824 28 28 17.8 13.9 1001.5
8/17 | 1627 134 2,3,4,5 1629 46 40 29.4 15.6 1000.8
8/17 1755 16 17 29.4 15.6 1000.5
8/18 0936 134 2,3,4,5 0954 22 30 20.0 12.8 1006.3
8/18 1127 27 28 25.0 15.0 1005.9
8/18 1648 102 2,3,4,5 1640 25 13 31.7 14.4 1003.2
8/18 2301 109 2,3,4,5 2324 21 17 22.8 11.7 1003.2
8719 0002 39 22 22.8 11.7 1003.2
8/19 1443 115 1,2,3,4,5( 1448 29 35 30.6 12.8 1003.2
8/20 1002 106 2,3,4,5 1056 38 32 26.7 14.4 1003.2
8/20 | _ —————e L_1206__26____30 | 29.4 _13.9_1002.9_

Table 1: Schedule of tethered balloon systems (see next page)



_ SAMPLERS ___TETHERSONDE___. FRESNO

Tot. Time Min. Min. degqg. C rb

Date__| Time Min_ _Levels (PDT) Up___Down| _T DT P
8/20% | 1638 106 2,3,4,5 1639 31 20 | 33.3 10.6 1000.2
8/20 1730 22 06 | 33.9 9.4 999.8
8/21% | 0406 112 1,2,3,4 0414 20 23 | 18.9 8.9 1002.5
8/21 0457 22 21 18.3 8.9 1002.5
8/21 1402 48 28 | 32.8 12.2 1003.6
8/21 1656 112 2,3,4,5 1704 31 40 | 34.4 11.1 1001.9
8/21 1900 43 29 | 33.3 11.7 1001.5
8/21 2216 121 1,2,3,4 2053 36 29 | 28.9 13.3 1002.2
8/21 2251 43 33 | 25.6 12.2 1002.9
8/22x_1_1343 114 _2,3,4,5__1_1456__22____15_]_35.0__10.6_1002.9_

* 7/26: (0920) 100m batterles exploded at unknown time, 70

minutes estimated.

7/26: (1426) 200m batteries exploded at unknown time, 29
minutes estimated.

8/15: 50m sampler brought down early due to high
windspeed, total time was 32 minutes.

8/20: 250m intake tube came off at unknown time, 106
minutes estimated.

8/21: 5SOm batteries quit at unknown time, 97 minutes
estimated.

8/22: 100m batteries quit at unknown time, 102 minutes
estimated.

Table 1 (cont’d.): Schedule of tethered balloon systems. For
samplers, time indicates when the first pump began and total
minutes indicate the longest sampling time usually corresponding
to the sampler at the highest level (except where indicated).
The levels 0, 1, 2, 3, 4 and 5 correspond to 0, 50, 100, 150,
200 and 250 meters, respectively. The sounding schedule shows
the starting time and indicates the duration of the up and down
soundings. Also listed are Fresno temperature (T), dewpolnt
temperature (DT) and station pressure (P).
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Figure 3: Map of California.
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Site Locatlons:
AH-Ash Mountain (560m)
WV-Holverton (2222m)
EL-Emerald Lake (2633m)

12

Other Land Marks:
GF-Giant Forest (1930m)
LP-Logdepole (2073m)
HR-Milk Ranch (1300m) '

> t '{2 9 ! ! m 1
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Pigure 4°»

Map of the Kaweah Plver
Harble Fork drainage,
Sequola Natlonal Park.
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near Log Meadow (not shown). The Park’s upper research
station is at Emerald Lake proper (second lake up creek
that is directly below (south) "EL" in Figure 4).

For this study, the lower elevation site, Ash Mountain
(AM), was 125 meters northwest of and 30 meters above the
Park Headquarters area at 560 meters elevation. The site
was located on a east-southeasterly facing slope {n the
chaparral community vegetation type. The mid-elevation
site, Wolverton (WV), was 1.5 kilometers southwest of the
Lodgepole campground and 1 kilometer from the General’s
Highway by road at 2222 meters elevation. Balloons were
launched in the middle of Wolverton Meadow which is
surrounded by mixed-conifer community vegetation type. The
upper elevation site, Emerald Lake (EL), was 3.5 kilometers
east of the Lodgépole campground along the Marble Fork
below Pear Lake (large lake to right (east) of "EL" in
Figure 4) at 2719 meters elevation. The site was located
on a flat granite area sparsely vegetated with sub-alpine
community type species. The weather stat;ons were located
near the balloon release sites. At Ash mountain, the
weather station was located at the Park Headquarters area.
The instrumentation was located at seven and ten meters 6n
the Park’s meteorological tower instead of at two and five
meters above the ground as the other two stations because
of the tall ocak trees surrounding the area.- The weather
station at Wolverton was near a mainfenance road directly

across Long Meadow from the ski resort/trail head parking



74

lot and was surrounded by low-lying meadow vegetation. At
Emerald Lake, the weather station was located on a large
granite outcrop using a limb on a dead standing tree as the
instrument tower. The “two meter" temperature probe was on
a rock on the ground and the “five meter” instruments were
on a limb four meters above the ground. Regretfully, the
relative humidity probe did not function properly. The
data were recorded on CR21! microloggers (Campbell
Scientific, Inc., Logan, Utah) and transcribed manually
twice a day. A description of the instrumentation is in
Appendix II-A.

The special requirements of the tethered balloon systems,
namely storage area and electricity, greatly limited the
possible locations for the mid-elevation site. Electricity
was not required'but was convenient for charging the 12
volt batteries needed for the winch operation and was used
to operate the recelver and printer ground station. It was
for these reasons that the Wolverton site was chosen and as
a result, the features of this location are slightly
different from those at the Park’s research site at Log_
Meadow in the Giant Forest area (4.5 kilometers to the
south, 150 meters lower in elevation). The other two sités
are more comparable to the Park research sites. The
Wolverton Meadow is in a bowl that faces to the north and
fof this reason it Is a ski area during the-winter season.
Localized inversions are frequent ana break up late

morning. The topoéraphy has more gradient and is more




complex than in the gently rolling Giant Forest area, a
favored area for the giant sequoia trees.

In Figure 4, the flow is from the top to the bottom of
the page. The Marble Fork drainage meets the larger Middle
Fork drainage in the lower portion of the figure. Below
this, the figure shows a portion of the Middle Fork
drainage where the lower elevation site is located. The
Middle Fork flows to the west before joining the Marble
Fork and subsequently flows to the southwest. Elk Creek
joins the Middle Fork immediately south of the confluence
with the Marble Fork.

The topographic features for the three sites are
presented in Table 2. Fresno is Included for comparison.
The values were estimated using 15 minute quadrangle maps.
Directions are from true north and indicate the direction
toward the specified parameter. For example, the up valley
direction for Emerald Lake is 90 degrees. This indicates
that the Marble Fork valley rises toward the east near the
Emerald Lake site. Since the topography Is variable and
does not follow a straight line, an imaginary line was
drawn perpendicular to the valley axis and through the site
representing a cross section of the valley at the site.

The directlon of a line perpendicular to this at the valley
floor was the recorded up-down valley direction. valley
floor width was measured by the distance between the two
intersection points of the lowest contour line and the

cross section line. The distance between the first contour
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Emerald Ash Fresno
Eeature Lake Wolverton_ _Mountain State
Longitude 118.68 118.73 118.83 119.75
Lattitude 36.62 36.60 36.50 36.93
Township 158 158 16S 138
Range 30E 30E 29E 20E
Section 24W 29NE 33E 5SE
Elevation 2719 2222 560 100
(m msl)
He ight Above 10 200 50 0
Valley Floor (nm)
Up/Down Valley 090/270 080/260 030/210 1357315
(degrees)
Valley Floor 250 100 125 100 kn
Width (m)
Ridge Height 3400 SE 2750 SE 1900 E 1200 W
(m msl) 3400 NNW 2450 NW 1080 W 4000 E
1600 NW 2000 SE
Ridge Height 680 SE 530 SE 1340 E 1100 W
Above Site (m) 680 NNW 230 NW 520 W 3900 E
' ' 1040 NW 1900 SE
Distance Ridge 5 11 7 200
To Ridge (km) N-S NNW-SSE NW-SE SW-NE
Valley Floor 5 6 5 - ~0
Slope (%)
Upslope/Downslope | 150/330 1357315 3007120 0907270
(degrees)
Slope Inclination 18 10 23 --

Table 2:

Topographic features for study sites.
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above and below the valley axis line were used to measure
the valley floor slope. Distance ridge to ridge was
measured by a cross section of the valley perpendicular to
the orientation of the highest ridges on either side of the
valley which was not always the same as the cross section
through the site. To determine the general slope
orientation surrounding the site, the ground weather
station wind directions were also considered in addition to
the maps. Slope inclination was then calculated by a line
drawn from the site to the second 400 foot contour line
above the site using the up-slope direction. For Fresno,
the valley floor was approximated by the distance between
the beginning of the coastal range to the west and the
foothills to the east at the 1000 foot contour levels. The
distance ridge td ridge was taken along the same line but
extended to the Fresno County line on either side. Slope
of the San Joaquin was considered approximately zero.
C. Equipment
1. Aerosol Sampling Unit

The weight of each sampling unit including batteriés and
filter cassette assemblage was less than one Kilogram. A
review of the aerosol sampling system may be found in
Flocchini (1984).
a. filter cassette assemblage

The stacked filter cassette design 1s described in
Cahill et al. €1977). The only differences in the

configuration for this study were that an intake manifold
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was not used and the filter cassette hung downwards toward
the ground from the tether line. For the coarse and fine
particle modes; 8.0 micron coated nuclepore filters and 3
micron teflon filters were used, respectively, which were
both 25 millimeters in diameter. The manufacturer?’s filter

specifications are listed below.

Filter Mfg. Pore Pore Filter Por- Filter Filter
Type Code Dia. Dens. Thick. osity Dia. Area

, pn gores/cmi_ﬁgg X mm cm?
Tef1lon' PTFE | 3 1 2105 25 75-85| 25 1.12
Nuclepored N80OO |. 8 -- 103 5 25 3.8

1. Gelman Science, Ann Arbor, Missouri.
2. Masked filter area.

3. Values are for uncoated filters. Apeizon-L grease
coated filters (lot 51A8B2) were used during this study
which increase the thickness by 30 to 65 am (actual

value unknown).
4. Nuclepore Corporation, Pleasanton, California.
b. motor and pum§ assemblage

The motors employed (Astro Challenger Cobalt 05
motors designed for mbdel airplanes by Astro Flight) to
drive the pumps (modified GAST rotary vane vacuum pumps)
were powéred by two lithium cell batteries (50 ampere-
hour) which lasted approximately 3 to 4 hours withouf an
appreciable decline in 6utput.

During the July field program, it was discovered that fhe
pumps were running aﬁ too high a rate and the gear ratio
between the motor and pump was reduced by one third for the
August field program. This reduced the average flow rate

from 11.9 +1.7 to 10.5 +1.8 liters per minute but improved

the battery performance remarkably resulting in only one
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case of battery explosion during the August period rather
than a 30+ percent failure rate during the July period.
Flow rates were measured at the beginning and end for
each sample and flow volumes were estimated as described in
Appendix I1-B.The cut-point calculations are also described
in Appendix B. The fine particle cut-point was estimated
to be between 1.0 to 1.5 microns aerodynamic diameter. The
coarse filter probably had no upper cut-point due to the
high face velocity (46 centimeters per second) and the
absence of an intake manifold. The upper cut-point was
calculated to be approximately 123 microns aerodynamic

diameter which includes most coarse particles suspended in
the atmosphere!
2. Tethersonde

Specifications for the tethersonde package and balloons
are contained in Appendix II-C. The meteorological package is
described in Morris et al. (1975). Since barometric
pressure at the site was not measured, pressure was
calculated using Fresno airport hourly station pressure
observations and the hydrostatic equation. The equation
for this calculation as well as equations for calculating
potential temperature, mixing ratio, absolute humidity and
other secondary meteorological parameters are presented in
Appendix II-D.
D. Filter Analysis _

The fine teflon filter was used with a mask to decrease

the sample area by 70 percent thus increasing the
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sensitivity of the élemental analysis. The samplers were
run from one to two hours allowing detection of major
elements (presént at higher concentrations in the
atmosphere) whereas minor elements such as lead and
vanadium were frequently below the threshold value. The
accuracy of the PIXE elemental analysis, determined by
regular re-analysis of filters, is reported as 4 percent
for sulfur, 6 to 9 percent for silicon, potassium, calcium,
iron and zinc and 10 to 15 percent for copper, lead and
bromine (Cahill et al. 1986b). A new analytical method,
proton elastic scattering analysis, was used to analyze the
fine filters for elemental hydrogen as well. The current
accuracy for this method is approximately 15 percent.
Filters were analyzed for gravimetric mass and carbon
soot (fine filters only) using a Cahn 25 electrobalance and
a laser integrating plate method, respectively (Cahill et
al. 1984). The uncertainty associated with the Cahn
electrobalance is on the order of two micrograms which
would correspond on average to a six and seven percent
uncertainty for the fine and coarse gravimetric mass
concentrations, respectively. The uncertainty associated
with weight gain is discussed below. For the carbon soot
calculation, an absorption efficiency of 10 meters squared
per gram s used to convert the coefficient of opt&cal )
absorption to carbon soot concentration. The uncertaintly
of the measurement technique is apprbxlmately six to seven

percent (Cahill et al. 1986b). Table 3 lists the averages
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and associated errors for the fine and coarse elemental,
gravimetric mass and carbon-soot data.

Filter blanks were prepared and treated as the filters
used for sampling except they were not loaded into the
filter cassettes. The blank filters did not gain any
significant weight. It is possible that the major weight
gain for the teflon filters is through interaction with the
plastic material of the filter cassettes (Feeney et al.
1984). Weight gain from contact of the teflon filters with
the O-ring was avoided by using filter masks. The weight
gain has been found to increase over time. Since the
filters used for sampling were in the cassettes for no
longer than a day and usually less than three hours, the
weight gain was assumed negligible and thus no corrections
were made to the‘gravlmetric mass values. The weight gain,
in general, is less for the nucleopore filter than it is
for the teflon fllter so corrections for the nucleopore
gravimetric mass were also considered negligible.

E. Sources of Error

This section will discuss the various sources of error
related to the pilot balloon observations and tethersonde
data . These sources of error can only be discussed in
light of findings from other studies since no attempts were
made at their quantification. Also discussed are the )
problems assocliated with the aerosol sampling balloon and
the possibility of contamination of the aerosol filters by

the carbon vane pump.
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1. Pilot Balloons

Wind speed error associated with single theodolite
tracked pilot balloon observations was investigated by
Swanson et al.(1981) using data from a study conducted in
the Delta and Sacramento Valley of Northern California.
Variations in ascent rate for the 4, 8 and 12 minute
observations from 169 double theodolite profiles showed
that some but not all releases had significant variability
in ascent rates. No explanation was given as to why some
of the releases showed more variability than others.
Wind speed‘proflles were calculated using both theodolite
observations and observations from just one of the
theodolites and plotted in the same figure. It was evident
that the single theodolite profiles showed areas of large,
fictltlous wind speed shear when the ascent rate was not
constant. Some of the windspeeds were three to six times
higher than the double theodollite calculated windspeeds.
The ascent rate used for the single theodolite calculations
was calculated from the computed height of the last double
theodolite observation divided by the total time so that
the error was minimized for the single theodolite
computation. The ascent rate of 1.5 meters per second was
also lower than routinely used so the uncertainty resulting
from the assumed constant ascent rate as presentedAby
Swanson et al. would be the lower limit in most cases.
Wind direction error was not investigated.

The author has made some theoretical error calculations



based on the upper limit of vertical windspeeds found in
the literature under normal conditions in mountainous
areas (Davidson 1961, 1963). To estimate the possible
error, calculations were made for conditions with 2 and 5
meters per second vertical windspeeds. On the average,
vertical windspeeds are approximately two meters per second
during unstable convective afternocon conditions and five
meters per second represents the upper limit. Downdrafts
of up to seven meters per second have been observed on the
lee side of ridges with an ambient wind perpendicular to
the ridge line (Davidson 1961). This effect is most
prominent close to the ridge and damps out at horizontal
distances three to four kilometers from the ridge line
(Davidson 1963). The three sites for the present study
were at least that far from the major ridge lines. The
measured values in the table below are calculated using the
assumed ascent rate of three meters per second and the
actual values include the additional height due to the
indicated vertical wind speed. The difference amounts to
approximately 60 percent in every case. As the elevation
angle approaches 90 degrees, the difference between the
windspeeds becomes less than one (it is 0 at 90 degrees).

ELEVATION ANGLE (degrees)

WIND SPEED_______15______30_______45_______60_____ 15 ____
Measured |  11.4 5.3 3.0 1.8 0.8
A VA S N N S - - ———
Actual 18.8 8.7 5.0 2.9 1.4
Difference 7.4 3.4 2.0 1.1 0.6
5_m/s ] e - _— —_—
Actual 30.1 13.9 8.0 4.6 2.2
Difference | ___18.7_ _J _8.6__J_ _ 5.0 _] __2.8__| 1.4

Note: All values are in meters per second.
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For updrafts, then, the wind speed Is underestimated and
for downdrafts the wind speed is overestimated. Wind speed
error was apparent in the profiles from July during a
thunderstorm when unrealistically large windspeeds and
shear occurred in the data. The error under more normal
conditions would be expected to effect only the boundary
layer (lower 1000 meters or first 10 pilot balloon
observations). This can be seen by comparing the
tethersonde wind data with the lower observations of the
pilot balloon data. There is good agreement for the
morning and evening data and on some occasions the
windspeeds are either higher or lower by no more than 2
meters per second during the daytime (especially during
afternoon releases). During another study in Sequoia
National Park in 1986, several double theodolite pilot
balloon releases were made to éetermine vertical wind speed
error for the single theodolite releases. Calculations
were performed using a vector method developed by Thyer
(1962). Afternoon releases had mazximum vertical wind
speeds of two meters per second (positive) within the
boundary layer and were mostly less than one meter per
second. During overcast, thunderstorm conditions, the
maximum vertical wind speed still remained under four
meters per second. The highest vertical ;ind speeds were
within the first two observations after reléase. The wind
direction should not be affected but since the observations

are every 90 meters, small wind direction shifts contalined
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in layers less than 90 meters would be missed.
2. Tethersonde Balloon

There has been some investigation on balloon borne
instrumentation error. Whiteman (1980, 1981) used the same
meteorological package used in this study to investigate
breakup of inversions in Colorado Mountalin valleys. He
conducted a series of tests at the National Center for
Atmospheric Research (NCAR) facilities in Boulder,
Colorado. The instrument package was tested in a wind
tunnel and some attempts were made to simulate the
conditions that might occur while the package was suspended
from a balloon. The standard instrument specifications
from the testing are included in Appendix II-C and will not be
discussed here. One test was to tilt the package 10, 20
and 30 degrees from the vertical and the resulting
wind speed was compared to the-true wind speed. As
expected from theory, the package windspeeds were
consistently lower than the true air speed by approximately
the cosine of the angle. The balloon used for the project
was a lightweight (1.5 kilogram) 3.25 cubic meter blimp=-
shaped balloon (Follmer Model 115). Field observations
were presented that give insight into the possible errors.
They observed that when the wind speed was greater than 5
meters per second, the balloon drifted do;nwind causing a
low wind speed on the ascent and a high winé speed on the
descent. A further complication was that on the descent,

the balloon maintained its elevation until nearly above the



winch, at which point it would descend straight down. For
this reason, Whiteman did not average the up and down
soundings in the data analysis. The balloon’s response to
changes in wind direction were discussed in view of its
dimensions. The balloon was very responsive to light
winds, pointing into the wind even when the cup-anemonmeter
was stationary. It was theorized that the balloon would
not respond to directional eddies smaller than half the
length of the balloon. The balloon was observed to respond
slowly to large stepwise changes in the wind direction,
especially a 180 degree directlional change. During
turbulent, convective conditions, it was observed that the
tethersonde package swayed as much as 20 degrees away from
the balloon orientation. It was summarized that the
accuracy was a complex function of the "response time énd
damping coefficient of the balioon, the response time of
the tethersonde compass, the angle of attack of the sonde
and the swinging and twisting of the tethersonde relative
to thé balloon.*

They suspended the package below the tail of the balloon
to achieve a 25 degree angle of attack under no wind
conditions. This positioning was necessary so the balloon
would be relatively level at higher altitudes with stronger
winds since the tail expands with the lncféased inside -
pressure (Morris et al. 1975). During our ;tudy, we used

balloons purchased from Pie in the Sky (San Mateo,

California). The balloon used for the tethersonde package
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weighed 6.8 kilograms and was 10.2 cubic meters (see
Appendix II-C).Due to its different characteristics, its
response was probably slower than the lightweight Follmer
balloon but there were several reasons why we chose this
balloon. During the July field season, we used the Follmer
balloon for the tethersonde package. The balloon was very
susceptible to damage, especially if moisture remained on
the plastic for any length of time. For this reason as
well as the problem of diffusion of air into the balloon,
the balloon required constant recharging with helium and
often became dis-inflated during a profile. The Pie in the
Sky balloons, although heavier, were not as susceptible to
damage and required little recharging. We also suspended
the tether package differently due to the different lead
line configuration. The package was suspended Immediately
bélow the front of the balloon. The problem of being in
the wake of the balloon was avoided and the package was
much more stable due to the reduced length of the
suspension lines. Since the 1ift was greater than the
Follmer balloon and the tether line came from the center of
the balloon, the balloon was relatively level under no-wind
conditions and the front end tilted slightly upwards at
higher altitudes due to the expansion cords being located
toward the front end of the balloon.

Another study in Florida compared data fr;m ballon-borne
(metal-cable tether) and from tower-mounted instrumentation

including the mean horizontal wind speed and direction and



the fluctuating components of the horizontal winds,
vertical winds and temperature (Haugen et al. 1975). The
instrument package on the balloon was attached to a vane
which kept the instrumentation pointed into the wind. The
bl imp-shaped balloon was much larger (1300 cubic meters)
than the balloons used during the present study but some
salient findings are of interest. The dominant motion of
the balloon was lateral oscillation and this motion
Increased with increasing height above the tethering point.
The sensors were located at 500 and 1000 feet with the
balloon position varied at 1200, 2000, 3000 and 4000 feet
above ground level. The mean horizontal wind speed was
overestimated by the balloon instrumentation by 7 and 11
percent at 500 and 1000 feet, respectively. The balloon
motion was tracked by two theodolites simultaneously. The
average ratio of the standard &eviatlon of the lateral
motions of the cable at the two heights (500 and 1000 feet)
and the ratio of the horizontal wind speed discrepancy were
very close indicating the horizontal wind speed
overestimate was largely attributable to the lateral
motions of the balloon. It was stated that the effect of
the lateral motion could be minimized by increasing the
balloon-probe separation. Another study by Ryan et al.
(1979) recommended a spacing of 100 to 300 meters between
the instruments and the balloon when_measuréments were

taken close to the ground since they observed the

Instruments swayed as much as 15 to 20 meters from an
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imaginary centerline when the balloon was close to the
ground. During the present study, the balloon acted as the
wind vane and it was not possible to increase the distance
from the package to the balloon.
3. Rerosol Sampling Balloon

The balloon used for aerosol sampling during the August
field season was a spherically-shaped Pie in the Sky
balloon which had more l1ift than the blimp shaped (JK20)
balloon used in July (same balloon used for the
meteorological package during August). The JK20 balloon
lifted only 3 of the packages whereas the spherical balloon
lifted 5 packages. The only problems encountered with the
aerosol sampling balloon was at the point of attachment of
the sampler on the tether line and the sampling height.
During the July period, a JK20 balloon was lost due to the
line being cut by the plate edge on which the pump and
motor were mounted. In August, the samplers were attached
in such a way that the plate could not contact the tether
line. Another added feature in August was attachment of
the exhaust line to the_tether line away from the filter
inlet to avoid contamination from the outlet. The aerosol
samplers were placed every 50 meters along the tether line.
During windy afternoons the balloon tether line was not
vertical and sometimes the lower portion of the tether line
had an angle greater than 45 degrees_from tﬁe vertical. No
attempt was made to estimate the actual height of the

samplers. Much calmer conditions prevailed during the
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morning and night so that the tether line was mostly

vertical.
4. Filter Contamination

A test was run connecting the exhaust of the pump to the
filter inlet to determine if "blow-by" contamination was
occuring. Data from one 33 minute sample was used to
obtain thé ratio of each major element (and carbon-soot) to
silica. 1In the table below are the ratios from the exhaust
filter sample (test), balloon data (1) and 24-hour particle
samples (2) collected during the same time at Giant Forest
(Cahill et al. 1986a). Elements that are not listed but
occured in the exhaust sample are fine Mg, Mn, Zn, Br, Cl
and Pb and coarse Mg, Mn, Cu, Z2n, Cl and Br. These
elements were not presented because they_are not of
interést and most of their concentration errors were larger
than 50 percent due to their being trace elements in the
atmosphere. The calcium ratio is listed but calcium did
not occur in the test sample. The 24-hour samples were
from a similar stacked filter unit which was operated at a
lower face velocity using an electric pump. The coarse
filter collected particles between 2.5 and 15 microns and
the fine filter collected particles smaller than 2.5
microns. The sampler height was approximately 2 meters
above ground level. The réason the data are presented as
ratios Is to render the data dlirectly comparable. The

exhaust sample was concentrated exhaust whereas the data



FINE

K/Si --BL/SY______ Fe/Si___
Test .261 . 207 8.867
1 .248(58)| .640(30) .279(58)
2 .582(9) -527(9 .254(9)
Soil .070 .437 .202
Crust .074 .292- .200
- C-8/5i H/S1i —__8/81_ Ca/Si
Test 2.159 . 156 .433 --
1 5.222(58)| 2.359(57)| 3.061¢60)| .109(36)
2 1.790¢9) | 2.017(9) 2.850(9) .136(9)
Soil - - .008 .049
Crust_ == -—_ 1_<£.001 _ .147

COARSE

Al/Si S/S1 Ca/si Fe/S1
Test .621 . 141 .099 5.352
1 .657(46)| .207(14D .151(52) .294(59)
2 .465(9) .051(9) .120(9) .257(9)
Soil .433 .027 .070 .182
Crust =232 <.001 =147 =200
Dashes indicate the numerator is not present in soil.

collected in the field,

including the ambient air as well.

if contaminated, would show values

The values in

parenthesis are the number of values that were averaged.

Also presented are soil and average crustal (crust) ratios.

The soil ratios are from the average of two soll samples

collected near the Giant Forest area which were analyzed

for elemental concentrations.

The crustal values were

‘taken from a report by S.R. Taylor (1964).

The ratio for fine carbon soot (C-S) is higher for

Wolverton (1) than Giant Forest (2) indicating that it may

be a contaminant from the exhaust.

Table 3 gives the

averages and associated error for the elemental, carbon-

soot and gravimetric mass concentrations.

The large

standard deviation for the carbon-soot concentration

(larger than half the average)

variability in the data.

indicates the large

Considering that the standard
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FINE COARSE_______
1 2 1 2 1 2 1 2_
Al ___ Fe Al __Fe
avg 189 139 71 69 1217 982 543 575
s 87 46 45 25 847 391 533 202
err 21 11 22 10 39 16 24 12
s 10 <1 10 <1 17 2 11 (1
up 19 9 34 9 29 9 34 S
down_ .25 _____ —___19 - 27 -
_— Si___ S —S8i____l.___ 8 ___
avg 260 268 630 713 1786 2235 320 89
s 136 90 299 123 1239 781 146 16
err 19 10 14 10 25 11 68 82
s 9 <1 8 (<1 10 <1 22 7
up 33 9 33 9 33 9 8 2
down 28 29 27 -5 —_—
K Mass —de——__Mass_
avg 61 143 36 14 284 262 27 14
s 33 29 33 2 199 71 15 3
err 33 10 6 1 51 18 7 1
s 19 <1 - == 17 3 - -
up 33 9 34 9 19 9 33 9
down 28 =23 ——-28____ 30 ____
— H ==Ca__ o ___Ca___
avg 495 499 34 36 273 264
s 179 76 19 11 194 82
err 15 15 37 13 415 15
s - - 11 1 17 3
up 33 9 22 9 30 9
down_|___26_ ~L__13 22______
C-S
avg 1119 420
s 616 108
err 7 7
s - - - .-
up 33 9
down_l|___27_____
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1. avg=average concentration; s=standard deviation of the
concentration; err=average error for concentratlion;
s=standard deviation of the error; up=number of
afternoon concentrations in average; down=number of

morning and/or evening concentrations In average.
2. 1: Tethered balloon data.

2: Glant Forest 24-hour data.
3. Elemental concentrations and carbon-soot are in

nanograms per cubic meter and gravimetric mass is in
micrograms per cubic meter.

Table 3: Aerosol concentrations averaged over all profiles
and heights for August 13th through 22nd, 1985,



deviation of the carbon-soot/silicon ratio is 3.9 (0.9 for
Giant Forest), it is unlikely that carbon-soot is a real
contaminant. The cabins located near the Giant Forest site
are probably responsible for the large difference in the
average fine potassium concentrations between Giant Forest
and Wolverton.

For the coarse particles, the ratios for sulfur and
aluminum appear to be higher for Wolverton than Glant
Forest. Since the test ratio for aluminum is close to the
Wolverton and Giant Forest ratlos, it is not possible to
defermine whether it is a contaminant or not. The
difference in the sulfur ratios between Wolverton and
Giant Forest may be due to the different cut-points. The
coarse filters used for the balloon samplers collected
particles larger than ! micron whereas the coarse filters
used at Giant Forest collected particles between 15 and 2.5
microns. The fine sulfur ratios agree fairly well which
indicates the discrepancy may be due to larger sulfur
containing particles. Since the test sulfur ratio is so
much smaller than the Wolverton ratio, 1f there is

.contamination, it is probably small. BAs with the fine
carbon-soot concentrations, the standard deviation for the
Wolverton coarse sul fur concentration is nearly half the
average (Table 3) and the standard deviation of the
sulfur/silicon ratio ig 0.11 which indicates it is not

significantly different from the Giant Forest ratio.
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