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Abstract. The development and characteristics of coastal internat boundary jayers were investigated in 28
tests. These were made at all seasons and in both gradient and sea-breeze flows but only during mid-day
periods. Measurements of turbulence and temperature were taken from a light aircraft which flew
traverses across Long Island at successive altitudes paralle] to the wind direction. These were used to
locate the boundary between modificd and unmodified air as a function of height and distance from the
coast. The same measurements plus tower measurements of wind, turbulence and temperature, pilot
balloon soundings and measurements of land and water surface temperatures by a remote sensing IR
thermometer were used to guantify the characteristics of the modified and unmodified air.

‘The boundary layer slopc was steep close to the Jand-water interface and became shallower with
downwind distance. Growth of the boundary layer was initially slower with stable lapse rates upwind than
with neutral or unstable conditions over the water. An equilibrium height was found in many tests except
under conditions of free convection when the internal boundary layer merged into the mixed layer inland
and with sea-breeze conditions. The equilibrium height depended on downwind conditions and was
greater with low wind speeds and strong land surface heating than with stronger winds and small
land-water temperature differences. Current theoretical models are not adequate to predict the height of
the boundary layer at the altitudes and distances studied but reasonably good predictions were given by an
empirical model developed earlier. -

h Wind speed in the modificd air averaged about 70% of that at the coast but turbulence levels were
:~w several times higher both near the surface and aloft. These findings have important implications for
— _ diffusion from coastal sites.

1. Introduction

One of the most important and characteristic features of the atmospheric environ-
ment in coastal regions is the internal boundary Jayer formed when air flows across
the surface discontinuity between land and water. Since the two surfaces rarely have
the same temperature and almost always differ in aerodynamic roughness, an
interface is created. This typically starts at the surface discontinuity and slopes
upward in the direction of the fow at a rate dependent on wind speed, the original
characteristics of the air and the properties of the downwind surface.

Coastal boundary layers may be primarily caused by differences in surface
temperature (thermal boundary layers) or by differences in surface roughness
(roughness boundary layers) but are typically caused by differences in both proper-
ties. Two situations are of primary interest during onshore flows, land rougher and
warmer than the water and land rougher and colder than the water. Cases with the
two surfaces at the same temperature are rare and of brief duration while cases with
land smoother than water seldom exist. Analogous situations occur for offshore
flows.
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Many power plants, industrial complexes, nuclear reactors and other potentially
polluting installations are located in coastal zones because of proximity to population
centers, access to transportation facilities and availability of cooling water. There-
fore, both sources and receptors are more numerous and often closer together a
coastal than at inland locations. Thus, the potential for adverse effects is higher whie
the probiems of predicting diffusion and in meeting air poilution standards and safety
requirements are more acute. In fact, current ability to predict diffusion and resultin 3
concentrations from sources near coastlines is severely limited by inadequacies of the
models available and by lack of experimental data on coastal boundary-laye;
formation and characteristics.

Coastal boundary layers were discussed and the data available atr the time
summarized in reviews by Prophet (1961) and van der Hoven (1967}, Echols and
Wagner (1972) studied the lower levels of a boundary layer on the Texas coast. D
Vecchio et al. (1976) evaluated the performance of a formula presented earlier by
Raynor et al. (1975) for predicting boundary-layer height. Hewson and Olsson
(1967), Lyons and Olsson (1972), Lyons and Cole (1973), Collins {1974) and Dooley
(1976) studied air pollution problems associated with coastal boundary layers
Effects on atmospheric diffusion of meteorological processes in coastal zones were
described by Raynor (1977). This paper reports recent experimental studies ol
boundary-layer development and describes the characteristics of the air within an¢
outside of the boundary fayer. This study is part of a comprehensive investigation ol
meteorology and diffusion in a coastal eavironment (Raynor et al., 1975, 1978).

Boundary-layer development has also been treated theoretically. Modifications in
the wind field due to changes in surface roughness have been studied by Elliot
(1958) and Panofsky and Townsend (1964). Several numerical models exist tha
treat the airflow above changes in surface heat flux, temperature and roughness ir
varying degrees of sophistication and detail (Peterson, 1969; Taylor, 1969a, 1969b
1969¢c, 1970, 1971). Peterson (1969) assumed that the horizontal shear stress i
proportional to the turbulent energy and neglected the influence of pressure cnanges
Using the horizontal momentum, continuity and energy equations, with som
boundary conditions, internal boundary-tayer development due to a change it
roughness was computed for neutral conditions. Taylor (1969¢) also used horizonta
momentum and continuity equations but with the “mixing-length” hypothesis t
predict the modification in airflow due to a change in surface roughness for neutra
conditions. Taylor in a later analysis (1970) included a change in surface temperatur
and developed a numerical model based on horizontal momentum, heat an
continuity equations with a mixing-length hypothesis. The Businger-Dyer hypoth
esis for the non-dimensional wind shear and heat flux was used. Neutral upwind an
unstable downwind conditions were studied with both increase and decrease i
surface roughness. The above numerical mode! was extended by Taylor (1971)
include downwind stable atmospheric conditions. These models essentially treat the
growth of the internal boundary layer to a height of 100 m within the surface layer o
the atmosphere. This restricts these models to short distances from the surfac
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discontinuity. No theoretical or numerical model is found in the literature that treats
the growth of an internal boundary layer with stable conditions upwind and unstable
conditions downwind, conditions which characterized most of the tests described in
this paper.

2. Experimental Methods

Coastal boundary-layer development was studied primarily by instrumented aircraft
flights across the width of Long Island during periods of air fiow from ocean to land.
Flights were made at selected altitudes along tracks shown in Figure 1. Track 3 was
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Fig. 1. Map of central Long Island showing flight tracks used (1-13), location of Brookhaven National
Laboratory (BNL) and meesurement sites at Smith’s Point and Tiana Beach,

used most frequently since it and track 1 were used specifically for these studies. The

* other tracks were used during diffusion tests in which measurement of the boundary

layer was only one of many activities (Raynor et al., 1975). Boundary-layer flights
were usually made in mid-day when conditions were changing least since a full set of
measurements took several hours. On some sea breeze days, a less extensive set of
measurements was made carly in the morning to document conditions before the
onset of the sea breeze. A list of tests with associated weather conditions and data
taken is given in Table L. In the table, grad. means gradient wind and SB a sea breeze
flow. Wind speeds were taken at a height of 11 m. Lapse rates are for the height
interval from 152~305 m since few measurements were obtained below 152 m.
Quite different results could be obtained in some cases by choice of different height
intervals or by using sea surface temperature for the lowest layer.
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Two single-engine Cessna aircraft were used in boundary-layer flights. One
carried a Ball Model 101-B electrical variometer for me asuring turbulence and made
horizontal traverses at successive altitudes from about 1.5 km over the ocean south
of Long Island to 1.5 km over Long Island Sound north of the island. The variometer
was previously calibrated by flights past an instrumented tower (SethuRaman er al.,
1978). Traverses usually started at 152 or 183 m above sea level and extended to
610~914 m in 91-m height intervals. If the maximum height of the boundary layer
was reached, additional levels were not flown. In some runs, when time permitted,
second traverses were made at one or more levels to document temporal changes
which were typically small. In several tests, additional traverses were made paralie]
to the coastline, completely over water or over land. These did not intersect the
boundary and are not included in the results presented here.

In the last four flights, a MRI Universal Indicated Turbulence System Model 1 120
(Epsilon Meter) was used in place of the variometer to measure the energy

TABLE II
Description of boundary-layer turbulence flights

Test No. Date Time Track Height (m) Levels  Instrument
{EST)
Minimum Maximum

w1 5-17-73 1300-1431 8 152 610 4 Variometer
56 5-23-73 1130-1234 6 152 610 4 Variometer
s7 6-1-73 1100-1317 7 183 944 10 Variometer
59 7-13-73 1160~-1200 8 183 580 5 Variometer
510 9-20-73 1133-1307 7 152 914 6 Variometer
w5 12-4-73 1220~1335 7 152 458 5 Variometer
W6 1-23-74 1325-1420 7 152 610 6 Variometer
w7 2-28-74 11051452 235&8 183 610 9 Variometer
S11 4-11-74 1110-1435 9 213 610 5 Variometer
$12 5-14-74 1025-1255 13 152 701 7 Variometer
BL1 6-5-74 12451531 3 152 792 8 Variometer
813 6-14.74 1105-1350 12 152 762 7 Variometer
BL2 6-19-74 1134-1522 3 152 792 8 Variometer
BL3 7-2-74 1156-1613 3 152 792 8 Variometer
BL4 7-9-74 1112-1500 152 792 8 Variometer
514 7-18-74 1100-1235 13 152 701 7 Variometer
BLS 8-1-74 1143-1607 1&3 152 792 8 Variometer
wo 8-16-74 1005-1506 13 152 610 6 Variometer
815 3-6-75 1015-1158 10 152 610 6 Variometer
BL6 3.18-75 0928-1356 4 183 914 9 Variometer
BL7 5-21-75 1235-1512 3 183 914 9 Variometer
wi1 6-23.75 1200-1346 11 152 579 6 Variometer
BLS 11.12-75 1032-1425 3 183 914 9 Variometer
BL9 3-19-76 1244-1552 3 183 732 7 Variometer
w2 6-11-76 1155-1440 3 183 274 2 £ meter

w30 6-14-76 1148-1450 13 183 732 7 £ meter

BL10 6-24-76 1155-1457 3 183 914 9 £ meter

BL1i1 7-27-76 0936-1253 3 183 823 g € meter
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dissipation rate, £. In most of the later flights, the aircraft also carried a Barnes
PRT-35 infrared remote sensing thermometer for measuring land and water surface
temperatures. Turbulence flights are summarized in Table II.

The second aircraft was equipped with a thermistor temperature sensor which was
used to measure air temperature during vertical spirals at nine equally spaced
locations along the same track and over a similar height interval as that sampled by
the first aircraft. Temperature readings were taken at 30-m height intervals. Because
of the lesser time needed, two complete sets of temperature measurements and
sometimes another partial set were taken during the time needed for one complete
set of turbulence measurements. Temperature flights are summarized in Tabie IiI.
Altitudes below 152 m were measured only over water.

TABLE I
Description of boundary-layer temperature flights

Test No. Set No. Time Track Nao, Height (m)
(EST) locations
Minimum  Maximum
w1 1 1300-1320 8 2 61 762
86 1 1130-1200 8 2 91 914
87 1 1145-1200 8 2 91 Q14
S9 1 1100-1125 8 2 152 914
$10 1 1145-1210 8 2 152 914
W5 1 1220-1250 8 2 152 762
2 1325-1335 8 1 152 762
W6 1 1325-1355 8 2 152 762
w7 1 1110-1135 8 2 152 914
2 1315-1325 2 1 152 914
s11 1 1110-1135 8 2 152 762
2 1425-1435 g 2 152 762
512 1 1025-1045 8 2 61 762
2 1200-1255 13 4 152 762
BL1 1 1244-1423 3 6 114 876
813 1 1105-1115 8 1 31 762
BL2 1 1134-1253 3 9 152 914
2 1309-1422 3 9 152 914
3 1435-1442 3 1 i52 914
BL3 1 0727-0836 3 2 152 2256
2 1204-1311 3 9 46 914
3 1326-1424 3 9 46 914
4 1442-1458 3 2 46 9214
BL4 1 0604-0654 3 2 152 2438
2 1115-1236 3 9 152 914
3 1247-1400 3 9 152 914
4 1433-1500 3 3 152 914
S14 1 1100-1110 8 1 61 762
2 11141146 13 4 152 762
BLS 1 06150640 3 2 30 %14
2 1145-1253 3 9 152 914
3 1312-1410 3 9 152 914
4 1417-1435 3 2

152 914

-
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TABLE I (continued)

Test No. SetNo. Time Track No. Height (m)
(EST) locations

Minimum Maximum

wa 1 1005-1010 8 1 152 914
2 1315-132¢ 8 1 30 914
3 1330-14m 3 4 30 914
$15 1 1015-1030 8 2 152 914
2 1135-1158 10 4 152 762
BL6 1 0928-1047 3 9 152 914
2 1145-1356 3 9 152 1067
BL7? 1 0630-0760 3 2 152 914
2 1235-1357 3 9 152 914
3 1402-1512 3 9 152 914
w11 1 1200-1220 8 2 122 914
BLS 1 1032-1155 3 9 152 914
2 1257-1425 3 Y 152 914
BL9 1 1244-1358 3 9 152 914
2 1441-1552 3 9 152 214
W29 1 1155-1220 8 2 30 762
2 1317-1325 8 1 0 762
3 1432-1440 8 1 91 762
wio 1 1148-1206 8 2 30 762
2 12411325 11 4 30 762
3 1440-1450 8 1 30 762
BL1O 1 1155-132] 3 9 152 914
2 1330-1457 3 9 152 914
BL11 1 0936-1054 3 9 152 ’ 914
2 1139-1253 3 9 152 914

In flights during diffusion tests, only one aircraft was used. Thus, the number of
temperature spirals and horizontal traverses was usually less although each traverse
was quicker since the shorter tracks (6-1 3) across the south fork of Long Island were
used. However, most of these flights gave data adequate for delineating the boundary
layer.

During boundary-layer flights, pilot balloon soundings were taken every half hour
at Brookhaven National Laboratory (BNL) and Smith’s Point (Figure 1). During
diffusion tests, soundings were taken at less frequent intervals from Tiana Beach
(Figure 1). In most runs, air temperature was recorded at three levels of the 128-m
meteorology tower at BNL.,

Low-level turbulence in and out of the boundary layer was measured with MRI
bivanes operated simultaneously at a height of 23 m on the tower at BNL and on a
tower at Tiana Beach during onshore flows. Data were recorded on magnetic tape
recorders. Mean wind speed and direction differences were documented by simuli-
taneous strip chart recordings from Bendix-Frieze aerovanes at two coastal and two
inland sites.
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3. Analytical Methods

During early tests, turbulence measurements aloft were recorded on a strip-chart
recorder. Turbulence as a function of location and height was classified by the width
of the trace and the frequency of the fluctuations into relative classes from very light
to very heavy, Results were plotted as vertical cross-sections along the track of the
flights. From these plots and the temperature cross-sections, the location of the
boundary between modified and unmodified air, the slope and the equilibrium height
were determined. In later runs, data were taken on a TEAC tape recorder as we]] as
on the chart recorder. The taped data were used to compute o, the vertical
component of the turbulent fluctuations. Values of o, were classified as a function of
height and location with respect to the boundary layer (Figure 2).
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Fig. 2. Vertical velocity (c.,} inside and outside of the internal boundary layer (B.L.)

Aircraft temperature data were plotted as profiles at each location and as vertical
cross-sections along the track of the flight. These cross-sections were used with the
turbulence cross-sections to locate the boundary layer and to illustrate ajr
modification over the land. Both turbulence and temperature data were used in
defining sea-breeze circulations,

Wind speed and direction from pilot balloon soundings were plotted as a function
of height. The plots were used to show differences between the coastal and the inland
location and to document temporal changes,

The infrared surface temperature data were tabulated and the differences between
land and water were used with other data to test the formula developed earlier
(Raynor et al., 1975} to predict the height of the boundary layer.
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Bivane data were analyzed to determine the mean and standard deviation of the
turbulent fluctuations in the three component directions. Results were used to
characterize the modified and unmodified air.

Mean wind speed and direction data from coastal and inland sites were used to
document changes in direction and decreases in speed as air moved inland from the
ocean.

4, Results

4.1. TURBULENCE CROSS-SECTIONS

The coastal boundary layer is best defined by the intensity of turbulence as plotied in
vertical cross-sections along the path of the flight. Since turbulence is related to both
temperature and roughness of the underlying surface, the boundary layer deter-
mined from the turbulence level was usually higher than that determined from the
temperature field alone. This agrees with wind-tunnel studies (SethuRaman and
Cermak, 1975).

A typical case {Run S13)isillustrated in Figure 3. These measurements were made
along track 12 across the south fork of Long Island on a sunny day in June with light
wind speeds. The boundary is quite steep with a gradual transition from light
turbulence over the ocean to heavy turbulence over the land. Equilibrium height is
above 700 m. The beginning of another boundary layer over the water to the north .
may be indicated by the moderate turbulence at low levels.
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Fig. 3. Turbulence cross-section during run $13 with light wind speeds and clear skies,

In contrast, Figure 4 illustrates a flight (Run S14) along track 13 on a July day with
middle overcast and rather strong wind speeds. The slope is shallower, the equilib-
rium height below 400 m and the transition from light to heavy turbulence quite
abrupt. The heavy turbulence extends out over the bay to the north down to the
lowest measuring level,
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Fig. 4. Turbulence cross-section during run $14 with strong winds and overcast skies.

The turbulence pattern during a strong sea-breeze flow (Run BLS5) is illustrated by
measurements taken along track 3 across the width of Long Island (Figure 5). Skies
were mostly clear and wind speeds moderate. The slope is steep but the transition
from light to heavy turbulence gradual. An equilibrium height was not reached and
probably did not exist. The heavy turbulence forms a chimney-like pattern marking
the air rising at the sea-breeze front. Since the northern portion of Long Island and
Long Island Sound were north of the front and in the gradient flow from the
west-northwest, the heavy turbulence did not extend over the sound except in the
divergence region at the highest levels.
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Fig. 5. Turbulence cross-section during a strong sea breeze flow (BLS) showing a chimney of heavy
turbulence at the sea breeze front.
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A case without onshore flow and with no boundary-layer development (Run BL4)
is iltustrated in Figure 6 for comparison. On this day, winds were westerly and nearly
parallel to the length of the island. An expected sea breeze fajled to develop as a
changing synoptic pattern strengthened the gradient flow during the midday hours,
Heavy turbulence was found across the width of the island with light turbulence over
the water on both sides and a transition zone of moderate turbulence.
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Fig. 6. Turbulence cross-section without internal boundary layer development during Row parallel 1o
Long Island, (BL4).

f 4.2. SLOPE

Average slope of the internal boundary layer was determined-primarily from the
turbulence cross-sections. For each run, a single point was chosen along the top of the
boundary layer as far inland as possible before an equilibrium height was reached or
any substantial irregularity in the slope occurred. The height at this point and the
distance to the coast along the direction of the mean wind were determined. The
purpose of taking only one point along each slope was to give equal weight to each
case. The alternative procedure of taking points at successive distances along each
slope would have given greatest weight to the cases with the largest slopes. In cases
when the wind was not normal to the coastline, the distance along the wind was often
substantially greater than the distance along the track flown. Distances were taken to
the ocean although many along-wind tracks included appreciable distances over the
shallow bays inside of the barrier beach (Figure 1). However, the effect of the bayson
boundary-layer development could not be determined from the data since the
aircraft flight levels were too high to measure the lower portions of the boundary-
layer slopes and no other means were available.

The height of the boundary layer at the selected point was divided by the distance
from the coast (fetch) to determine the average slope. Values of fetch and slope are
given in Table IV. Inspection of the table shows that the shallowest slopes tend to
occur with the largest fetches. This indicates that slopes are steepest close to the
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TABLE IV
Slope of boundary layer at indicated fetch

Test no. Fetch Slope
(km}
Wi 13.6 0.044
§7 13.1 0030
s9 7.8 0.038
S10 12.3 0049
W5 173 0.016
wé 24.0 0.017
w7 16.6 0.027
S11 6.5 ¢.023
512 13.4 (.033
BL1 22.8 0,021
Si3 7.0 0.074
BL2 16.7 0.042
BL3 34.6 0.022
BL4 58 0.034
514 6.6 0.053
BLS 19.0 0,025
w9 4.5 0.071
S15 54 0.028
BL6 8.7 0.081
BL7 11.7 0.038
Wil 15.2 0.030
BLS 3.7 0.135
BL9 54 0.074
w29 17.7 0.016
W3io 14.0 0.034
BL10 16.2 0.028
BL11 14 0.270

surface discontinuity and flatten with inland distance. This relationship was
quantified by plotting the slope as a function of fetch and finding the least-square
regression line (Figure 7). The logarithmic relationship shown here had a better
correlation coefficient (r = —0.8111) tharra linear relationship {r = ~0.680). Figure 7
shows that the average slope varies from about 1:4 at 1 km to about 1:28 at 10 km
and less than 1:100 at 50 km. For comparison, four boundary layers illustrated by
Dooley (1976) had slopes of from 1:17 to 1:33 at a distance of 10 km from the coast
of Lake Michigan. Echols and Wagner (1972) found a slope of 1:13, 90 m inland
from the Texas coast.

Slope was next examined to determine how it varied with other conditions. As
shown in Figure 8, some difference with season was found although only summer
{May-August) and winter (December-March) could be examined since too few cases
were obtained in other months, In the winter, slope is greater close to the shore than
in summer but less at distances greater than about 12 km. The steeper slope neur the
discontinuity in winter is believed due to neutral or unstable lapse rates over the

wa
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Separately, the change in slope wit

h distance was fastest in the earlier period when

the land-water temperature difference is maximum for the year. Thus, the inijtial
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slope is determined largely by upwind conditions and the equilibrium height by
downwind conditions.

A systematic variation of slope with wind speed at the coast was also found (Figure
9). In the first 1-3 km, slope was greatest with high wind speeds and smallest with low
speeds but beyond 3 km, the opposite condition occurred. Since winter had a larger
percentage of the high wind cases, the slope near the shore may be largely a seasonal
effect as discussed above.
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Fig. 9. Change of slope with fetch for three wind speed classes.

Slopes were also examined with respect to cloud cover although tests were not
obtained under a wide range of cloud conditions. Under clear skies, change in slope
occurred more rapidly than under partly cloudy skies but the differences were not
great and equations were not fitted to the data points. Cases were also segregated
into sea breeze and gradient flow classes but no significant difference was found
between the two groups.

Plots of height vs. slope showed considerable scatter so the slope equations were
solved for height (k) and mean heights plotted as a function of distance for summer
and winter cases (Figure 10). Because the horizontal scale is 100 times the vertical
scale on the main plot, the curves for the first 0.5 km are shown on a 1: 1 scale on the
insert graph. Since no actual measurements were made below about 150 m, the
details of the lower portions of these curves may not match the slopes in nature.
However, the data clearly indicate a steep slope near the surface discontinuity and a
decreasing slope, although a continual rise in height, with distance.



COASTAL INTFRNAI HOUNIDAKY LAYERS Sl

! L ! ! ! : : ¥

i
i
f
0.6 -
SUMMER —
0.8 e ———— T -
a.o.z«r:;'fl.'- -
—_— WINTER
P ne0.33m 50008
Q.4 — - —
£ ” B.3 !'—/—’f WINTER ]
- 4
I 03 -
E ,/ T SUMMER .
x / =0.2 - P -
0.2 z - -
- id
ol -
Q.1 — —
o | ! | 1
[ 0.1 0.2 0.3 0.4 [} ]
0P FETEN [km) ]
] 1 | ] I. | ] | 1
] IR 1] 0 0 30 *0 70 80 0 100

FETCH {hm)

Fig. 10. Change of mean height with fetch for winter and summer cases.

The height of the winter boundary layer (Figure 10) increases rapidly close to the
shore while the height in summer rises more slowly as pointed out earlier. At
distances beyond 12 km, however, height in summer exceeds that in winter as
expected from greater surface heating over the land.

Height is plotted for three wind-speed classes in Figure 11 which shows the effect
of increasing wind speed in suppressing the height of the boundary layer exceptin the
first few kilometers where the position of the curves is reversed probably due to
seasonal effects.

4.3. TEST OF MODEL

Raynor et al. (1975) presented the following empirical model derived from physical
and dimensional reasoning for predicting the height of a boundary layer from
pertinent meteorological data and showed good agreement between predicted and
measured heights over the ocean after long overwater fetches.

ks [F(IBI - a,[)]m
i@ l|AT/AZ] ’

where H = height of internal boundary layer (m), uy =friction velocity over the
downwind surface (ms™'), # = mean wind speed (ms™'), F =fetch over downwind
surface (m), @; = low-level potential air temperature over the source region (°K),
62 = temperature of downwind surface (°K), [4T/4.2] = absolute value of the lapse
rate over the source region or above the inversion CKm™.

(1
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Venkatram (1977) later derived essentially the same model from theoretical
considerations. Di Vecchio et al. {1976) tested the model with independent data and
found simitar good agreement for cases with short fetches over tand. The model was
further tested against data acquired in this study. Some of the input terms such Bs Uy
were not measured directly and had to be estimated from other measurements.
Other terms had different averaging times due to the methods of data collection.
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Fig. 12. A comparison of calculated height (He) o measured height (Hpg)-
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Despite these problems, the results shown i1 agurc .2 indicate reasonably good
agreement since nearly al] predicted heights are within a factor of two of the
measured heights. However, the regression line indicates that the model over-
predicts heights under 400 m and underpredicts heights above,

4.4. EQUILIBRIUM HEIGHT

The equations shown in Figures 7-11 predict a continuous rise in the height of the
boundary layer although at a decreasing rate, but an equilibrium height is probably

In nearly half of the tests, however, a maximum height was reached above which the
turbulence level was similar to that over the ocean.

Equilibrium heights ran ged from 480 to greater than 900 m and the distances from
the coast at which they were reached varied from 5.1 to 40.6 km or greater. No
relationship was found between equilibrium height and the distance at which it

4.5. TEMPORAL STRUCTURE

Temperature Mmeasurements were plotted as profiles and as cross-sections 1o show
the changes with inland distance and with time. The initial temperature profile over
the ocean determined the pattern of change in the transition region as the air moved

heating from below. Temperature profiles over the ocean and at BNL (Figure 14)
show the warming throughout the mixed boundary layer.

During the July run BL3, a low-level inversion was present over the ocean which
was much colder than the land. The low-level cold ajr fow was warmed from below as
it moved inland leaving an elevated cool layer between the inversion layer and the
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Fig. 13. Temperature cross-section during BL6 with a negative lapse rate over the ocean.
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Fig. 14. Temperawre profiles over the ocean and inland (BNL) during BL6.

growing internal boundary layer (Figure 15). The cool layer was completely eroded
about halfway across the island as the inversion layer merged with the air heated

from below over the northern half of the island.

Temperature profiles for this case

(Figure 16) illustrate the marked warming below with little change above 300 m.



e N

‘=

P
ALY P

'

A

T

HEIGHT tm)

CODASTAL INTER: BOUNDARY LAYERS
1000 —-q T T T T . T 1 T T T LI
9.5 19.5 19.0 14.a
800 S —

12.5

ecol 200 \//

205
L] -

800k . 21 .0

200

e
T

L R S S I U, s S W B A W
"0 12 14 13 1] 20 22 24 26

DISTANCE (km)

%”_—T\

27.
== |
280 \ sgﬁlﬂo

28

Fig. 15. Temperature cross-section during BL3 with a Jow level inversion over the ocean,

e —r—r—rTr—r—r—T-Trr

— OCEAN

oo == BNL

800

ADIABATIC

700+ LAPSE RATE

S!JOL

500

HEIGHT {m)

T

100

ZleL

100}

1 1.0 1 b
@ 19 20 21 22 2% 24 25 26 27 28 29 0
TEMPERATURE (°C)

Fig. 16. Temperature profiles over the ocean and inland {BNL) during BL3.

RIER



506 GILBERT § RAYNOR ET Af

One test (BLE) was made in November with the water temperature approximately

equal to that of the land. Profiles were close to adiabatic over both land and water. No
heating took place as the air moved inland and the isotherms remained essentially
horizontal throughout the entire cross-section.

The temperature structure during a well-developed sea breeze is shown in Figure
17. The strong temperature discontinuity marks the sea breeze front and is at the
seaward edge of the chimney of heavy turbulence shown in Figure 5. Temperatures
behind the front are much warmer than those in the marine air even though warming
had occurred near the surface as the air moved iniand.
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Fig. 17. Temperature cross-section during BL5 with a strong sea breeze flow.

These four cases represent the range of conditions sampled. Temperature changes
in other tests were similar,

4.6. WIND ABOVE SURFACE

During onshore flows, wind speeds over the ocean typically have one or more
maxima at relatively low altitudes (Figure 18). Winds inland usually show a similar
pattern although the height of the peak may differ and its magnitude is usually less. If
the winds inland are from other directions, the low-level maximum is usually absent.
This is also illustrated in Figure 18 where the 1139 BNL wind profile was taken
shortly before the arrival of a sea breeze and the 1230 profile in a well developed sea
breeze. Differences in direction between the coast and inland are usually small
except when a sea-breeze front separates the two locations.

The average magnitude and average height of the low-level wind speed maximum
was determined for each boundary-layer test in which flow was onshore and in which
complete sets of pilot balloon soundings were taken at the coast and at BNL. The
magnitudes of the peaks were related to the surface (11 m) wind speeds at each
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Fig. 18. Windspeed profiles at the coast and at BNL before and after the passage of a sea breeze front
showing the inland penetration of a low leve! wind speed maximum.

location and the magnitude and height of the peak inland were related to those at the
coast. Data are given in Table V.

As shown by the ratios, peak speeds at both locations averaged about twice the
surface speeds but tanged from 1.4 10 2.4 at the coast and from 1.6 to 3.5 inland. The
somewhat larger average ratio inland results from the fact that the peak speed does
not decrease as much with jnland distance as the surface speed.

The ratio of the peak speed inland to that at the coast ranges from 0.5 to 0.8 and
averages 0.71. The comparable mean ratio of surface speeds (not tabulated) is 0.68.
The ratio of the height of the peak inland to the height at the coast varies from 0.7 to
1.6 and averages 1.05. Thus, the peak may either rise or descend as it penetrates
inland but is usually from 150~200 m above the surface at both locations.

The behavior of the wind-speed maximum was also examined as a function of time
during each test. The height of the peak usually fluctuated with time at both
locations. In a few cases, the peak ascended with time and another formed below

. mear the original elevation. The magnitude of the peak also varied with time but
" - usually reached a maximum in early afternoon at the time of highest land surface

temperature.

In most cases, the wind-speed maximum was found below the top of the boundary
" layer inland. At the coast, it most often occurred below the inversion top when one
was present. Higher-level wind speed maxima often occurred also and seemed
unrelated to the internal boundary layer or to inversion layers.
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4.7. CHANGE IN HIGHER-LEVEL TURBULENCE

Quantitative measurenments of the vertical component of turbulent velocity fluctua-
tions, o, were obtained by use of the variometer during fourteen flights in which
data were recorded. Each horizontal pass was divided into segments within and
outside of the internal boundary layer and mean values of o,, calculated for each
segment. Results are given in Table VI.

TABLE V1

Measurements of vertical velocity (er,) in ms™? by height within and outside of internal
boundary layer with number of cases

Height Qutside of B.L. Within B.L.
{m}

Mean Min. Max. n Mean Min. Max. n
152 0.166 0.075 0.303 B 0.926 0.606 1.029 9
183 0.452 0.33s 0.650 4 1.221 0.990 1431 4
213 0338 0238 0438 2 0.916 0.506 1.325 2
244 0.289 0.131 0.538 9 1.098 0.856 1.425 ]
274 0.234 0.094 0550 & 0.850 0.425 1.156 7
305 -— - - -— 0.913 0.913 0.913 1
335 0.261 0.063 0.525 8 0927 0.676 1.157 Y
366 0.250 0137 o500 0.704 0.244 0.990 5
kiJ] e _— —_ - 1.325 1.325 1.32s8 1
427 0.221 0.128 0.377 6 0.884 0.744 1.017 6
457 0.188 0092 0361 5 0.812 0.769 0¢.838 4
488 0.350 0.350 0.350 1 0.831 0.831 0.831 1
518 0.237 0.094 0.609 7 0.676  0.365 1.110 6
549 0.232 0.151 0.327 5 0.820 0.613 1.131 4
610 0.236 0119 0474 6 0.794 0.450 1.056 5
640 0215 0135 299 4 0.75¢ 04712 1.007 3
701 0.159 0.088 0.246 5 0.491 0,311 0.694 3
732 0.255 0.138 0.309 4 06.730 0.445 1.112 3
762 0.163 0.163 0.163 1 0.175 0.175 0.175 1
792 0.296 0223 0.390 3 0.892 0.892 0.892 1
823 0.227 0.167 0.334 3 1.420 0.520 0.900 2
914 0218 0.204 923 2 2

0.700 0.564 0.845

Outside of the internal boundary layer (upwind and above), o, averaged
0.243ms™" and showed only a slight tendency to decrease with height. o, averaged
somewhat larger when lapse rates over the ocean were unstable or neutral than
during stable cases but difterences with stability were small.

Within the interpal boundary layer, ow averaged 0.855 over all heights and
showed a somewhat greater tendency to decrease with height, However, the large
amount of scatter precluded establishing any systematic relationship. Since ail data
were taken during the day, lapse rates over the land were all unstable of neutral and
no classification of cases by lapse rate was possible. No relationship was found
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between ¢, and S¢ason, wind speeg, wind direction or cloudinesg dlthough some
such reJauonship might be eXpected with 4 larger number of cases,
Ratiosof o, within the Interna} boundary layerto g, Outside jt during a single pags

layer decreased from 30em®s™at 183 m 1o 3em?*sat730 m and ranged from .08
to 0.32 ¢ 52 upwind of angd above the internaj boundary layer, In ryn BL1], ¢
decreased from 51 ¢m? g3 at 183 m o 9.7 cm?s™3 at 640 m, Ip this case, values
outside of the boundar_v layer were somewhat larger than jn BL10, from 0.40 1o
1.04 em3s—3 These preliminary results sugpest that the energy dissipation rate
decreases with height at a faster rate thap O\ Within the internal boundary layer and
that differences between ¢ in the modified air and ¢ in the unmodifieq air are greater
than differences jn . This js €Xxpected since ¢ jg Proportional to #y and o, is
approximately €qual to u,.

(
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within the boundary layer inland tend to remain relatively constant despite changes
at the coast. Another limited data set showed that coastal and inland sites had nearly
equal wind speeds when the speed at the coast was 2ms”' but when the speed at the
coast increased to 8 ms ™', the speed inland increased to only4ms™’,

4.10. CHANGE IN SURFACE WIND DIRECTION

Change in wind direction between the coast and BNL was examined for the

boundary-layer flight periods. When the wind approached the shore nearly normalto

the coastline, the direction inland was aimost identical. When the wind approached
the coast at an angle, however, the inland direction was almost always more nearly
normal to the coast indicating curvature, either clockwise or counterclockwise as the
flow moved inland. In other words, both southeast and southwest winds at the coast
became more southerly inland. This change in direction is believed to be due to the
increased frictional drag inland and to the local pressure gradient between the air
over the heated land and that over the cooler water. This phenomena will be
examined with more extensive data and results presented later,

5. Discussion

Peterson’s (1969) model predicts the growth of the internal boundary layer (k) as
h~F** where F is the fetch, Peterson also gives a nomogram in which the
non-dimensional height of the interface, h/zo, is given as a function of the non-
dimensional downwind distance, F/z¢, for different m = In (z0/z0), where 2z}, and z,
are the roughness lengths upwind and downwind, respectively. Typically z} =
0.001 m and zo =1 m for these experiments; hence for m <0, a value for 4 of about
1000 m was obtained for a fetch of 10 km. Our observations indicate a height of 300
to 500 m depending on the range of wind speeds (Figure 10). This over-prediction by
the model is probably due to: (1) stabie upwind atmospheric conditions in our
experiments and, (2) use of the mode] beyond its range of validity. Internal boundary
layers are known to be steeper near the origin of the change in roughness. Peterson’s
F** relationship agrees with previous resuits of boundary-layer height variation near
the interface (Elliott, 1958; Panofsky and Townsend, 1964). Results of the present
experiments indicate that this slope is not the same for targer downwind distances
and it is affected strongly by upwind and downwind stability conditions, It has been
observed at jeast qualitatively in wind tunnels that the internal boundary layers grow
at a slower rate for surface-based inversions upwind as compared with neutral
conditions (SethuRaman and Cermak, 1975). In this study the airflow was from
smooth to rougher surface and the downwind stability conditions were unstable. A
direct comparison of the present data with Taylor’s results is not feasible since his
numerical models were not designed for large downwind distances.

Some practical applications of this study are evident. Emission of air poliutants
from a coastal source at a height above the internal boundary layer during onshore
flows may result in prolonged periods of fumigation with resultant high surface
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concentrations. Similar releases with offshore flows may remain above the more
shallow stable boundary layer over the water but fumigation would be expected if the

. plume passed over a body of water to another land mass. Emission into the unstable

. boundary layer with onshore flows would also result in higher than expected
concentrations since vertical diffusion is limited by the stable layer aloft which is
often considerably Jower than the height of the mixed layer at inland locations.
Diurnal changes in mixing-layer height and in diffusion rate may be much smaller at
the coast than in typical inland locations.

6. Conclusions

i Internal boundary layers typically develop at coastlines because of differences in
: temperature and roughness between the upwind and downwind surfaces. The
modified and unmodified air differ in turbulence and wind speed and sometimes in
wind direction. Average slope of the internal boundary layer is steep {~1: 4) close to

the interface and shallow (~1:100) at greater distances. In the absence of free
convection or a sea brecze return flow, an equilibrium height is usually reached. The
height of the boundary layer is inversely related to wind speed but correlated with

. temperature difference between the two surfaces. Near the interface, the lapse rate
+ over the upwind surface influences the slope which is shallower with stable air and
: steeper with neutral and unstable lapse rates upwind. Models developed for predict-
‘ ingheight at small downwind distances are not applicable to the distances and height

_intervals studied but reasonably good predictions are given by an empirical model.
2,
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