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ABSTRACT.

Dry-bulb temperature, dew-point, wind speed, and wind direction were measured in and around an
isolated vegetative canopy (orchard) in Davis CA. These meteorological elements were measured 1.5 m
above ground along a transect of seven weather stations set up across the canopy and upwind/downwind

open fields.

The meteorological variables were recorded for two weeks in October 1986 so we could analyze
their spatial and temporal fluctuations as well as their diumndl cycles. Our objective was to quantify the
impact of the canopy on microclimate. The results indicate significant noctunal heat islands and daytime
oases, especially in clear weather. Inside the canopy within five meters of its upwind edge, daytime tem-
perature dropped by as much as 4.5 °C, and the nighttime temperature rose by 1 °C. Deeper into the
canopy and downwind, the daytime drop in temperature reached 6 °C, and the nighttime increase reached
2 °C. Data from this project were used to in conjunction with our models of evapotranspiration, shading,
and wind-shielding effects of vegetative canopies.

Keywords: canopy, characteristic distance, cooling rate, evapotranspiration, heat island, heating rate, oasis effect, sky view fac-
tor, thermal mass, trees, microclimate.
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INTRODUCTION.

Our objective in this project was to use field measurements to better understand the micro-climate
within and around tree stands and improve our vegetation energy and moisture balance models. The ulti-
mate goal of this work was to evaluate the potential of trees for reducing building cooling energy and
peak power in hot climates, particularly in locations with significant summer heat islands. This paper
describes the work with an isolated tree canopy in Davis CA.

It is known that urban heat islands in hot climates can significantly increase summer cooling loads
in buildings, and particularly the envelope-dominated ones. Akbari et al. [1986], Huang et al..{1987], and
Taha et al. [1988] investigated several strategies to alleviate heat islands. They found that one promising
strategy, the implementation of vegetative canopies and shelter belts, can save up to 30% on peak cooling
power and up to 50% on cooling energy. Vegetative canopies can also improve the micro-climate, partic-

- ularly in urban areas. This field-project analyzes micro-meteorological conditions upwind, downwind,

and within an isolated orchard in Davis, California. In particular, the effects of trees on ambient dry-bulb
temperature, dew-point, and wind speed are studied.

In this paper, we first describe the site, equipment, and method of data collection for our project. We
then briefly mention the calibration procedures and equipment problems encountered in the field. Finally

‘we discuss the results in the main body of the paper, which is broken down into several sections. Tem-
- perature, dew-point, wind speed, and wind direction data are first examined for the entire observational

period. Afterwards, data are segregated according to day or night, and clear or overcast conditions. Furth-
ermore, those hours when the wind blew parallel to the line (transect) of weather stations are considered
separately. Spatial variations across the stations’ transect and temporal fluctuations at each location are
also presented.

SITE DESCRIPTION.

We selected a well-defined vegetative canopy (orchard) in Davis to investigate the effects of trees
on the micrometeorological conditions within and around them. Initially, eleven automatic weather sta-
tions, labeled A through K, were set up across the site, with "A" as the northernmost station (Figure 1). At
the time of the experiment, in October 1986, the canopy had a cover of 30% based on shadow-percentage
calculations from field photographs. The canopy was slightly discontinuous in cover near the middle,
where the ground and a weather station (G) were relatively more exposed to the sky.

This canopy and its surroundings were ideal for our objectives: the air blew from an upwind open
field into the canopy, where it was modified, and then continued to blow onto the downwind open field,
where it gradually returned to its original state after a certain characteristic distance. The canopy had
dimensions of 307 m in the north-south direction and 150 m in the east-west direction. It was bounded by
a farm road on the north and a stream lined with tall evergreen trees and bushes to the south. The canopy

trees’ crown and stem heights were 5 m and 2 m, respectively. The evergreen trees at the stream were
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15-20 m high and formed a more significant obstacle to the wind. Their cover was greater than that of the
canopy (~ 95%).

Empty fields to the north and south stretched over 2 kilometers away from the canopy. The empty
southemn field was of particular interest to us because it was downwind during daytime and, therefore, the

location where we would expect to see the advected air cooled by the canopy’s evaporative effect.

The orchard was watered five days prior to the start of our experiment and the soil was still muddy
when our weather stations were set up. Such conditions were ideal for studying the effects of unrestricted
(potential) evapotranspiration when unlimited amounts of water are available for release to the atmo-
sphere. On the other hand, the fallowing north and south fields were perfectly dry.

We set our weather stations so that there were three on the northern and three on the southern fields
and five within the canopy (Figure 1). There was one hygrometer on the north field, two on the southen
field, and three within the orchard. The clear-weather prevailing wind direction was north to south during
daytime and south to north at night, so we set up the weather stations on a north-south transect.

DURATION.

Data collection lasted 14 days, from October 12 to 25, 1986. Preparing, testing, and calibrating the
equipment started early in August. Since the data-loggers were not designed for outdoor use, we planned
for no longer than three weeks of data collection to avoid the possible October storms that move into the
Central Valley of California. Additional time was spent to shelter the equipment and connect over a

kilometer of wires to the main power outlet.

EQUIPMENT DESCRIPTION.

We measured the meteorological variables of interest at one level within the canopy, 1.5 m above

ground surface with automatic monitoring weather stations consisting of the following components:

A. Weather heads (wind anemometers and vanes): plastic cup anemometers, type Weather Measure
model W200-SD wind speed sensors and vanes model W200-WS wind direction sensors. The aver-

age wind speed threshold of the anemometers was 1.5ms’

according to field observations during
- dynamic calibration. When tested in a wind tunnel however, one of the anemometers showed a
threshold between 2.5 and 3.5 m 5. The average response of the vanes to wind direction started at

~2m s'l.

B. Dry-bulb temperature sensors: AD590 semiconductor dry-bulb sensors, accurate to £0.5 °C. They
were placed in cylindrical PVC radiation shields facing north, or, when hygrometers were used, they
were housed in aspirated plastic cylinders along with chilled mirrors and circuitry.

C. Chilled-Mirror Hygrometers: dew-point sensors Model General Eastern DEW-10, operating on
optical depth basis. The chilled mirror and its circuitry were housed in an aspirated plastic cylinder
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about 17 cm in diameter and 65 cm in height, equipped with an exhaust fan at its bottom.

D. Conditioning boxes: signal conversion boxes, that transferred information to the data loggers. They
converted sensor output signals into voltages within 0-5 volts. They were also the source for 24
VAC to power the fans and the chilled mirrors.

E. Data-loggers: Energy Signature Monitors (ESM) each with 16 channels for data logging. These
micro-processor-controlled data loggers wrote information on 24K EPROM data modules.

F. EPROM data-modules: Each module had a capacity of 24K. At each reading, 6 bytes were allo-
cated for time and date, and 2 bytes were used for each variable entry.

For practical reasons, the data loggers and the conditioning boxes had to be placed close to the
weather heads. This setup required over a kilometer of wires to power the weather stations and took four
days to complete: Several site and hardware problems reduced the useful number of weather stations
from 11 to 7. Only stations A, C, D, E, G, ], and J yielded reliable results and were therefore considered
in this paper.

CALIBRATION.

We calibrated the weather stations at the Lawrence Berkeley Laboratory (LBL) in Berkeley and the
Richmond Field Station (RFS) in Richmond CA. Static calibration involved adjusting the appropriate
resistances in the conditioning boxes as follows: (1) wind direction output adjusted to 2.048 volts with
wind vanes pointing due south, (2) wind speed output adjusted to 4.0 volts when 9.4 VAC input was
applied, (3) dew-point channel resistance set to 200 Q (0.8-4 volts corresponded to 0-50 °C dew-point),
and (4) dry-bulb channel resistance set to 1000 Q (output corresponded to 10 mv °K'1).

Dynamic calibration was carried out at the RFS using two-days’ worth of data (3-5 October 1986).
Figures 2, 3, and 4 depict the calibration curves for the stations that ran properly in Davis. Station A was
selected as the temperature and wind speed control station, because it was the northernmost upwind loca-
tion during the day. Station J was the control station for dew-point. The calibration process resulted in the

following regressions:

Calibrated temperature R® Significance  Standard error
T =-263974+1.0839Ta, 09801 0.00 1.186
T d=0.8359+0.9863Ta, 09216 0.00 1.836
Te=-5.5565+1.0150T a, 09801 0.00 0.996

_ | T =-10.2309+1.0323Ta, 0.9604  0.00 1497
Ti='4'5535+1 .0061Ta, 1.0000 0.00 0.451
Tj=-3 .0485+1.0020Ta, 09801 0.00 0.716
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The left side of each equation represents the dry-bulb temperature at the given stations (°K), and Ta is the
temperature at control station A. Similarly, the following table gives the regressions for wind speed,
where Va is wind speed (m s'l) at control station A.

Calibrated Wind speed R® Significance  Standard error
V =0.1007+1.4747Va, 09409 0.00 0.109
V4=-0.0608+0.8877Va, 09409 0.00 0.060
V.=-0.0538+0.9126Va, 09604 0.00 0.055
v g=0.1238+1.6974Va, 0.8836 0.00 0.176
V,=0.0147+1.0283Va, 09801 0.00 0.050
Vj=0.1735+1.7970Va. 0.7569  0.00 0.280

Dew-point calibration data are given in the following table, normalized to the dew-point at station J (Dj).

Calibrated Dew Point R* Significance  Standard error
Db=0.43958+1.0082Dj 0952 0.00 0.033
D =-1.378+1 .1510Dj 0.784 0.00 0.090
D=0.15224+0.99142Dj - 0931 0.00 0.040
D;=-0.18479+0.99622Dj 0937 0.0 0.038

In this project, humidity data were scarce. All but two hygrometers yielded unreliable or no information
at all. Therefore, aside from a brief discussion of dew-point temperature, only dry-bulb and wind speed
results will be considered in detail in the folowing discussions.

POST-CALIBRATION.

Because the equipment was immediately needed by other researchers, we could not recalibrate the
equipment at the end of the data collection period. This final check should not be missed in future similar
projects, to make sure the equipment has not suffered from transport or other effects, and that serious data
drift has not occurred.

RESULTS AND DISCUSSION.

Tables 1-3 summarize the overall meteorological conditions at each weather station for the period
October 12 through 25, 1986, including day/night times and clear/overcast skies.
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Table 1. Overall dry-bulb temperature (°C) for the labeled stations (n=288).

A C D E G 1 J

T 2.6 1.8 2.0 2.9 33 1.8 1.8
T 283 280 | 2438 255 25.5 25.5 29.0

ax
T’m"ean 13.04 | 1239 | 1196 | 1238 | 13.09 | 1191 | 12.33

stdev | 6.149 | 6310 } 5.678 | 5357 | 5.718 | 6.019 | 6.147

Table 2. Overall wind speed (m s'l) for the labeled stations (n=288).
(Wind speed data from station E were not available.)

A C D E G I J
Vinin 0 0 0| NA 0 0 0
Vinax 8.5 74 57 | NNA | 1.8 28 4.6
Viean | 1 .63 1.5 718 | N/A | 299 365 | 1.403
st.dev 1.7 | 1469 | 1.063 | N/A | 351 | 4639 | 9557

Table 3. Overall dew-point data (°C) for the labeled stations (n¥288).
(1 Humidity data from station D were unreliable.)

D] I] 1
D_. | 42t | 33| 5
D_. | 307|158 157
D oan | 594|877 | 729

st.dev 7.389 | 2.72 | .193

Overall temperature data are presented in Figure 5 and oYerall wind speed data in Figure 8. In these
figures the horizontal line at y = O represents the conditions at control station A. Figure 5 shows that the
temperature difference between stations A and C was small and somewhat uniform because both stations
were in the same open northem field. In the canopy, the temperature depression increased, and a diurnal
pattern took shape. The canopy was cooler during daytime and warmer at night (stations D,E,G). In the
southern field, station I also showed this pattern, indicating an influence from the canopy. It was cooler at
station I during the day, but not as warm at night, because of the high sky view factor. Station J some-
what reflected the uniform pattern of upwind station C, indicating a comparatively small canopy effect at
that location. Station G showed some higher temperatures (+0.5 °C) than station A at midday. The reason
was that station G was within a clearing in the canopy, where solar radiation reaching the ground
increased the surface temperature and the reduced wind speeds resulted in heat build-up.

Wind speed (Figure 8) was similarly affected. At station C, there was only a slight difference from
control station A, whereas at station D, wind speed was significantly lower and was further reduced at
Station G. It is clear that station I was under the influence of the canopy: despite its location on the open
southemn field, it showed the same wind pattern as station G. At station J in the open field, the difference
in wind speed decreased again. Station E is not shown because of missing data.
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A. Temporal variations (individual stations).

The following discussion réfers to Figures 11 and 12, which depict the overall temperature and wind
speed profiles at the given weather stations. In Figure 11, clear and overcast conditions can be detected in
the different amplitudes of temperature fluctuations. One can also see that open-field weather stations had
a larger range of temperature fluctuation than canopy stations. This was caused by the larger atmdspheric
cooling and warming rates in the open fields than in the canopy.

Figure 12 indicates that wind speed peaked almost always at 16:00 hours and reached a minimum at
7:00 hours in clear conditions. During cyclonic weather, wind speed almost invariably peaked at 15:00
hours and reached its lowest at 3:00 hours. All stations, whether within or outside the canopy, peaked at
the same time. One can recognize in Figure 12 a typical wind speed pattern that is in phase with the tem-
perature pattemn. The similarity in phase is an indication of the effect of stronger convective mixing dur-
ing the day. Wind speed reduction within and near the canopy is also evident (stations D,G, and I).

Wind direction in the open fields was relatively more predictable (especially during clear weather)
than within the canopy, where the pattern was mostly erratic. That erratic pattern was partly due to the
wind vanes’ sensitivity threshold (which causes the vanes to point at different directions at low wind
speeds) and partly because of wind redirection within the canopy. The prevailing wind direction in open
fields was mainly from north during the day, and from south during evening and night hours.

Dew-point temperature is shown in Figure 13 for stations I and J. One can see that the dew-point at
station I was the same as at J every day from 8 am to 4 pm, and was higher at other times. This indicates
that station I was affected by the stream’s and canopy’s evaporative effects at all times and, despite the
wind’s reversal at night, station I was apparently still affected by the stream. During daytime, the fact
that the dew-point was the same at both I and J suggests that there was no downwind moisture migration.
But the lower temperatures at station I suggest that there was cool air advection from the canopy, how-

CVCr.

Heating and cooling rates.

The development of a heat island or oasis depends on the difference in atmospheric cooling and
heating rates, respectively, among different sites. In the case of our orchard, the differential in cooling and
heating was a result of different sky view factors and levels of wind-shielding between the canopy and the
open fields (note that thermal mass difference was negligible). The following tables presem the differ-
ences in atmospheric heating and cooling rates between the orchard and the open fields. In Tables 4
through 7 the cooling rates have been computed for the interval 16:00-7:00 hours, and the heating rates
for 7:00-16:00 hours.
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Table 4. Cooling and warming rates (c,w) in °C hr'l, for the open site stations
(outside the canopy), on clear days (12-15 October).

LBL-24593

station A C means

c w c w c w c w c w
Oct. 12 | -1.25 N/A | -1.32 N/A | -1.16 N/A | -1.15 N/A | -1.22 N/A
Oct.13 | -1.26 | +2.25 | -1.30 | +2.32 | -1.18 { +2.15 | -1.14 | +2.16 | -1.22 | +2.22
Oct. 14 | -146 | +236 | -157 | +252 | -1.36 | +2.14 | -1.40 | +2.17 | -144 | +2.29
Oct. 15 | -1.62 | +253 | -1.63 | +2.68 | -145 | +230 | -1.70 | +2.61 | -1.60 | +2.53

Table 5. Cooling and warming rates (c,w) in ° Chr'l, for the stations within the canopy,
on clear days (12-15 October).

means

station D E G

c w c w c w c w
Oct. 12 | -1.03 N/A | 0.98 N/A | -1.02 N/A } -1.01 N/A
Oct.13 | -1.12 | 4202 | -1.07 | +1.84 | -1.04 | +1.97 | -1.07 | +1.94
Oct. 14 | -1.26 | +198 | -1.28 | +1.98 | -1.23 | +1.90 | -1.25 | +1.95
Oct. 15 | -1.32 | +2.07 | -1.36 | +2.17 | -1.35 | 4207 | -1.34 | +2.10

We can see that the canopy’s cooling and warming rates were always smaller than the corresponding rates
in the open sites. In other words, the daily range of temperature fluctuation within the canopy was
damped. In the following table the canopy’s cooling and warming rates are compared to the correspond-
ing rates in the open fields. The numbers represent the ratios of the canopy’s mean rates to the open

fields’ mean rates.

clear conditions
cooling | warming
ratio ratio
Oct. 12 0.82 N/A
Oct. 13 0.87 0.87
Oct. 14 0.86 0.85
Oct. 15 0.83 0.83

conditions, keeping in mind the different timing of the high and low temperatures.

Table 6. Cooling and warming rates (c,w) in °C hr'l, for the open site stations
(outside the canopy), on cloudy days (16-19 October).

One can see that the ratios were close t0 constant. Tables 4 and 5 are recast as Tables 6 and 7 for overcast

station A C means

c w c w c w c w c w
Oct. 16 | -0.90 N/A | 095 N/A | -1.02 N/A | -1.13 N/A | -1.00 N/A
Oct. 17 | -1.19 | 4094 | -1.23 | +0.99 | -1.21 | +1.05 | -1.24 | +1.12 | -1.21 | +1.02
Oct.18 | -0.77 | +1.21 | -0.79 | +1.23 | -0.87 | +1.25 | -0.82 | +1.29 | -0.81 | +1.24
Oct.19 | N/A | 4094 | N/A | +0.97 N/A | +1.04 | N/A | +0.96 N/A | +0.97
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Table 7. Cooling and warming rates (c,w) in °C hr'l, for the stations within the canopy,
on cloudy days (16-19 October).

station D E G means

Oct. 16 | -0.95 N/A | -0.88 N/A | -1.00 N/A | 094 N/A
Oct. 17 | -1.20 { +1.00 | -1.08 | +0.87 | -1.11 | +1.00 | -1.13 | +0.95
Oct. 18 | -095 | +1.35 | -0.78 | +1.17 | 0.70 | +1.13 | -0.81 | +1.21
Oct. 19 | N/A +1.00 | N/A +0.90 | N/A +0.85 | N/JA +0.91

One can sce that there was relatively less contrast between the canopy and the open fields in cloudy

weather, as shown in the following table:

overcast conditions
cooling | warming
ratio ratio
Oct. 16 094 N/A
Oct. 17 093 093
Oct. 18 1.00 097
Oct. 19 N/A 093

B. Oases and Heat Islands.

Figures 6 and 7 show that within the canopy (stations E and G), a well-defined heat island
developed during evening and night hours, and that an oasis replaced it during the day. This is particu-
larly true in clear weather (Figure 6) but still observable during overcast conditions (Figure 7). Heat
islands and oases intensify in clear and calm conditions,

A typical heat island (or oasis) in the canopy stations G and E was 1.5-2 °C during clear weather
(Figure 6), and 0.7-1.5 °C, under cloudy conditions (Figure 7). Oases resulted because of evapotranspira-
tion and shading, whereas heat islands resulted mainly because of the reduced sky view factor
(SVF=~60%) in the canopy. In clear conditions (Figure 6), stations D and I had an oasis because they
were affected by the canopy’s evaporative cooling, but they had no night time heat islands, because their
sky view factors were large. In overcast conditions, the oasis effect was also reduced at both locations.

Figures 6 and 7 show that oases and heat islands occurred periodically with the same order of mag-
nitude. An ideal heat island in the canopy is seen on clear days 1 through 4 (13 ® through 16™ of October
1986), with temperatures about 1.5 °C higher than at station A on the average (Figure 6). The heat island
occurred during evening through early moming hours, between 19:00 and 8:00. On the other hand, the
oasis effect occurred with an average 2 °C lower than at control station A, between 8:00 and 18:00 hrs.
Instantaneous temperatures could be lower (-6 °C) or higher (+2 °C) than these average values.
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The coolest station, on the average, was not within the canopy but just south of the stream, that is
station I (see Figure 6). This can be explained by noting the prevailing wind direction. During the day,
station I was under the effect of cool air advection from the canopy (north). That air was cooled by the
orchard’s evapotranspiration and contact with the orchard’s cold soil. At night, on the other hand, that sta-
tion was influenced by wind from the open field (south) whose soil was cooled by long wave radiation to
the unobstructed, clear sky. Therefore, station I was generally cooler all the times. During clear weather
the temperature at station I was as much as 6 °C lower than at A and was also lower than at other stations
within the canopy. Its temperature reached that of station A only briefly at noontime.

Figure 14 represents the temperature profile for the entire site at hours when the wind direction was
parallel to the weather stations’ transect from north to south. There were only eight such hours out of the
336 hours of data collection. These hours’ data are used to approximate the characteristic distances for
this canopy. Each hour is represented by a single line in Figure 14. One can see that the dry-bulb tem-
perature dropped sharply within the first few meters inside the canopy (through station E), but regressed
back, at station G, to the same temperature of station A, because G is in a clearing. The excessive drop in

temperature at station I can also be seen.

Table 8 summarizes the drop in temperature at the first two stations within the canopy at the same
hours as in Figure 14 and along the wind path. This table shows that the greatest effect of the canopy
occurred within the first five meters from the leading edge. Additional canopy depth was not as effective

in lowering the temperature as the first few meters inside the canopy.

Table 8. Dry-bulb temperature drop (difference from
temperature at control station A) at two distances within
the canopy, downwind from the upwind edge.

day-hr | distance downwind
in canopy

Sm (D) | 75m (E)

13-14 -1.2 -1.8
15-13 -1.8 -2
19-11 -5 -1.1
19-16 -1.3 -14
21-13 -1.9 -1.9
22-15 -7 -1.2
22-16 -2.1 -1.5
22-17 2 -1.8

C. Spatial Characteristics.

Figures 16 through 23 depict the spatial variations in dry-bulb temperature at 00,03,06,09,12,15,18,
and 21 hrs for all days in the observational period. One can see the progression of both heat islands and
oases. In Figure 16 at midnight, there was a heat island within the canopy at stations D,E, and G, while
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station I was generally the coolest. In this figure, the wind was blowing from the right side (from south)
and is probably the reason that the stations in the northem field (at left) were relatively warmer than those
in the southern one (at right). These stations were sheltered from the wind by the canopy. That the lowest
temperature in the north field occurred sometimes at station C, however, was possibly a result of changing
wind direction. At 3:00 hr, (Figure 17), the same pattern prevailed although at lower absolute tempera-
tures. The average intensity of the heat island remained similar. Note that throughout this time, station I
was generally the coolest.

At 6:00 hrs (Figure 18) the well-defined heat island in the canopy disappeared and was replaced by
an oasis in Figures 19 and 20 at 9:00 and 12:00 hrs respectively (stations D,E, and G). At that time, sta-
tion D, rather than I, was the coolest. Station G was warmer because it was within the clearing. At 15:00
hrs (Figure 21) the oasis leveled off; there was less contrast between the temperatures inside and outside
the canopy. Yet, temperatures were still higher upwind (left of page) than downwind of the canopy
because of advected cool air to the downwind field (right side in figure). At 18:00 hrs (Figure 22), the heat
island was recreated and the contrast in temperature between the canopy and open increased at 21:00 hrs
(Figure 23). The diurnal cycle was thus completed.

Clear versus overcast conditions.

This section discusses the effects of cyclonic weather and cloudiness on temperature and wind
speed. In Figure 11, one can see that during cyclonic weather, the diumal dry-bulb temperature range
was damped by as much as 17.3 °C in the open sites, and as much as 12.5 °C in the canopy. In clear
weather, the open fields reached a maximum dry-bulb temperature of 28.3 °C, and a minimﬁm of 5 °C
(AT=23.3 °C); in overcast conditions, these temperatures were 16 and 10 °C respectively (AT=6 °C). In
the canopy, the clear-weather range was 26 °C to 7.5 °C (AT=18.5 °C), and the cloudy-weather range was
17 °Cto 11 °C (AT=6 °C). |

“The effect of the cyclonic system on wind speed can be seen in Figure 12. In the open fields (station
A), the highest wind speed during cyclonic weather was 8.5 m s while in anticyclonic or neutral condi-
tions, the highest was about 2.6 m st (AV=6m s'l). In the canopy (station G), the typical highest speed in
cyclonic weather was 1.8 m s?, and in anticyclonic weather it was 0.7 m s (AV=1.1m s'l). The sharp
spikes in wind speed, especially near the center of the graphs (Figure 12), were due to low-pressure
system’s winds and were not caused by micro-scale effects. The cyclonic system also overrode the pre-
vailing wind direction, so that instead of the usual northerly and southerly winds, there were west and

south-west winds.

Both nocturnal heat islands and daytime oases were strongly affected by cloudiness. As mentioned
earlier, there was an average 12 °C difference from the open sites during clear weather. In overcast condi-
tions, the difference was reduced to an average -1 °C; that is, there was no heat island effect during over-

cast conditions, but a constant, mild oasis. As seen in Figure 7, the sinusoidal pattern of temperature was
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still observable in overcast conditions, but aside from a short time interval at stations E and G, the scatter
was below the zero-line representing station A. This can be attributed to the effect of evapotranspiration
from the soil-vegetation system. It is interesting to note that station I was no longer the coolest during
overcast conditions (Figure 7) and that its temperature profile became more like those in the canopy and
in the open sites. This pattern was also due to the change in wind direction caused by the cyclonic sys-

tem.

Temperature and characteristic distances.

One of this paper’s objectives was to identify the downwind, characteristic distances over which the
temperature, humidity, and wind-shielding effects of the canopy could still be detected. Because of pre-
vailing north-south winds during the day, the southemn site was the location where characteristic distances
should be measured.

In order to simplify the analysis of characteristic distances, we constructed two sample days. These
days, one cloudy and one clear, were made up of 24 mean hours each. They are shown in Table 9 and in
Figures 24 and 235. In these figures, all stations are shown for two time snapshots (3 am and 3 pm) during
clear and overcast conditions. Table 9 gives data for sample days at stations I and J on the southem field.
During the clear sample day, station I was always cooler than station J, except for the interval 9:00 to
13:00, inclusive (Table 9). During the cloudy sample day, station I was cooler than J from 12:00 to 23:00

inclusive, and the temperature depression was smaller.
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Table 9. Dry-bulb temperature profiles for stations J and

1, on the sample clear and cloudy days.

clear sample day cloudy sample day

time I J | AG-) I J 1 AG-j)
0 8.2 8.7 -05 73 7.3 0.0
1 76 7.9 -03 6.6 6.5 0.1
2 72 7.5 -03 6.3 6.0 03
3| 66 6.8 -0.2 6.4 6.0 04
4 6.0 6.3 -03 6.0 6.0 0.0
5 53 6.1 -0.8 59 5.8 0.1
6 50 5.8 08 | 54 53 0.1
7 5.0 6.0 -1.0 6.1 58 03
8 79 8.0 -0.1 8.1 1.5 0.6
9 | 127 | 122 051 113 | 107 0.6
10 | 16.7 | 16.2 05 | 13.7 | 135 02
11 | 196 | 19.2 04 { 154 | 153 0.1
12 | 22.0 | 21.8 02 | 17.8 | 181 -03
13 | 236 | 23.6 00 | 185 | 187 -0.2
14 | 244 | 249 -05 | 19.0 | 19.2 -0.2
15 | 25.0 | 25.7 -07 | 199 1 203 -04
16 | 248 | 26.7 -1.9 | 190 | 195 -0.5
17 | 227 | 251 24 | 171 | 177 -0.6
18 | 176 | 213 | 37 | 147 | 154 | 07
19 | 147 | 158 -11 | 122 | 127 -0.5
20 | 13.1 | 137 -06 | 11.1 | 11.8 -0.7
21 | 10.8 | 11.8 -1.0 | 106 | 11.1 05
22 99 | 105 -0.6 9.8 | 101 03
23 8.7 9.4 -0.7 93 9.6 -03

The difference in temperature between stations I and J was greater in the clear sample day, as shown

in boldface in Table 9. The largest differences occurred between 16:00 and 19:00 hrs because evapotran-

spiration increases with higher ambient temperature and radiation. The table shows that station I was

influenced by the canopy’s cooling effect during the day.

Since station I was 12 meters away from the canopy’s downwind edge, a lower bound of 12 meters

can be assigned for the temperature characteristic distance of this orchard. Station J was 100 meters south

of I, that is at 112 meters from the edge of the canopy. To determine whether this station’s temperature

was affected by the orchard, its data were compared to that of station A in the northern field, as shown in

Table 10.
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Table 10, Upwind/downwind comparison
of temperature, on sample days.

clear day cloudy day
hour | Aa-i | Aa-j | Aa-i | Aaj
0| 11 06 [ 13 1.3 A
1 14 | 05 12 12
21 141 04| 16 19
3 10| 08 1.5 19
41 08| 05 15 15
S| 071 01 13 14
6| 07| -01 1.0 1.1
7| 044067 10 13
81 05| 04| 06 12
9| 01 06| 04 1.0
10| 03| 02 04 06
11|05} -01] 06| 07
12 03] -01| 05| 02
131 02| 02 08| 06
14 10| 05| 08| 06
15 14 07| 08| 04
16 | 214} 02} 1.1 0.6
17 | 34 101 1.7 1.1
18 | 54 1.7 | 21 14
19{ 20| 09 20 1.5
20 1.6 1.0 | 2.0 13
21 21 1.1 1.7 1.2
22| 13| 07 1.6 13
23 16 | 09 14 1.1

One can see that in clear weather, the largest differences from station A (shown in bold) were greater at
station I than station J, indicating a stronger canopy effect at I. We can also see that station J was cooler
than A especially after 15:00 hours, indicating that it was also within the characteristic distance of the
canopy at that time. In overcast conditions, the difference in temperature between stations I and J was
damped, as seen on the right side of Table 9. The largest temperature difference was only 0.7 °C in late

afternoon and evening, compared to 3.7 °C in clear conditions.

With these conditions in mind, we can conclude that this canopy had a temperature characteristic
distance between 12 and 112 meters (one to five times the height of the evergreen trees at the south end of
the canopy) most of the time. Also, there were times when station J was influenced by the canopy, mean-
ing that the temperature characteristic distance exceeded 100 meters. Just exactly where the canopy’s
effect ended could not be determined with only two downwind stations 100 meters apart. In the future, we
should set all our weather stations downwind of the canopy, within 100 meters of its trailing edge to find
the exact location and time fluctuation of the characteristic distance for temperature.
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_D.Wind pattern and characteristic distances.

It is difficult to generalize about wind direction within and immediately surrounding the canopy.
However, there were some observable pattems, particularly in the open fields. For the purpose of this dis-

cussion, we examined data from the first six days of the experiment (three clear and three overcast).

It is particularly interesting to discuss the 18™ of October, which was the wmdlest day of observa-
tion (Figure 12, middle spikes). The consistency in wind direction on that day was remarkable. With the
exception of station I, all others had a consistent westerly wind. Station I had a more northwesterly com-
ponent, probably resulting from local turbulence caused by the tall trees at the southern and western edges
of the canopy. Otherwise, the consistent west wind was an indication of the strong effect of the cyclonic
system during that day. The consistent wind direction allowed us to verify the characteristic distance
through all hours. Table 11 represents the wind speed data for that day and can be thought of as a north-
south section across the site with north at the left side of the page. Station E was dropped because its wind

speed sensor was faulty.



17 LBL-24593

Table 11. Wind speed m s, on October 18, 1986.

r | A]J]C|DI|G]|1]]J
0/10]10[02|01]01]08
1115115 ]06]01]01]08
2|18 |18 10|01 |01 |09
"3 |16 |14 | 06 |01 | 01 | 09
435 (31180502117
5|23 |20 14|03 ]01 |14
6l12]12]03|01]01]06
738 332008 ][02]21
8 |30 27|16 04| 02]17
9 |58 |52 |34 ]12 |06 |32
10|70 |63 |43 | 15 | 08 | 36
11 | 85 |74 | 57 | 18 | 1.0 | 46
12 | 83 |73 | 54 | 18 | 1.1 | 46
13 | 82 |73 | 56 | 1.8 | 1.1 | 4.6
14 | 80 | 70 | 54 | 1.7 | 1.1 | 44
15 | 76 | 68 | 49 | 16 | 09 | 39
16 | 74 | 66 | 51 | 1.6 | 09 | 41
17 | 68 | 58 | 45 | 14 | 0.7 | 3.8
18 | 42 |36 |32 | 08 | 03 | 24
19 |25 |23 |13102] 0114
20 | 27 |24 |13 [04 |01 | 13
21 |36 |32 |18 |09 |02 [19
22 |38 |33 | 1.8 109 |02 | 21
23 |41 |35 ] 21|09 |03 |23

The following notes refer to Table 11 (18th of October):

Comparison of wind speeds at stations I and J with those at stations A and C showed that the first
two were within the wind characteristic distance of the canopy, although they were in open fields.
The wind-shielding effect of the canopy was particularly strong at station 1. Wind speed at J,
although higher than at I, was always lower than that at stations A and C indicating that the wind
characteristic distance for this canopy on that day was over 112 meters (greater than five times the
height of the trees).

The station with the lowest wind speed on October 18 was not in the canopy but just south of it (sta-
tion I). This was due to the sheltering effect of the tall trees just north and west of this weather sta-
tion. Figure 15 shows the wind speed profile across the site at other hours when the wind blew
* parallel to the stations’ line. As mentioned earlier, there were only eight such hours during the entire
data collection period, and these are shown as eight curves in this figure. One can see that wind
speed dropped quickly within the canopy (stations D and G) and regressed back to the undisturbed
speed as it flowed onto the open field towards station J. Table 12 summarizes the drop in wind
speed at two stations within the canopy. Compare it with Table 8 for temperature drop at these
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same hours.

Table 12. Wind speed at two stations within the canopy,
given as a ratio to wind speed at control station A.

day-hr | distance downwind
in canopy

5Sm(D) | 225m(G)
13-14 0.45 0.2
15-13 0.5 021
19-11 0.53 0.2
19-16 0.6 0.16
21-13 0.38 0.15
22-15 0.63 0.13
22-16 0.35 0.07
2217 0.46 0.07

In Table 12, the 75m interval, corresponding to station E, was omitted because of anemometer mal-
function at that location. As in the case of temperature (see Table 8), the effect of the first five meters of
the canopy on wind speed was relatively much larger than that the effect of the next 220 meters.

Wind speed gradients from the upwind stations (north of the canopy) to the downwind ones (south
of the canopy) were considerable. For example, at the higheSt wind, at 11:00, station A recorded 8.5 ms

, 1 while statllon I recorded only 1.0m s” (88% reduction). During the weakest winds, at 0:00 hr, station A
had 1.0m s~ while stationT had 0.1m s’ (90% reduction).

~ Figures 9 and 10 summarize the wind speed pattern for clear and overcast conditions, respectively.
In clear weather, stations C and J had similar wind speed profiles to that of station A, because they were
in open fields. The wind speed depression started at station D, as seen in Figure 9, with a wavy pattem
that was in phase with that of temperature. The depression increased at station G, within the canopy, and
at station I the pattern was still well defined, although that station was in an open field. Station I was the
only open-field station to show significant wind speed influence from the canopy.

When a cyclonic system arrived, the same overall wind speed pattern prevailed, but the scatter
increased because of higher absolute wind speeds in the open fields (Figure 10) and larger contrast
between the open and canopy stations (D and G). Wind speed within the canopy was always lower than
that at station A, or other open-site stations. Station J was shielded from the wind at high speeds, indicat-
ing that the wind characteristic distance increased with wind speed.

TEMPERATURE AND WIND-SPEED IMPACTS ON HEAT ISLANDS AND OASES.

In order to understand whether the lower temperature within the canopy was due to evapotranspira-
tion alone or other effects as well, we correlated the drop in dry-bulb temperature to absolute temperature
and to absolute wind speed at station A. Then we performed a bivariate analysis of temperature drop
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versus both wind speed and absolute temperature. Because evapotranspiration increases directly with
ambient temperature, a good correlation between T and AT would mean that the temperature depression
was mainly caused by evaporative cooling effects. Also, the temperature depression is expected to vary
inversely with wind speed. -

Figure 26 depicts the regression curves for AT versus T for all hours. This includes clear and over-
cast conditions, day and night. The reference temperature used in these regressions was that of station A.
One can see in this figure that the drop in temperature at stations C and J did not relate to absolute tem-
perature, because all these stations were in open fields. At station I, on the other hand, the temperature
scatter was too large above 10 °C, and it became impossible to identify any good correlation. Stations D,
E, and G showed better correlations and indicated that the drop in temperature within the canopy was
mainly due to evapotranspiration.

To further refine this analysis, the same regressions were repeated for clear weather only, including
day and night hours (Figure 27). As expected, stations C, I, and J still did not correlate any better than
before. On the othér hand, stations D, E, and G showed better correlations, thus strengthening the indica-
tion that evapotranspiration from the soil-vegetation was a inajor factor in reducing the temperature
within the canopy.

The regressions were repeated for daylight hours only, as seen in Figure 28, to determine whether
there were any day- or nighttime dependence in temperature depression. There was no improvement in
the correlations at stations D, E, and G, indicating no day- or nighttime dependence in temperature
depression within the canopy. These regressions indicate, however, that evaporative cooling did not
result mainly from foliage evapotranspiration (in which case it would have ceased or slowed at night) but
mainly from soil moisture evaporation. In other words, the main source of moisture in the orchard, and
therefore the most important factor in depressing the canopy’s temperature was the soil and not the foli-
age. Recall that the canopy had only light cover (~ 30%) at that time. A denser foliage would have
increased the proportion of evaporation from the foliage relative to that from the soil-vegetation system as

a whole.

Figures 29 through 34 depict another way to understand temperature data. These figures show T
versus AT segregated by day and night and clear and overcast conditions. Figure 29 indicates that there
~ was not much difference in temperature between stations A and C at all times. The fact that station C was
somewhat cooler can be attributed to its proximity to the canopy.

In Figure 30, the larger scatter indicates a significant difference in temperature at station D com-
pared to that at A. At station D, the canopy was cooler during the day in both clear and overcast condi-
tions. The large temperature depression seen at the right side of the figure occurred at times of highest
temperatures coinciding with lowest wind speeds (during clear daylight hours in that observational
period). Table 13 shows these times of coincidence:
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" Table 13. Coincident high temperatures and low wind speeds,
where T, is the temperature at station A.

day hour { V T A

Oct. 13 18 { 1.0 | 22.6
Oct. 14 151 09 | 27.0
Oct. 14 16 { 05 | 274
Oct. 14 17103 | 270
Oct 14 18 | 0.1 | 23.7
Oct. 15 14 | 0.8 | 265
Oct. 15 16 | 0.5 | 283
Oct. 15 17 | 0.8 | 26.6
Oct. 15 18 { 0.1 | 22.8

The entries in Table 13 are arranged chronologically. Note that the temperature on the 15th of October at
16:00 hours (28.3 °C) was the highest recorded value during that observational period.

Figure 31 (station E) shows basically the same pattern as Figure 30, except that the magnitude of
the nighttime heat island was gréater. One can see that station E could be up to 2.2 °C warmer than the
open sites at night. Station E was well sheltered and its low sky view factor was the main reason that it
was warmer than station D (Figure 30), which had a higher sky view factor. The same explanations apply
to station G as seen in Figure 32. The night-time temperature was slightly lower at station G than at E
because the former was more open to the sky. |

Figure 33 indicates that station I was one of the coolest on the average. There was no nocturnal heat
island at that location, since station I was more open to the sky, but the advected air from the cémopy kept
it cooler, particularly in clear, daylight hours. Finally, Figure 34 describes station J, where both oases and
heat islands were reduced, except for the times when this station was within the characteristic distance of
the canopy. |

In ordér to test the correlation between heat islands, oases, and actual wind speeds, we plotted these
three phenomena against each other as in Figure 35. Clearly, the lower the wind speed at station A, the
greater the heat island effect (positive scatter) and oasis effect (negative scatter). The minimal tempera-
ture depression occurred at wind speeds above 6 m s\, Another characteristic is the range of AT that was
small in the open field stations and large in the canopy stations. Station J showed some temperature
depression despite being in an open site. As explained earlier, this was due to the canopy’s temperature
characteristic distance effect. What is seen in Figure 35 can also be seen in Figures 29 through 34. The
highest temperature depressions at the right sides of these figures occurred at times of low wind speeds.

WIND REDUCTION VERSUS WIND SPEED AND DIRECTION.

To further investigate the effects of the canopy on wind speed, we performed two additional tests:
(1) wind speed reduction within the canopy versus absolute wind speed, and (2) wind speed reduction
within the canopy versus wind direction. Figure 36 shows the first test. The y-axis represents the
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depression in wind speed at the given stations (at all times) versus absolute wind speed at control station
A. The correlation was good, especially in the middle of the canopy (station G). At the edges of the
canopy (stations D and I) the correlation was still strong but some scatter was obvious, due to the shifting
wind direction, which meant that each station was upwind (at the leading edge) at some times, and
downwind (at the trailing edge) at others. Station C showed a shallow slope because it lied in the same
open field as station A. On the other hand, station J showed some strong correlation, indicating that it was
within the wind characteristic distance of the canopy as discussed earlier. .

Figures 37 and 38 allow us to look at the decrease (deceleration) and increase (acceleration) in wind
speed towards and away from the canopy, respectively. These figures include logarithmic fits to the data
when the wind blew within 30° on either side of the stations’ line. Thus, Figure 37 represents the hours -
when the wind blew from the north (+ 30°), whereas Figure 38 shows the hours when it was coming from
the opposite direction (south £ 30°).

One can see that there was a strong correlation between wind speed depression and horizontal dis-
tance. In a decelerating case (Figure 37), the horizontal distance was measured downwind from the lead-
ing edge of the canopy whereas in the accelerating case (Figure 38) it was measured from the downwind
edge and outward. The regression equations and correlation coefficients are:

U, '
0= 0.76 e—o.poszsx r2=0983 (deceleration) : 68}
U, ~0.137 2 ;
7 =1-049¢7 7 r-=0902 (acceleration) )

]

where wind speed (m s'l) at any distance (x) is correlated to wind speed at stations (a) or (j); x is the hor-
izontal, downwind distance (m) from the starting point, i.e: the upwind edge of the canopy, in the
decelerating case, and the downwind edge, in the accelerating case.

Equation (1) indicates that the upwind speed dropped to below that of the open fields (station A) at a
point somewhere between stations A and C. As given in this particular regression, this point lied at 52 m
upwind of station C, because the canopy deflected the wind upward at about that point. Equation (2) indi-
cates that the downwind speed got back to that of the open fields at 45 meters from the downwind edge.
The correlations are good, and we feel that these equations can be used in describing the wind behavior in
and around a uniform canopy, such as the one in Davis.

CORRELATIONS WITH HEAT ISLAND AND OASIS EFFECTS.

We studied the correlations between the magnitudes of the heat islands, oases, absolute témpera-
tures, and wind speeds. We found that the nighttime heat islands correlated better to temperature and
wind speed than the daytime oases. The correlations for three canopy stations (D,E,G) and one open-field
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station (I) are shown in tables below, where one can see that the latter station differs from the others in its

dependence on temperature and wind. In the following tables, T and V respectively represent the tempera-
ture (°C) and wind speed (m s1) at control station A. The subscripts are used to denote other stations. For

each equation, a coefficient of correlation is given with a significance value with respect to given vari-

ables.
NIGHT TIME
T,T = 0016838 - 0.020764 T - 0.671089 V +0.108067 V> [ 17=0.6599 | sig = 0.03T
T,-T = 1330847 - 0.063270 T - 1162426 V + 0207723 V7 | 12207914 | sig =000
T T = 1.437209 - 0.038639 T - 1.119091 V + 0.233515 v22 r2=06593 | sig=000
TST =-0.003957 - 0132193 T - 0.200881 V +0.039127 V2 | r*=0.5885 | sig = 0.14v2,0.04V
T4 =-0.019529 - 1416502 V +0.616225 V- - 0.085730 v; r“=0.6881 | sig=0.00
T,T= 1.016372-2.135706 V + 0818662 V2 -0.100939 V> | #=07695 | sig=0.00
T.T= 1259224 - 1.803112 V + 0.671352 V2 - 0.072712 V3 | 2=0.6525 | sig=0.00
T = 0832248 - 1142896 V +0.527303 V2 0.076114 V> | #=02733 | sig=0.04V>
DAY TIME
T, T=-2.091156 - 0.030825 T + 0515039 V - 0.033832 V> | 2= 04485 | sig=0.00
T T = -0.948869 - 0052438 T + 0.176006 V - 0.011627 V2 | r2=0.4192 | sig=0.13V>
T.-T = -0.789969 - 0.037055 T + 0.405912 V - 0.043835 V2 | 2=03299 | sig=0.00
T = 0750381 - 0.091788 T + 0933425 V - 0.093946 V2 | 12=03946 | sig=0.00

One can see that there was a good correlation (in canopy stations) between nighttime temperature depres-
sionand T, V, and V2, as well as with V, V2, and V3
T, V, and V2, but was generally weaker than the night correlations. It is also clear that wind speed
assumed a more important role in temperature depression than absolute temperature.

. During the daytime, the correlation was best with

Based on this information, we propose the use of the following representative formulas to predict
the temperature within a uniform canopy, when upwind open-field temperature and wind speed are
known. These formulas were based on those of stations E and G only, in order to avoid possible edge
effects at other stations.

nighttime, T and V known — AT = 1.33-0.063 T - 1.16 V + 0.20 V2 (t2=0.80)  ....... 3)
nighttime, V known — AT= 1.02-2.14V+082V2-010V3  (2077) ... @)
daytime, Tand V known — AT =0.79-0.037 T+ 0.406 V-0.043 V2 (r2=033) ... )

where AT is the temperature depression (heat island or oasis) in °C, within the canopy, and V and T are
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the upwind wind speed (m s'l) and temperature (°C), respectively. All these correlations are at statistical
significance of zero. Equation (3) is for nighttime heat island prediction and yields realistic results in the
domain of 0.5 < V < 1.5 m s, Within this domain, the balance point temperaturelf is ~ 6 °C. Similarly,
Equation (4) has a domainof 0 V<10m s’1, with a balance wind speedir of 0.6ms™. Equation (5) is
for daytime oasis prediction, and should be used with wind speeds higher than 2.5 m st

CONCLUSIONS.

In this project, we aimed at analyzing and quantifying the micro-meteorological conditions within
and around a vegetative canopy in Davis, California, during a warm period in October 1986. Heat island
and oasis effects were identified and quantified. The canopy was on the average 2 °C wammer than sur-
rounding open areas at night, and 1.5 °C cooler during the day. The amplitude of temperature fluctuation
(maximum minus minimum daily temperature) was damped in overcast conditions. In the open fields, the
range was damped by as much as 17.3 °C, whereas in the canopy, the range was damped by as much as
12.5 °C.

Wind speed within the canopy was reduced in general, and its contrast with that of the open fields
increased during cyclonic weather, when wind speeds in the open rose to 8.5 m s’1. Under these condi-
tions, wind speed within the canopy was only about 1.5 m st Temperature, humidity, and wind charac-
teristic distances were suggested for that canopy, as evidenced from its influence on downwind stations in
open fields. The canopy effect on downwind stations was seen in lowered temperatures, increased humi-
dity, and lowered wind speeds. Characteristic distances for temperature fluctuated between 10 and 100 m
downwind of the canopy into the open fields, whereas the characteristic distances for wind speed was
generally greater than 100 m downwind of the canopy (over five times the height of the tall trees at the
southern end of the orchard).

Our results indicate that the effects of the canopy were immediate: the first 5 meters inside the
canopy from its upwind edge showed larger effects on temperature and wind speed than the next 200
meters or more. This preliminary field project was highly useful in identifying the relevant parameters to |
consider in future research of this kind.
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f-:igure 1. Site plan of the canopy (orchard) and the weather stations. Not to scale.
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Figure 2. Temperature calibration regressions. Control station is location A.
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