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shaped areas of damage, either originating between 
the trees or in a gap. Andersen states further that 
apparently no partial shelter effect is provided by a 
lower stand to windward, but on the contrary an 
increase in wind speed or gustiness takes place 
immediately above its crowns; this would appear to 
indicate that the margin of a forest should be of 
approximately the same height as the rest of the 
stand. On the other hand, an earlier statement is 
quoted to the effect that the artificial production of a 
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sloping canopy by top-cuUing the trees on the 
windward margin gave beneficial results. The 
evidence furnished by coastal shelterbelts and wood
lands would appear to confirm that a gradual, 
uniform slope in the crown level from the windward 
edge affords considerable protection to the stand 
behind. No general conclusion can be drawn for the 
prevent ion of damage to forests which frequently 
occurs some distance behind the margin, the latter 
remaining undamaged (Woelfle 1950, Andersen 
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SHELTERBELTS AND MICROCLIMATE 41 

1954) but it may be assumed that a dense marginal 
belt will produce considerable turbulence behind it 
and it has been suggested that margins should be 
kept reasonably open so that the wind does not meet 
a solid wall of resistance (Dalgleish 1953). Marginal 
trees which are free to move their crowns also 
develop a greater resistance to wind-throw (Woelfle 
1950). 

Internal protective belts should follow natural 
boundaries as far as possible and should enclose 
units of 5-10 acres, protecting them individually; 
there is ample evidence that these have been an 
important factor in protection (Wagner 1923, 
Woelfle 1950). Macdonald (1952) suggests a strip 
system of planting conifers in ",gions exposed to 
strong winds; such strips might be I or It chains 
wide, planted on a cycle of 10 years. 

Plantation margins should be kept fairly straight 
and re<ntrants sbould be avoided since they form 
funnels for the wind. Woelfle (1950) explains that a 
re-entrant in the margin causes two deflected 

stn:ams in the wind and these meet at the apex of the 
wedge; since the pressure at this point is approxi. 
mately equal to the squa", of the combined 
velocities of the two streams damage is usually 
considerable and may extend some distance into the 
forest. At the end of such a "blown" area, a new 
margin is cn:ated which is not adapted to wind; thus, 
further wind damage is inevitable. 

On very exposed areas, it may be advisable to 
construct a wind "chimncy'\ i.e. to clear or leave 
unplanted an open space of adequate dimensions in 
the direction of the wind, sufficiently extensive to 
draw off the wind and prevent damage to the stand 
(Int. Inst. Agric. 1929). 

For purposes of protection on margins leaf-tree 
species are considered to be most suitable since they 
an: capable of withstanding higher wind pressures 
usually and, whilst their crowns may be sensitive to 
exposure, they possess greater adaptability to the 
wind and normally exhibit reasonable height growth 
in exposed situations. 



PART TWO 

CONSIDERATION OF RESEARCH PROCEDURE 

Chapter 5 

PREVIOUS RESEARCH AND ITS APPLICABILITY TO 
REQUIREMENTS IN GREAT BRITAIN 

RESEARCH activity in connexion with the effects of 
shelterbelts on microclimate and rural economy and 
their practical employment has been concentrated 
mainly in regions where reclamation or rehabilitation 
of agricultural land was imperative, usually on dry 
windswept plateaux such as the American prairies, 
the Russian steppes, the Dutch and Danish heath
lands and the vaUey plains of central Europe. In 
most cases erosion control, conservation of soil 
moisture and amelioration of climatic extremes have 
necessitated shelter planting on an extensive scale. 

The situation in Britain has developed differently. 
The geographical position of the Britisb Isles has 
precluded the extremes typical of continental 
climates; few areas in the country aTC subject to 
continuous drought and the general topograpby and 
landscape pattern have served to maintain a 
reasonably high degree of shelter from wind and 
weather, particularly in the primarily arable districts. 
Marginal and submarginal land improvement has 
fluctuated with agricultural prosperity and periodic 
necessity; land betterment projects involving large 
areas have been relatively few and developments 
carried out by individual landowners during the past 
two centuries have passed from general recognition. 
At the present time, however, a large proportion of 
the land surface capable of further development lies 
in exposed upland districts and it would seem that 
consideration of the shelter planting question, 
whilst including in its range the possibilities of 
improving existing agricultural and forestry areas, 
should be directed chiefly towards amelioration of 
these upland areas for stock-rearing and afforesta
tion. The value of shelterbelts, demonstrated 
elsewhere. suggest that their scientific employment 
in this country can contribute materially to the 
intensification of land usc. which becomes a matter 
of increasing importance. 

Probable sbelter requirements under British 
conditions may be classified as follows: 
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(a) Agricultural- (i) sbelter for arable areas; 

(b) Forestry-

(ii) sbelter for upland pasture; 
(iii) sbelter for stock on exposed 

grazings; 
(i) protection of established 

forests against wind and 
other atmospheric influ· 
enres; 

(ll) shelter against, and ameli· 
oration of. local climatic 
conditions on areas sched· 
uled for afforestation. 

In providing shelter for ·arable fields, upland and 
hill pasture and new forest areas it will be desirable 
economically to achieve the maximum distance 
protection consistent with an efficient degree of 
shelter near the ground. The protection of forests 
implies the safeguarding against storm damage and 
other atmospheric agencies at all levels from the 
ground to the crown surface. For sheltering stock on 
exposed grazings, and not the pasture itself, it may 
be necessary to sacrifice distance protection for a 
higher degree of shelter within a restricted zone near 
the shelterbelt, particularly in areas subject to severe 
snow storms. 

The application of shelterbelts to lowland arable 
areas in Britain and their resultant effects may be 
considered similar to the situation in arable regions 
elsewhere, apart from variation due to different 
microclimatic conditions. In all cases, the funda
mental objective is abatement of wind velocity in 
order to improve agricultural productivity and 
protect the soil. Conclusions established experi
mentally in America. Russia, Denmark and 
Switzerland, for example, may be considered 
applicable to cultivated farmland in Britain to a 
very large extent. These cOmprise general rules for 
the orientation, length and spatial arrangement of 
shelterbelts and the theoretical optimum degree of 
penetrability to be achieved. Structures and designs 
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of shelterbelts, recommended for these countries, 
may be used as a basis for the construction of 
similar belts in this countrY but considerable varia
tion is inevitable, due to the different availability of 
tree species, the diversity of their form and habit in 
different localities and the changed ctirnatic con
ditions. Scientific investigation of existing sheIter
belts and their influence on microclimatic factors, 
particularly wind velocity reduction, would allow a 
general classification of the utility of different belt 
structures and composition by species, in terms 
relevant to domestic conditions and requirements 
although local variation might be expected to occur 
more frequently in Britain than, for example, on 
extensive uniform areas of steppe and prairie. 

Since conservation of soil moisture and uniform 
distribution of snow in arable fields are not likely to 
display such great importance in this country, it 
would seem probable that tbe associated effects of 
shelterbelts on microclimate and not merely on 
wind velocity abatement will necessitate variance 
from place to place. for economic reasons, in the 
optimum degree of penetrability of tree belts 
according to local climatic and edapruc factors. As 
with the majority of field data available, statistics of 
increased crop yields in sheltered areas, as obtained 
in America, Russia, Denmark and elsewhere, must 
be adjudged a guide to, rather than a criterion of, 
similar increases to be expected in Britain. 

In arable districts the width of shelterbelts in the 
direction of the wind is governed usually by the area 
of ground which can be spared economically for tree 
planting and the minimum width necessary for 
maintaining the required degree of shelter. In upland 
districts it would seem reasonable to asswne that the 
proportion of ground area available for shelter 
planting would not be so limited. Although in~ 
creased width of shelterbelts implies a lower degree 
of penetrability to the wind and, consequently, a 
decrease in distance protcx.1.ion, previous research 
does not furnish conclusive evidence on the part 
played by width on the patlem of air flow or on the 
sheltered area leeward of wide plantations. The 
question of shelter planting in upland districts is 
further complicated by economic considerations and 
the natural tendency to co'mbine the provision of 
shelter with some form of timber production in an 
attempt to offset high fencing costs. 

Regarding shelter for stock, chiefly confined to 
exposed grazjngs. there is little physiological 
evidence as to the type of shelter required from the 
point of view of the comfort and well-being of the 
grazing animal but it may be supposed that shelter 
from blizzards and cold drying winds, particularly 
when the animal is wet, is most important. Therefore, 
maximum reduction of wind velocity may be 
desirable for occasional shelter; there is ample 

evidence that this may be obtained by means of a 
dense or fairly dense shelterbelt. 

Information regarding protective margins and 
internal wind-firm belts for forests is limited and 
consists mainly of observational evidence of gale 
damage to forests when wind conditions were 
extreme and not easily understandable afterwards. 
The pattern of air How over and through a forest at 
varying velocities requires further clarification. 

It is obvious that the comparative study of 
shelterbelt effects becomes more complicated and 
difficult in hilly country and influences recorded with 
respect to shelterbelts on level plateaux must be 
considered as the ideal for regions of irregular 
topography rather than the actual. Since the majority 
of research results published concerns plain districts, 
these findings can be correlated and general implica
tions drawn regarding effects on microclimate. 
However, the variables involved in measurement of 
climatic factors under natural conditions frequently 
render such comparisons difficult, a fact which has 
led to the investigation of certain basic shelter belt 
features in the laboratory. 

It is rarely possible to isolate anyone of the basic 
dimensions of a shelterbelt, height, width, length and 
penetrability, in nature. These variables can be 
isolated completely, however, by means of experi~ 
ments with artificial windbreaks either in the field or 
in a wind~tunnel, as carried out in Switzerland, 
America, Denmark and Germany. Although it is 
argued that wind-conditions in nature are incapable 
of being reprodUf..-ed in a wind·tunnel, there is no 
doubt that the comparative study of anyone variable 
factor under such ideal conditions must allow a 
practical application in nature. As a result or such 
studies, the evidence of tbe role played by the 
height of the shelter belt in determining the extent of 
the sheltered area and, similarly, the degree of 
penetrability of the barrier, may be regarded as 
conclusive. The relation of the length of the shelter· 
belt to the area of shelter is apparent from model 
experiments in the field. Although translation of 
some of this evidence to natural shelterbelts is 
difficult, e.g. the evidence of the optimum degree of 
penetrability obtained by wind-tunnel studies, it is 
the qualitative rather than the quantitative result 
which must be considered of practical value and this 
must be held to obtain ideally under natural con
ditions. 

To summarise, previous research has established 
certain general principles of shelterbelt design and 
layout applicable to requirements in Britain. 
particularly those of lowland arable areas. For 
upland regions more evidence is necessary concerning 
the pattern of wind flow in areas of undulating 
topography from the point of view of siting shelter~ 
belts for maximum efficiency. Economic considera~ 
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lions demand the investigation of shelterbeh width 
and its relation to the sheltered area. In this con
nexion and from the aspect of shelter for forest 
areas, more information on suitable cross-sectional 
profiles for shelterbelts is desirable. The recorded 
effects of shelterbelts on microclimatic factors have a 
qualitative application to conditions liable to be 
encountered in Britain. but further investigation is 

desirable in relation to domestic requirements. With 
regard to the technique of shelter belt application and 
maintenance, a method of estimating the efficiency of 
individual belts is necessary in order to regulate 
their effectiveness by appropriate silvicultural treat
ment. The employment of shelter belts and protective 
marginal strips in forestry practice requires detailed 
study of the microclimatic implications. 

Chapter 6 

INSTRUMENTATION AND EXPERIMENTAL TECHNIQUE IN 
PREVIOUS INVESTIGATIONS 

RECORDED investigations of the effects of shelter
belts on microclimate have been conducted both 
under natural conditions and in the laboratory. 
Field studies have involved measurement of the 
various climatic factors in the vicinity of living tree
belts as well as artificial barriers or screens. Labora
tory investigations have been concerned mainly with 
wind- and water-tunnel experiments employing 
model-scale windbreaks. Methods of working and 
instrumentation have shown considerable variation, 
particularly in field experiments, and frequently 
research papers have failed to give adequate details 
of experimental technique. thus rendering analysis 
of results with a view to their practical application 
generally both difficult and unreliable. 

Reduction of wind velocity within a certain area. 
being the primary effect of any natural or artificial 
shehering object , has been investigated more 
thoroughly than other physical factors of the 
microclimate. although a number of secondary 
effects. frequently of greater interest from an 
agricultural aspect. e.g. increased crop yields in 
sheltered areas, have probably received the most 
detailed attention by research workers. 

instrumentation and methods used for the 
assessment of microclimatic factors may be sum
marised as follows: 

Section l. Field Investi~tions 
A. INSTR UMENTATION 

(i) Wind Studies 

Smoke has been used frequently to demonstrate 
the pattern of air flow in the vicinity of shelterbelts 
and artificial windbreaks (Woelfle 1935-9; NAgeli 
1953a) and, more recently, in the investigation of 
light winds, soap bubbles timed with a stop-watch 
(Zentgraf and Eisenkolb 1952). Generally, however, 
research workers have required more reliable 

quantitative measurements of wind velocity and 
direction and mechanical or electro-mechanical 
anemometers have been employed. 

Anemometers of the cup-rotor type have been 
most commonly used. Bates (1911) used "the 
standard anemometer", presumably of the cup type. 
NAgeli (1943, 1946, 1953a, 1953b) employed 18 
small portable cup-counter instruments, which it is 
understood were manufactured for the Swiss army 
by Prof. Kreis in Chur. These anemometers consisted 
of a rotor bearing four hemispherical cups on short 
arms, activating a simple counter with a five-figure 
dial, the "drum" of the last numeral b: ing graduated 
horizontally in fifths of a unit. With a low starting 
speed of 0.25 m/sec and simple. robust and weather
proof construction, without the added complicatiOns 
of on-off switches and set-to-zero mechanism. this 
would appear to be a most practical instrument. van 
der Linde and Woudenberg (1951) used a small 
cup-anemometer with a counter mechanism similar 
to that employed in British vane-anemometers or 
airmeters. Gorshenin (1946) records the use of 70 
Fuess anemometers, details of which are not given. 
In studies of the effect of a hedge on air flow, Rider 
(t 952) used cup-anemometers of similar type to 
those described by Sheppard (1940) (see Part Two. 
Chap. 7). Electric contact cup-anemometers have 
been employed by Woelfle (1939) in conjunction with 
counters and graphical recorders, power being 
supplied from accumulators. 

For the determination of wind velocities in the 
vicinity of shelter belts, N0kkentved (1938,1940) and 
Jensen (1954) employed pressure-plate or swinging
disc anemometers, which have been described in 
detail by the latter. The principle of this instrument 
is that a llat plate, suspended freely, becomes 
deflected by a stream of air to such an angle that the 
restoring torque due to the weight of the plate is 
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equal to the air torque. 10 practice, a series of 20 or 
25 teadings of angular deflection were taken as 
rapidly as possible by the Danish workers and the 
mean recorded. By means of calibration in a wind
tunnel against a pitot-static tube the angular 
dellection may be converted to wind velocity and 
Jensen (1954) claims a 2 per cent accuracy for this 
instrument. 

For the measurement of wind velocities and 
directions over protracted periods, Jensen (1954) 
used recording apparatus which he describes in 
detail. This apparatus consisted of a pressure-tube 
mounted on a direction vane and producing an 
anemograph record. In velocity studies near the 
ground Jensen also employed a multiple pitot .. tatic 
tube with a multi-tube manometer, the teadings 
being recorded by means of a revolving arrangement 
of a "Leica" camera. 

Direction recorders have been used by NAgeti 
(1943-53) and van der Linde and Woudenberg(l95J) 
to obtain continuous records of wind direction in the 
open, i.e. beyond the zone of inlIuence of the 
shelterbelt under observation. NAgeli (I953a) records 
also the use of small direction-vanes in the study of 
air flow within the zone of shelter of artificial 
windbreaks. The Danish 5winging-<iisc anemometer 
also included a small vane mounted above the 
pendulum. 

(ii) Temperature Studies 
Simple thermometers were employed by Bates 

(1911) for the measurement of temperatures within 
sheltered areas. Ordinary dry-bulb and minimum 
thermometers have been used by Nageli (1943) and. 
more recently. minimum thermometers of the latest 
Swiss series, with a double bulb for greater sensitivity 
and an enlarged scale teading from -20°C to 20°C. 
Six's tbermometers were used chielly by van der 
Linde and Woudenberg (1951). the thermometers 
being exposed in white painted boxes made of eter~ 
nite to minimise errors due to radiation; in later 
periods of observation thermographs were placed in 
standard meteorological screens. 

Besides ordinary thermometers, Jenseo (1954) used 
thermistors coupled with a Wheatstone bridge, up to 
10 thermistors being used with the one bridge by 
means of a changc-over switch. 

Measurements of soil temperature have generally 
been made with soil thermometers of standard 
meteorological pattern or electric-resistance thermo
meters. 

(jil) Humidity StudIes 
Various psychrometers or hygrometers have been 

been used for the determination of atmospheric 
humidity and dew~point, the uAssmanntt psychrc>
meter most commonly. Jensen (1954) has suggested 

the unsuitability of such instruments on account of 
the ventilation of the wet bulb causing excessive 
disturbance at the point of measurement. He used a 
dew-point indicator, designed by Weis-Fogb, con
sisting of a smaU glass tube with two platinum 
electrodes melted into its outer surface, a little ether 
being poured into the tube and allowed to evaporate. 
The apparatus was provided with a thermistor for 
determining the temperature of the bulb. 

(iv) EY8poration Studies 

Previous research workers in this field have 
employed evaporimeters, usually of the Piche or 
Livingstone types, as well as free-water surfaces. 
Bates (1911) used a circular sheet of filter paper 
resting on a thin glass plate. the paper being con
tinually moistened by a supply of water fed on to the 
centre of the paper. The apparatus was exposed to 
sunlight and the circulation of air above the paper 
kept perfectly free so that it responded rapidly to 
changes both in temperature and wind velocity. 
Ntigeli (1943) mentions the use of sensitive atmo
meters of his own design; these consisted of glass 
thistle funnels, 2 em in diameter at the mouth, 
extending below into open tubes about 40 em in 
length and 0.36 em in diameter, with a capacity of 
3.6 mI, the stems being graduated to tead to 0.02 mi. 
When in use they were filled to the polisbed edge 
of the funnel with distilled water and covened with a 
fJatground disc of unglazed porcelain. 3.5 em in 
diameter and 0.5 cm thick, the porous disc acting as 
an evaporating surface. For field use these instru~ 
ments have proved accurate to ±2 per cent. 

Evaporation studies from free-water surfaces have 
been made with sballow dishes (Warren 1941, 
Nageli 1943). In all these studies absolute measures 
were not intended or required. 

(v) SOU Moisture Studies 

Few research papers give details of methods used 
for the measurement of soil moisture in the vicinity 
of shelterbelts. Jensen (1954) used a tensiometer of 
the Richards' type, which is based on the vapour 
pressure in the soil. A simple method for the 
comparative estimation of soil moisture in ecological 
studies has been evolved by Dimbleby (1954) and is 
described later. 

B. EXPERIMENTAL METHODS 

(i) Wind StudIes 
In the investigation of wind conditions within the 

vicinity of shelterbelts, some of the most detailed 
observations have been carried out with the use of 
latticed or solid artificial windbteaks. Bates (1924) 
used lath screens composed of 6-in. boards with 
12-in. spaces in the lower half (representing the 
trunk space) and with 3-in. spaces in the upper balf 
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(representing the crown space), thus giving an 
overall average penetrability of 50%. Nokkentved 
(1938, 1940) employed horizontal lath screens, 3.5 m 
high, with a penetrability of 38 % (i.e. with 38 % of 
the frontal surface area open). Jensen (1950, 1954) 
records the use of similar screens, 2.5 m high, with 
two degrees of penetrability. 45% and 71 %. In 
Switzerland, Nageli (1953a) constructed screens 2.2m 
in height, using bamboo canes arranged vertically; 
the {\\'O screens had degrees of penetrability to the 
wind of 45-55 % and 15·20 % respectively. Studies 
have also been made with windbreaks composed of 
model trees, 1.5 and 3 m in height (lizuka 1952). 

In the majority of investigations of wind velocity. 
both with artificial windbreaks and natural shelter
belts, anemometers have been dispersed along a 
measurement line perpendicular to the sheltering 
obstacle or at other points within the zone of 
influence of the barrier on the windward and leeward 
sides. The velocity values recorded at these points 
have been related to the velocity measured during 
the same time interval at a "control" station situated 
beyond the influence of the windbreak or other 
obstruction and at the same height of measurement. 
the Jatter value being commonly expressed as the 
~'free-wind velocity" or "open-ground velocity". The 
comparative results obtained are generally expressed 
as percentages of the free-wind velocity but Jensen 
(1954) uses the term " shelter effect", which may be 
defined as the ratio of the effective velocity reduction 
to the free-wind velocity. 

Excepting the studies made with screens, where 
measurements have frequently been carried out at 
more than one measurement height. the standard 
height of measurement used in field observations by 
different research teams has varied within narrow 
limits only. Bates (1911, 1924) conducted all measure
ments at 4 ft. above ground, Danish workers at 1.5 m 
(Nekkentved 1938, 1940; Jensen 1954), Gorshenin 
(1946) at I mandNage1i(I943, 1946, 1953b)at l.4m. 
Nageli explains that this height has been proved 
experimentally to be above the zone of maximum 
variation in wind pattern and velocity due to the 
ground surface; where measurements have been 
made. however. above long grass and agricultural 
crops. the instruments have been raised to maintain 
an effective height of 1.4 m. Woelfle (1939) ""n
dueled his wind studies with anemometers at 70 em 
above ground, although, on the basis of wind 
profile ,tudies (Paeschke 1937), this height would 
appear to be too dose to the ground surface for 
general use. 

In e.'{periments with artificial screens, Nakkentved 
(1938. 1940) recorded observations at 0.6 m and 1.5 
m abO\!e ground and Nageli (1953a) at elevations of 
0.55. 1.1, 2.2, 3.3, 4.4. 5.5, 6.6, 7.7 and 8.8 m, i.e. 
from -! to 4 times the height of the screens. 

Using the pendulum· type, pressure-plate anerno· 
meters, N"kkentved (1938, 1940) employed one 
observer for each measurement station, one reading 
being taken every 5 seconds in a space of 2 minutes. 
giving 24 readings of which the mean was taken. In 
the investigation of wind conditions across Jutland 
(Jensen 1954), measurements were made every 20 
minutes throughout the whole day. each measure
ment consisting of the average of 20 individual 
readings taken as rapidly as possible. Where counter
type anemometers have been employod. the velocities 
observed have been mean'i taken over prescribed 
periods. Gorshenin (1946) records the use of 70 
Fuess anemometers, which could be switched on and 
off simultaneously; whether this was achieved by 
individual manual operation or other technical 
means is not clear. Readings were obtained in 
exposures of 20 minutes duration. In his early 
shelteroolt studies, Nageli (1943) employed four 
observers for nine anemometers dispersed along a 
measurement line; when the distance between 
instruments made it possible, readings were taken at 
15-minute intervals or, at worst. every half-hour and 
wind direction was recorded every 3 to 5 minutes. 
In later research (Nageli 1946), a similar procedure 
was adopted. 18 anemometers being used along 
each measurement Jine. He records that all measure
ments were eliminated which showed too marked a 
deviation of the wind direction from the direction of 
the measurement line. 

(ii) Tcmpemture Studies 

Temperature measurements have generally been 
carried out at the same points used for the investiga· 
tion of wind velocity. where such measurements have 
been supplementary to wind studies. Where tempera· 
ture studies predominated, e.g. van der Linde and 
Woudenberg (195 I), various heights of measurement 
have been used, the measurement line being normal 
to the shelterbelt. and observations have usually been 
conducted over longer periods. The Dutch observers 
recorded temperatures at 10, 25, 50 and 150 em 
above ground and where thermographs were used in 
screens the latter were raised 40 em above ground 
and not to the standard height for meteorological 
stations. 

During experiments on microclimate and crop 
yields in sheltered areas, Jensen (1954) measured the 
air temperature 3 times daily and calculated means 
for lO-day periods. Soil temperatures were measured 
ut 20 cm below ground once daily. During a few 
periods. occasional measurements were made of air 
and soil temperatures, using thermistors, observa
tions being made at several points simultaneously. 

(iii) Humidity Studies 

Experimental methods of determining the absolute 



SHELTERBELTS AND MICROCLIMATE 47 

and relative humidity of the air near windbreaks have 
varied according to the instruments used but 
generally have consisted of instantaneous measure
ments made at anyone point and not means ovec a 
given period. In consequence, the possible error in 
comparative assessment of humidity relationships 
has been fairly high. Where an observation made by 
means of an Assmann psychrometer consisted of 10 
pairs of readings (van der Linde and Woudenberg 
1951), a considerable time elapsed between the first 
and last observations along a measurement line. 
Therefore. during periods liable to rather rapid 
fiucnlations, such as morning and evening, no 
humidity observations could be made. Similarly, 
Jensen (1954) recorded measurements of humidity 
under certain special climatic conditions only. 

Generally. humidity studies have been carried out 
in conjunction with temperature observations and at 
the same positions. 

(iv) E"aporatioo Studies 

Measurements of evaporation have been made 
usually along a measurement line normal to the 
shelterbdt. the evaporimeters being exposed for n 
certain period. generally of half an hour or longer, 
and the amounts of water evaporated during this 
period related to the amount evaporated during the 
same lime from an evaporimeter exposed at the same 
height above ground outside the inftuence of the 
shelterbelt. Evaporation has rarely been assessed by 
means of instantaneous readings of saturation 
deficit. 

(v) Soli Moist ..... SI1J<Ire5 

Jensen (1954) determined soil moisture content 
during the first year of experiments by taking 
samples of soil with an auger once or twice weekly 
and after precipitation, the samples being subjected 
to desiccation analyses. During tbe last two years, 
tensiometers were used daily; measurements were 
presumably carried out successively at various 
points. 

Section 2. Laboratory lI"esdgatlonJ 

A. JNSTRUMENTATION 

(il Wind Studies 

In general, laboratory investigations in this field 
have been carried out by means of model tests in 
wind·tunnels but, in addition, studies of the pattern 
of Huid flow over model windbreaks in a water· 
tunnel have been recorded photographically (Blenk 
1952). Wind·tunnel observations have been based on 
horizontal velocity ratios to windward and/or 
leeward of model windbreaks and on the effect on 
erosion and snow-drift patterns. 

Velocity values obtained in wind-tunnel experi-

ments are based on the fact that, in fluid dynamics 
theolj' , 

p=tpv' 
where p= pressure. p=density of the fluid and 
v= velocity of the fluid. A body immersed in .3 
moving fluid is acted upon by a static pressure, 
which acts equally in all directions when the fluid is 
stationary and persists, although its magnitude may 
be changed, when, the fluid is set in uniform, un· 
accelerated motion, and also by an additional pres
sure arising from the impact of the moving stream. 
In practice, therefore, an open-ended tube pointing 
upstream and with the other end connected to 3 
simple pressure gauge will register the sum of 
the impact and static pressures, commonly called the 
"total head". In order to obtain the "velocity head", 
the pressure which is a function of the motion of the 
stream only, the static pressure must be deducted 
from the total head reading: 

Pl- PO = 1:PVI 

This differential pressure, (Pl- PO)' is commonly 
measured by a combined pitot·static tube, consisting 
of a double tube whereby the total head and static 
pressures are measured at the same point in the 
stream; when the two parts of the tube are connected 
to the two arms of a differential manometer, the 
pressure due to the velocity head is registered 
automatically. Owing to the fact that, within wide 
li.mjts, the impact pr~sure measured by a facing tube 
is unaffected by the shape and size of the tube. 
various types of pi tot and pitot·static tubes arc used 
in practice. rn view of the small scale frequently 
employed in wind-tunnel models and the difficulty of 
constructing very smaU pi tot-static tubes, total head 
tubes are often used, the static pressure being 
measured at some other convenient point within the 
test section of the tunnel; where the static pressure 
is not measured in the same cross-section of the 
tunnel as the total head, the necessary correction i~ 
usually determined experimentalJy. 

In the study of model windbreaks, types of wind~ 
tunnel and pressure-measuring i.nstruments have 
varied somewhat. Finney (Pugh 1950), investigating 
snow fences, used a small wind-tunnel with test 
section 2 ft square and 10 ft long. It included a 3·[( 
propellor. powered by a 5-h.p. D.C. motor. capable 
of producing velocities up to 45 mijhr. A small 
pi tot-tube was employed to trace out the eddy 
areas. 

The Danish workers, Nokkentved (1938. 1940) 
and Jensen (1950. 1954). used a wind-tunnel of the 
open-circulation (N.P.L.) type, with a test section 
60 cm ( = 2 ft) square and approximately 5 m long 
and a 3O-h.p. propellor motor capable of a maximum 
velocity of 32 mIse<:. In the latest studies, velocities 
were determined by means of a Prandtl pitot·static 
tube, with horizontal branch 9 cm long. but for 
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more precise measurements neaf the S.-cm high 
models a smaller pitotastatic tube was constructed. 
This consisted of two branches of tubing of external 
diameter I mm, the longer horizontal branch 
(static) being 1.2 em in length, closed at the end but 
provided with two lateral holes, 0.09 nun in diameter. 
adjacent to the open end of the shorter (dynamic) 
branch. This instrument was used in conjunction 
with a holder. allowing measurements to be made at 
any point in the vertical or horizontal symmetrical 
planes of the windatunnel within an accuracy of 
0.01 em, and a Fuess inclined-tube manometer, the 
latter verified against a vertical Prandtl manometer 
with an accuracy of 0.005 em spirit column. By 
means of a Fuess change-over mechanism. the 
manometer could conveniently be connected with 
several measurement points successively. "Cylinder 
meters" were used for the determination of the 
direction of flow within horizontal and vertical 
planes. Detailed descriptions of the complete 
apparatus have been published (Jensen 1954). 

The tunnel used by Woodruff and Zingg (1952, 
1953) had a test section of at least 12 ft in length, 
beginning at a point 40 ft down-wind from the fan. 
A vertical arrangement of four pitot tubes, which 
could be lowered from the roof of the tunnel on a 
staff gauge equipped with a vernier scale for accurate 
and rapid vertical movement, was employed, 
pressures being recorded on an Ellison manometer. 
The tunnel roof was so constructed to allow horizon
tal movement of the pitot tubes through the entire 
working section. Aluminium powder was introduced 
into the air stream and strongly illuminated for 
sketching streamlines of flow. 

In Germany, Blenk (1952, 1953) used a tunnel with 
a test section 2.5 m long and 0.60 m wide. Pressure 
measurements were made by means of a pitot tube, 
4 nun in diameter, on an adjustable mounting, 
coupled to a Prandtl manometer. 

B. EXPERIMENTAL METHODS 

(i) WInd Studies 
Model snow fences, used by Finney (Pugh 1950), 

comprised horizontal- and vertical-slat and solid 
types on a scale of t in. to 2 ft, representing a 
height range in nature of 2-10 ft, and were erected 
across the whole width of the tunnel. His investiga
tions mainly concerned the pattern of snow drifting 
behind the models, as described later. 

The models used by Nokkentved (1938, 1940) and 
Jensen (1950, 1954) were 5 em in height, consisting of 
various structures and degrees of penetrability. 
Nokkentved records measurements taken at lth of 
the height of the screens, the results being expressed 
as percentages of an undisturbed velocity at the same 
height of 10 m/sec. The penetrable screens had 
perforations 4 mm in diameter with th~ exception of 

one experiment with natural spruce twigs. In the 
latter case I or 2 rows ~ twigs were used, with a 
spacing between rows of I em and within the rows 
of 1.5 em; the twigs were clipped down to 5 em in 
height. Measurements were continued to a leeward 
distance of 5Ttimes the height of the models along a 
centre line. In the course of studies of systems of 
screens (Nokkentved 1940), the heights of measure
ment were 0.16, 0.5, 1.1 and 1.5 times the height of 
the models. Jensen (1954) carried out re-measure
ments to leeward of Nokkentved's screen types 
which were supplemented lYith a few of different 
structure, such as screens composed of horizontal. 
cylindrical rods, vertical palings and rectangular 
lattice. Measurements are recorded down to O. th but 
usually only to 0.2h (I em) above the tunnel floor. 
The values obtained are expressed as relative shelter 
effect, i.e. the reduction in velocity due to the 
presence of the screen as a percentage of the velocity 
of the unobstructed air current at the same place of 
measurement. Down-wind measurements were taken 
to 70 times the model height. In Germany, Blenk 
used 5 em models (1952) and 3 em models (1953); 
in both cases, the undisturbed velocity in the tunnel 
was 40 m/sec, the measurement line extended 30h to 
windward and 30h to leeward of the models and 
velocities were recorded at heights above the tunnel 
800r of th and one-sixth times the height of the 
model. His results are expressed as a ratio of the 
velocity measured at a point with the model in 
position to the velocity measured at the same point 
in a clear tunnel. 

The model shelterbelts studied by Woodruff and 
Zingg (1953) were fabricated from cedar twigs 
placed in short lengths of i-in. aluminium tubing. 
mounted in a plywood base. The scale used was I in. 
to 5 ft so that the maximum height in the models 
was 6 in., the spacing between trees I in. and 
between rows 2 in., resulting in 36 trees/shrubs per 
row. Horizontal velocity measurements were 
recorded at 12 heights and 23 locations in the air 
flow, a constant wind velocity of 31 mi/hr being 
maintained at an elevation of 2h above the trees. 
Velocity profiles were obtained by plotting the 
dimensionless ratios z/h and UJUc, where 

z = elevation above datum (0.1 h to 3.1 h) 
h = height of tallest tree in the models 
U t = velocity in tunnel with shelterbelt in 

position 
Uo = velocity at corresponding point in clear 

tunnel 
The measurement line extended 2h windward and 
23h leeward of the models. 

In addition to velocity measurements. Woodruff 
and Zingg (1952, 1953) studied the shelter effect at 
the ground by means of erosion or shear patterns, 
based on the concept that the velocity ratio u/uo is 
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related to levels or shear as follows: 

~ = IT 
U" To 

where Uo is the threshold velocity for a given erodible 
material in a clear tunnel, u is a velocity of known 
magnitude greater than the threshold, also measured 
in a clear tunnel, To is the threshold shear and T is a 
shear or known magnitude greater than the threshold. 
Dune sand of the size 0.30-0.42 mm was used to 
delineate the area of protection to leeward of the 
model windbreaks. Four levels of wind. each 
yielding values of u/u", greater than unity, were 
passed over the models and sand and the boundary 
of sand remaining a t the end of each test denoted the 
approximate location at which the barrier reduced 
the shear at bed level to the threshold value. This 
is the equivalent of reducing the ratio uillo to unity 
at the same point, this reduction being known as the 
effective velocity reduction, which, expressed as a 
percentage is: 

IOO(~_I) 
~ffective v~loc- =: _ Uo = 100 (I_~) 
Ity reduction ~ u,' 

u. 
To investigate the boundary layer over a wood. 

Jensen (1954) mounted corrugated paper on a Oat 
plate 1.2 em thick, the corrugations being 3 mm high 
and 8.8 mm long. These models extended over the 
entire width of the tunnel and their extent in the 
direction of the wind varied from 30 to 310 cm; 
considering the overall height as 1.5 cm, the models 
represented widths of 20 to 205h. Down-wind 
measurements were taken to 70h. The model of the 
wide woodland strip, used by Blenk (1952), appears 
to have consisted of parallel fences with no continu· 
ous upper edge. Blenk (1952) considered also the 
effect of topography on the siting or shellerbelts by 
introducing undulations in the form of a double 
sjne~urve along the floor of the tunnel. 

Generally, wind-tunnel experiments on this 
subject have followed a fairly similar pattern 
throughout. 

(ij) Ey.poration Studies 

Blenk (1952) investigated evaporation rrom damp 
soil in the laboratory, air from a jet 60 em above 
ground being passed over three cups of soil sunk onc 
behind the other in a slab level with the ground. 
The rate of evaporation was measured as the loss in 
weight after a period of 50 min. Fences were then 
introduced in front of the cups and the relative 
reduction in evaporation rate observed. 

(iii) Transpiration Studies 

Samples of clover and grass were cut as turves, 20 
em in depth, placed in boxes of zinc sheeting of the 
same dimensions and subjected to detailed labora
tory study over periods of several days by Jensen 
(1954). The plants were iUuminated artificially for 
12-16 hrs daily and exposed periodically or con
tinuously to wind in a wind-tunnel at various speeds. 
The boxes were weighed periodically to determine 
loss through evapordtion and at the end of each 
experiment the leaf area of each sample was obtained 
by direct measurement. 

(iv) Snow-drifting Studies 

As artificial snow for wind-tunnel experiments, 
Finney (Pugh 1950) used Oaked mica and very fine 
sawdust. Velocities up to 25 mi/hr were obtained in 
the tunnel. The drift patterns were observed after the 
tunnel had been running for a certain period. The 
tunnel was lined with coarse sand-paper to resemble 
the ground more closely. Similarly, Nellentved 
(Pugh 1950) employed sawdust and covered the 
tunnel floor with coarse paper, the tunnel speed 
varying between 13 and 34 mi/hr. Becker (Pugh 
1950) used peat dust and gypsum separately as 
artificial snow. In all these studies different fence 
types were introduced into the stream and their 
effect in terms of drift length and depth noted. 

Chapter 7 

POSSIBLE DEVELOPMENT OF EXPERIMENTAL METHODS 
AND INSTRUMENTATION FOR FUTURE RESEARCH 

Section I. Field Investigations 
I N CONSIDERING possible developments of experi
mental technique and instrumentation for field 
investigations of microclimates in the vicinity of 
shelter belts, it is evident that wind velocity and 

direction, as the controlling factors with regard to 
further climatic changes, must be subjected to the 
closest investigation. It has been demonstrated by 
previous research workers that the basic approach to 
the investigation of anyone of the physical features 
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of microclimates, whether wind velocity and 
direction, atmospheric temperature and humidity. 
evaporation, transpi ration or soil moisture and 
temperature, lies essent ially in simultaneous measure
ment of a particular climatic factor at various points 
within a prescribed area and the relat ion of these 
observations to a standard value for this factor 
recorded at the same time. In regions of varying 
topography. where periods during which the wind 
exhibits reasonably constant direction and velocity, 
suita ble for field investigations, arc strictly limited. 
the difficulties encountered in such studies are 
readily apparent. For any short-term observations 
the necessary equipment must be easily po rtable and 
capable of erection and observation with the 
minimum of time wastage in the field . Assistance in 
field-work is Limited generally both economically and 
in availability. These considerations and restrictions 
dictate to a very large extent the suitability o r 
otherwise of experimental methods and instruments 
for research in nature. 

(i) Wind Conditions 

F or the study of wind velocity near the ground, 
the range of anemometers suitable is restricted by 
Iheoretical considerations. Sensitivity to low wind 
speeds. the maximum freedom from over--eslima tion 
in fluctuating winds a nd capability of responding to 
changes of direction, at least within a horizontal 
plane, especially since areas of disturbed flow are 
inel,'itable in the vicinity of any obstacle, are 
essen1ial requirements . These conditions eliminate 
several available instruments. 

In the range of pressure anemometers, none of 
those instruments involving a flow of air through the 
anemometer, e.g. the plate orifice, nozzle and 
yenturi tube. is generally used in outdoor practice. 
Where no air flow through the instrument is in
curred. as in the pressure-tube anemometers and 
pitot tubes. the use of the former type is curtailed by 
the high cost of manufacture and large size of the 
complete assembly. It is noted that instruments of 
this type have been constructed a nd used fo r 
graphical recording of wind velocity and direction in 
Denmark (Jensen 1954) but only where require· 
ments necessitated the use of recording equipment 
over periods of several days. Pilot tubes have also 
been used in field investigations in Denmark but, 
owing to the error in troduced when the tubes are no t 
maintained in a direction parallel to and facing the 
wind stream, their use under natural climatic 
conditions must be considered impracticable. 

Of the mechanical anemometers. each of the three 
main types , cup, swinging plate and vane anemo
melers~ has been used frequently in microclimatic 
investigations, the cup anemometer most extensively. 
One of the simplest pactems of cup anemometer is 

the standa rd Meteorological Office Cup-Counter 
Anemometer Mk. II (Plate I). Though no t nonnally 
intended for use ne .... lr the ground, it has been found 
to be a convenient instrument for semi-permanent 
installation in exposed situations at 1.5 m above 
short grass. This anemometer depends in principle 
on the rotation of a system or three cups mounted 
on a vertical spindle. The rate of rotaria n of the 
cups is directly proportional 10 the speed of the 
wind to a sufficiently close approximation. The 
"facto r", or ra tio of the distance travelled by the 
wind to the dista nce tmvelled by the centre of any 
one cup, which in this instrument is conical, is 2.98. 
The spindle operates a counter mechanism register
ing the run of wind in miles to 0.01 mii the indicated 
wind speed is within 1 mi/hr of the true wind speed 
throughout the range of the instrument and no 
corrections are necessary. 

Probably the most suitable cup anemometer 
ava ilable is the Sensitive Type IV anemometer. 
designed by Sheppard (1940) a nd subsequently 
modified and manufactured by Casella & Co., 
London (Plate 2). Of extremely light construction. 
fitted with a l-cup rotor of radius 3 in., the conical 
cups being 2 in. in diameter. this instrument is 
intended fo r the accurate measurement of low wind 
speeds yet can stand exposure to winds of 88 fl /sec. 
The spindle supporting the cup roto r activates a 
lightly gc.."l red counting mechanism and the combined 
frictional torque of the assembly does no! exceed 20 
dyne/em, which gives a stopping speed of 0.3 ft /sec. 
With a linear calibration and satisfactory behaviour 
in fluctuating winds, this anemometer appears most 
suited for microclimatic reaearch and investigations 
of atmospheric turbulence. 

Investigations into the over-estimation of mean 
wind speed in a variable wind fo r the Sheppard 
anemometer and Meteorological Office patterns of 
the 3-cup type reveal that conical cups over-estimate 
to a much smaller extent than hemispherical cups 
and a re to be preferred therefore when unsteady 
(i.e. natural) winds are being measured (Scrase and 
Sheppard 1944). 

The Sensit ive Type IV anemometer is available 
commercia lly with a micro-electric contact mechan
ism, opernting at 6 volts, instead of the counter. Two 
contacts are made for every three revolutions of the 
cups; with a counter of the P.O. message register 
type up to 9999 counts may be recorded. This 
system, due to Deacon (1948) a nd subsequently 
modified by Crawford (1951). enables the counter to 
be situated remote from the a nemometer. By this 
means, anemometers may be erected some distance 
above ground. the counters rema ining at ground 
level, thus rendering the instrument ideally practical 
for rorest meteorological studies. 

Pressure- or swinging-plate anemometers, depend-
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ing on the deftection of a pendulous plate or disc by 
the wind, are now rarely used. The particular design 
considered here, the Danish swinging-disc anemo
meter, has been used with some success in that 
country (Nekkentved 1938, 1940; Jensen 1950, 
1954). Consisting of a wire ring covered with a 
gauze mesh, with a pointer moving against a 
graduated scale, the instrument has been calibrated 
against a pilot-tube in a wind-tunnel and results of 
field measurements and has demonstrated its 
potentialities. It is simple in design and construction 
and when linear to the wind stream mechanical error 
is minimised. On the other hand, the rufficuhies of 
observation, owing to the fact that a mean must be 
taken of several rapid readings of the angular 
deflection of the disc. thus necessitating continual 
observation of each instrument, render its use in 
practice uneconomic. Also. the error introduced 
when the wind stream is not normal to the disc, a 
feature inevitable in natural winds, particularly in 
the vicinity of obstacles, must cause a comparatively 
low degree of accuracy in the investigation of wind 
conditions near shelterbelts when the flow pattern is 
considerably disturbed. 

The air meter or vane anemometer (Plate 2). 
available in several similar designs, consists usually 
of eight Hat vanes r.ldiating from a common spindle. 
When the axis of the spindle is set along the direction 
of flow of the wind. the "windmill" rotates at a rate 
proportional to the wind velocity. In practice, the 
instrument can be yawed through about 20" before 
an error of 1 per cent is incurred on the indicated 
speed. In a fluctuating wind, a vane anemometer 
over-estimates the average speed and this error is 
proportional to the square of the amplitude of the 
fluctuations; where the velocity extremes are less 
than 15 per cent on either side of the mean the error 
should not appreciably exceed I per cent but, for a 
50 per cent fluctuation. the error may be as much as 
12, per cent (Ower 1949). In field studies of shelter
belts it has been found that, within the area of dis
turbed flow caused by the belts, the vane rotates 
alternately clockwise and anti-clockwise according 
to pulsations in the eddy area. These limitations 
restrict the practical use of this instrument. 

Anemometers employing the relationship between 
the rate of heat loss from a heated body and the 
speed of flow of the Huid in which the instrument is 
immersed, have a restricted use in field investigations 
of microclimate. Geiger (1950) considers the con
struction of the Albrecht electrical hot-wise anemo
meter to be of great significance in microclimatology 
owing to its suitable design for meteorological field 
work. This anemometer hlS been used to investigate 
the penetration of the wind into a dense stand of 
spruce (Woelfle 1942). The principle of hot-wire 
anemometers is that a pure metal wire, when 

heated in a simple electrical circuit and exposed to an 
air current, is cooled by the air. If the wire is main
tained at a constant temperature and, consequently, 
at a constant resistance, the current varies with the 
velocity of the air stream; the current can be 
measured with an ammeter or voltmeter of high 
resistance. An 'alternative method is for the current 
to be kept constant so that the wire temperature and 
resistance vary according to the wind velocity. 
In practice, many instruments of this type possess an 
unstable calibration; the Simmons Shielded Hot
wire Anemometer is considered to have a more 
permanent calibration than most types (Ower 1949). 

The , Hastings Portable Air Meter (Hastings 
Instrument Co., Jnc., Hampton, Virginia, U.S.A.) is 
designed for measurement of air velocity and static 
pressure by means of a sensitive thennopile and is 
particularly free of errors due to temperature 
variations (_20° to 250?F); radiation, lead resistance 
and humidity effecl, are negligible. The noble metal 
thermopile contains six thermo-couples on coin
silver mountings fitted in a directional probe 
(Plate 3). The hot junctions of the thermopile are 
heated by passing alternating current through them. 
The cold junctions are prevented from becoming 
heated by lowering.their resistance and by increasing 
the heat conductivity away from these junctions. A 
DC current is therefore generated between the hot 
and cold junctions of the thermopile. The AC 
heating power is separated from the DC voltage 
generated by the thermopile by the use of a half
bridge circuit. The DC voltage is generated across 
points of equal AC potential, thus eliminating effects 
of the AC heating current on the DC voltage output. 
The How of air by the thermopile tends to bring the 
hot and cold junctions to the same temperature thus 
reducing the output of the thermopile. The voltage 
output is therefore a measure of the speed of the air 
flowing by the thermopile. An indicator is operated 
from the thermal difference voltage generated by the 
thermopile. This instrument has two velocity 
ranges, 10-750 ft/min and 750-5500 ft /min respect
ively and is equipped with three It-volt batteries. 

In field tests of this instrument, it has been found 
that the probe is too sensitive for instantaneous 
velocity measurements in the open, owing to the 
rapid and wide fluctuations of the indicator. For 
measurement of the penetration of light winds 
inside dense stands. where the use of a mechanical 
anemometer is not feasible or possible, and also for 
measurements within a lo\\, plant cover, such as 
amongst grass and cereal crops, the Hastings Meter 
would appear to be the most suitable anemometer 
available. 

Another instrument which relies upon a rate of 
cooling as a measure of velocity is the Kata thermo
meter, designed by Hill (1916, 1922) for research on 
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the effect of atmospheric conditions on health and 
industrial efficiency. Essentially an alcohol thermo
meter of special type (Plate 84), the bulb is warmed 
until the spirit rises in the tube. When exposed to the 
air stream, the time taken for the column to faU 
between two limits of the scale, in this case 100° and 
95°F, is related to the cooling power of the wind and, 
hence, is a measure of its velocity. The velocity is 
obtained by means of the formula 

H~(a+b v V)6 

where a and b are constants, 6 is the mean excess 
temperature of the Kala thermometer over that of 
the surrounding air, and H is the total heat lost in 
cooling from 100° to 95°F, divided by the area of the 
cooling surface and by the cooling time. The use of 
this instrument as an anemometer is restricted main
ly to the measurement of the speed of moving air 
currents in the study of ventilation problems in 
rooms and enclosed spaces. It has the advantage that 
it is largely non-directional. giving values of the 
resultant air speed past the bulb practically indepen· 
dent of the direction of flow. Disadvantages are 
the length of time necessary to take readings and 
the comparatively low accuracy. In field tests. the 
latter has been found to be very marked. thus re
ducing its utility. although, as a "comfort meter". 
to study the effect of atmospheric conditions on 
animals in relation to the application of sheller 
where necessary. it would appear to show great 
promise. 

To summarise. for the study of wind conditions in 
the vicinity 0f shelterbclts and in general micro
climatic studies of wind velocity between I and 2 m 
above ground. the Sensitive Type IV anemometer. 
either of the counter or micro-electric contact type, 
would appear to be most suitable instrument 
available in the United Kingdom. In the investigation 
of wind conditions at higher elevations above 
ground, such as a bove a forest canopy. the micro· 
electric contact version of this anemometer would be 
most practicabJe. 

In considering the practical application of the most 
suitable of the available instruments to field investi
gations of wind conditions in the vicinity of shelter
belts and in relation to their siting on exposed 
ground. it is evident that, ideally. 20 or more 
anemometers would be required to obtain compara
tive measurements. In the study of individual belts, 
these instruments would require to be dispersed along 
a measurement line commencing to shelterbelt
heights to windward and extending 30 heights to 
leeward in order to cover the maximum sheltered 
zone to be expected. Assuming a maximum shelter
belt height, either actual or potential, of 60 ft, a 
measurement line of 800 yd would have to be 
allowed for. In the study of wind velocities on bare 

hillsides and over ridges, with regard to site selection 
for belts, a considerably longer range of measure
ment might be necessary. In order to obtain 
simultaneous measurements of wind speed at several 
points throughout this range, unless each instrument 
were to be individually manne~ some device by 
which a whole batlery of anemometers could be 
switched on and off simultaneously. or, alternatively. 
have their reading recorded. would appear essentiaJ. 

Consideration has been given to the possibility of 
developing an electro-mechanical apparatus on the 
solenoid principle to engage the on-off levers on 
anemometers such as the Sensitive Type IV counter
type instrument. However. owing to the distance 
through which the average on-off lever has to be 
moved and the dissipation of the necessarily low 
current through the length of the connecting wire. 
such apparatus is unlikely to be satisfactory. A more 
practical arrangement might be the use of the micro
electric contact version of the Sensitive Type IV 
anemometer, which has become available com
mercially more recently. with the individual counters 
assembled at one central point. For short-term 
observations extending over not more than one or 
two days at a time. however, the use of long distances 
of electric cable, especially with the difficult ground 
conditions and presence of field crops or grazing 
animals frequently to be encountered in experi
mental areas, is hardly practicable. 

It is possible that electronic apparatus could be 
developed for this purpose but such equipment is 
expensive to construct and maintain and, it may be 
assumed. would require skilled attention in the field 
from time to time. The possibility has been con
sidered also of employing a time-operated camera 
recorder to record the reading of an instrument at 
given time intervals. in order to obviate the 
necessity of employing one observer per instrument. 
Tests have been carried out using a clock equipped 
with a light electric contact operating every five 
minutes. The contact activated a 24-volt Camera 
Recorder O .S.,- ex Air Ministry surplus stores. 
equipped with approximately 15 ft of 16 mm film. 
Owing to the time taken for the electric contact in 
the clock to break, during which interval the camera 
recorded on the average two frames per second. some 
means of controlling the number of photographs 
taken was essential. A thermal delay circuit was 
therefore introduced and it was found that. by vary
ing the resistance of this circuit according to 
lemperature conditions, the camera could be 
controlled so as to take one or at the most two 
successive photographs for each closure of the main 
circuit. irrespective of the time taken for the clock 
contacts to reopen the circuit. In practice, however. 
the use of this recorder with the counter-type of 
anemometer is not altogether suitable since the 
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camera requires to be too close to the cup assembly. 
thereby disturbing the air flow in this region, and 
also atmospheric conditions are apt to foul the dial 
of the anemometer or the lens of the camera and 
obscure the reading on the photograph. However. 
using the electric contact version of the Sensitive 
Type IV anemometer, where the counter can be 
remote from the actual instrument, it would be 
possible to enclose counter and camera recorder in a 
weather-proof case with interior illumination, an 
arrangement which has obvious practical possibilities 
in microclimatoiogy. 

Generally. graphically recording anemometers. 
providing a continuous record of wind speed, are too 
bulky for microclimatologicai studies of wind 
conditions, especially for short-tenn observations. 

In order to obtain a standard value of wind velocity 
for comparison with values recorded at the various 
points throughout 'the measurement area, it is 
necessary to operate a "control" station at a freely
exposed situation in the open. In practice, a point at 
least 10 shelterbelt-heights to windward of the belt 
under observation will register the "free wind" or 
u open ground wind" velocity, provided it is beyond 
the range of other sheltering obstacles. 

Where it is not possible to employ a system, 
whereby a whole series of anemometers can be 
switched on and off simultaneously, it might be 
considered possible to operate a "control" station, 
producing some form of continuous or inter
mittent record of wind velocity over a given period 
at that point, using an expanded time-scale to 
facilitate analysis of the results, and then to take 
either instantaneous or short-interval readings at the 
various measurement points successively, relating 
these to the continuous record obtained at the 
control station. Certain disadvantages would be 
involved, notably that the readings would not be 
simultaneous at all places of observation and 
instantaneous or short-interval values of wind speed 
are more difficult to compare than averages over a 
longer period. On the other hand, only one instru
ment would be required, excluding the control 
anemometer, thereby minimising calibration errors. 
Where the order of magnitude of the microclimate 
under observation precludes the use of a cup
anemometer and suggests the use of a hot-wire 
instrument, a procedure along these lines would 
appear to be indicated. 

In the comparative study of natural winds, it is 
more satisfactory to employ totalising instruments, 
yielding an aggregate distance run of wind, rather 
than to rely on instantaneous velocity measure
ments, since fluctuations of velocity will not be 
simultaneous at observation posts more than a short 
distance apart. A more practical arrangement 
therefore, and the one generally adopted, is to 

employ a series of simple counter-type anemometers 
and to distribute as many observers as possible along 
the measurement line. The advantages of this 
method. used successfully by Nligeli (1943-53) 
among others, are that the equipment is easily 
erected for observation, one standard type of 
instrument is used throughout so that the 
anemometers are interchangeable; when one or more 
instrument proves faulty the rest of the series is not 
affected and, after preliminary observations, the 
instruments can be re-distributed or added to, 
especially where certain points in the measurement 
area obviously require more detailed study. Unless 
one observer is available per instrument, it is 
inevitable that an error will be introduced through 
the readings not being simultaneous at all points. Its 
magnitude must depend on the number of assistants 
available, the distance between anemometers and, 
thus, the delay between successive readings. The 
proportionate error can be minimised by increasing 
the exposure periods to, say, half an hour or one 
hour. It is obviously desirable for all intended 
observation points within the experimental area to be 
equipped with instruments at the same time, since 
this procedure allows several readings to be observed 
at each point. It is possible then to reject those 
measurements for periods when the wind direction 
showed marked deviation from the average or other 
atmospheric conditions proved unsuitable and to 
take a mean of the values for the favourable periods. 
This method also allows a preliminary appraisal of 
the results during the course of the investigations. Its 
practicability, however, will be limited by the supply 
of instruments; with a small number of anemometers 
the whole of the measurement area cannot be 
studied simultaneously and fewer readings can be 
taken at each observation point. In this case, 
careful attention to changes in wind direction is 
essential. A wind direction recorder or, at least, a 
light wind-vane which is observed frequently would 
seem necessary at the control station. 

With regard to the exposure of anemometers in 
general field investigations in connexion with 
shelterbelts, a standard height of measurement 
above ground is necessary. It is considered that a 
height of 1.5 m (approximately 5 ft), being above the 
zone of' maximum variation in velocity due to the 
ground surface and corresponding very closely to the 
height laid down for the exposure of thermometers 
etc. at climatological stations, would be most 
convenient. 

In laying out a measurement line in the vicinity of a 
shelterbelt, the normal practice is for the line to be 
perpendicular to the belt and measurements to be 
recorded at distances in multiples of shelterbelt 
height along this line. Where the wind direction is not 
nonnal to the belt, the effective distance of the 
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measurement point from the belt is considered as 
that distance parallel with the wind direction and the 
appropriate correction is applied usually by a simple 
trigonometrical calculation according to the angle of 
incidence of the wjnd direction to the belt. In 
practice. corrections for small deviations in wind 
direction from the normal affect the results very 
slightly. 

In areas where detailed investigation of micro
climatic wind conditions is contemplated it is 
obviously an advantage to have simultaneous records 
of wind velocity and direction at the standard 
height of 10m (33 ft)used by meteorological stations, 
obtained either from nearby stations where possible 
or by means of a temporary anemometer fixed at this 
height above ground. In this way, the results of 
microclimatic research can be related to the general 
weather conditions and may have a more far
reaching practical application. 

(ii) Temperature Conditions 

The comprehensive study of temperature con
ditions implies long-term observation and occasional 
measurements undertaken in the vicinity of sheIter
belts have yieMed little information of practical 
value. Detailed study of temperature conditions in 
a sheltered area would necessitate observation 
throughout a whole year, or at least a growing 
season. at several points including a "control" 
station beyond the zone of protection afforded by 
the belt. For this purpose, thermographs together 
with maximum and minimum thermometers, all 
enclosed within some fonn of screen, would be 
suitable. In addition. grass minimum thermometers 
and apparatus for measuring soil temperatures 
would be desirable and, in order to assess the results 
of these observations within the general climatic 
pattern, associated studies of atmospheric humidity 
and radiation an advantage. It is apparent, therefore, 
that very detailed research on temperature conditions 
must be considered a major undertaking and any 
short-term observations an essentially incomplete 
representation. For practical purposes, a compre
hensive scheme of such investigation must be 
restricted to a few shelterbelts in selected areas at the 
most; probably this could be achieved in association 
with research on agricultural crop yields in sheltered 
areas. In a comparative study of several shelterbelts 
on different types of soil, with varying plant cover in 
their adjacent areas and under widely fluctuating 
weather conditions, it is inevitable that temperature 
studies become limited, particularly when wind 
velocity and flow pattern are the chief objects of 
investigation. 

Considering occasional measurements of atmos
pheric temperature to be carried out in conjunction 
with. and complementary to, studies of wind 

conditions, in a storm all microclimatic differences 
vanish and therefore windy and stormy days are 
generally unsuited to observations of microclimatic 
factors (Geiger 1950). This would appear to indicate 
that a few instantaneous measurements of tempera
tUfe carried out at the same positions as wind 
velocity observations are not likely to be very reliable 
except in rare cases. It would seem, therefore, that 
temperature studies should be restricted to measure
ments with ordinary dry-bulb thermometers, simply 
screened against radiation effects, when suitable 
conditions pennit. On radiation nights the effect of a 
sheiterbeit could probably be studied by means of a 
series of sheathed grass minimum thermometers set 
up along a measurement line normal to the belt. 
although slight changes in ground cover must be 
expected to complicate the results. 

Soil temperatures in short-term investigations 
would require to be measured with an electric 
resistance thermometer, readings being instantane
ous; for longer periods standard meteorological 
earth thermometers would appear suitable. 

(iii) Humidity Conditions 

As with temperature observations, the occasional 
measurement of humidity relationships in micro· 
climatology presents certain difficulties. Geiger 
(1950) refers to the manifold limitations in adapting 
the technique of atmospheric humidity measurement 
to the needs of microclimatic research: the usual hair 
hygrometers fail to work in the ground air layer 
because they are 100 large and psychrometers 
because they require circulating air, thereby il1lro
ducing a disturbance of the microclimate. Jensen 
(i 954) has objected to the use of whirling hygro
meters and psychrometers in the field for the same 
reason; in the Danish investigations the Wcis·Fogh 
apparatus for the determination of dew-point was 
therefore used, this instrument being based upon the 
vaporisation of ether. Geiger (1950) mentions also a 
method of humidity measurement depending upon 
the fact that, if dilute sulphuric acid is in contact with 
air whose vapour pressure is greater than the 
saturation pressure of the acid, the air will give up 
water to the acid until equilibrium is attained and 
vice versa. The apparatus consisted of small capillary 
tubes, 3 to 5 mm long, which were filled with 
sulphuric acid solutions of various concentrations. 
varying by steps corresponding to 5 per cent on the 
humidity scale. After 10 minutes it could be observed 
with a magnifying glass whether the liquid surface, 
which was just even with the end of the tube, had 
risen or fallen and from this the relative humidity 
could be determined, the temperature error being 
negligible. 

Thermistor elements constructed in pairs as wet
and-dry-bulb resistance thermometers and calibrated 
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over a range of wind speeds against an Assmann psy. 
chrometer. so that ventilation corrections could be 
made in deriving values of humidity, have been dee 
signed by Penman and Long (1949) for humidity 
measurement in potato crops. Their use has been 
described by Broadbent (1949, 1950). 

In field studies the time Japse between successive 
instantaneous measurements of humidity restricts 
observations to periods when atmospheric conditions 
are more or less constant and fluctuations negligible, 
conditions which are comparatively rare. It would 
appear that for occasional observations during 
favourable periods atmospheric humidity should be 
determined by apparatus, as described above, which 
does not require circulation of air at the wet bulb. 
For measurements over longer periods a recording 
hygrograph, suitably screened, would probably be 
most efficient. 

(iv) Evaporation and Transpiration Conditions 

Probably the most useful form of observation. 
suitable as an efficiency index of a sheltcrbelt, is the 
study of a factor which embodies wind, temperature 
and atmospheric humidity conditions and their 
continual tluctuations. i.e. evaporation and transpira
tion. In the light of the considerable scientific and 
observational evidence it would appear that it is the 
desiccating or evaporative power of the wind which 
is critical for vegetation and, similarly, the cooling 
poy.'er or "exposure" factor whicb is detrimental to 
animal welfare, frequently with fatal consequences. 
Apart from the reduction of mechanical dam.1ge to 
plant life brought about by shelterbelts, il is the 
dirrUnution of the evaporative power of the wind 
which largely constitutes "shelter". 

Considemble research on evaporation pOlcntiat 
and its relation to ecologic.1i problems has been 
undertaken in America (see. for example, Thorn
Ihwaite 1940, 1954; Thornthwaite el al. 1948·52; 
Thomthwaite and Holzman 1939, 1942) and at 
Rothamsted (Penman 1941a and b, 1951 elc.); these 
investigations have emphasized the importance of 
this factor, particuJarly in agriculture. 

'In the comparative study of shelterbelt influences, 
therefore, it would appear that a series of simple 
evaporimeters would supply the necessary qualitative 
data. Although the loss of water from eva pori meters 
or atmometers cannot be taken as the absolute 
quantitative measure of transpiration from the living 
plant or evaporation from moist soil, these instru
ments, in spite of their many defccts, have the 
decided advantage of integraling the changes in the 
rate of evaporation during the intervals of time for 
which they are exposed (Maximov 1929) and are 10 
be preferred to instantaneous measurements of 
saturation deficit, relative humidity or dew· point. 

Several evaporimeters, such as those due to Living-

stone, Pickering and Piche, are available com
mercially and have been used frequently in ecological 
and microclimatic studies. However, both the 
Livingstone and Pickering types are comparatively 
expensive and somewhat clumsy for temporary 
ereclion in the field. The disadvantage of Ihe Piche 
type is that it must be clamped rigidly vertical to 
prevent displacement of the porous paper evaporat· 
ing surface which is held by aclip at Ihe bollom of the 
cylindrical tube containing the water. It is therefore 
a difficult instrument to use in a strong wind. move
ment of the tube causing occasional drips from the 
porous surface and. thus, over-estimation of the rate 
of evaporation. A simpler apparatus has been 
designed by Nageli (1943) and used successfully in 
his later investigations in Switzerland. A similar 
version of this instrument, made to order in this 
country, consists of a glass this tle funnel, 3.5 em in 
external diameter at the mouth. with ground and 
polished edge, extending into a 40 em long stem of 
3.5 mm bore, open' at Ihe bottom, and graduated in 
millimetres upwards (Plate 5) (Griffin & Tatlock, 
Edinburgh). The porous disc, 4.0 cm in diameter and 
flat-ground to a thickness of 5 mm, is manufactured 
from F·\O grade porcelain (Douiton & Co., London) 
with a measured maximum pore size of7-1O microns 
approximately and an approximate rate of Bow of 
water through a Ihickness of * in, (0.48 em) for a 
pressure drop of I Ib/m.' (51.7 mOl mercury) of ISO 
pintsifl'/ hr (900 litres/m'/hr). 

The measure of evaporation rate is Ih.e distance the 
column of water moves up the stem of the funnel in a 
prescribed period as water is evaporated from the 
porous surface. which makes an air-tight seat with 
the flange of the funnel, the column of water thus 
being supported by atmospheric pressure. In selling 
up the instruments. the common practice is to hold 
the thumb over the end of the stem whilst fitting to 
the polished edge of the funnel with distilled water, 
care being taken to release ali air from the tube; the 
porous disc, previously soaked in water, is then slid 
over the mouth of the funnel. ensuring that no air 
bubbles are tr.,pped between the plate and the water 
surface. Care must also be observed in handling the 
porous malerial to avoid altering the porosity of the 
surface. 

In field investigations it is considered that the 
evaporating surface should be at the same height 
above ground as suggested for the collection of other 
microc!imatic data. viz. 1.50 m. The instrument 
would not be satisfactory below 50 Col from the 
ground. It can be easily erected on temporary stakes, 
as shown in Plate 5, and although la leral displace. 
ment of the tube in a strong wind may occur, the 
evaporation surface will be displaced only slighlly. 
By using a further retaining ring fitted further down 
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the vertical tube, such displacement can be obviated 
entirely. 

It is considered that a series of such instruments 
should be set up along a measurement line in the 
vicinity of a shelterbelt, in conjunction with 
anemometers where possible, and readings taken at 
similar time intervals to those used for the wind 
velocity data. In this manner the evaporation rate 
relationships between the various observation points 
can be related to the average wind velocity for a 
particular period at the same points. 

(v) Soil Moisture Conditions 

The importance of this factor must be held to vary 
considerably between regions according to the 
purpose for which shelterbelts are used, e.g. arable 
farming, soft fruit growing etc., and local climatic 
and soil conditions. As a feature of the microclimate 
to be investigated along with other influences of 
shelterbelts, the determination of soil moisture 
presents major experimental difficulties. Owing to 
the extreme variation in soil structure over very 
small areas, a considerable number of measurements 
are likely to be required in order to produce statistic
ally reliable data. The field work implied in assessing 
soil moisture conditions within the zone of protection 
of a shelterbelt with a view to determing the effect of 
the belt on such conditions would appear to be 
extensive and, in the normal run of periodic studies 
of several shelterbelts and their sheltered areas, 
impracticable. 

Methods used for the determination of soil 
moisture have been reviewed by Searle (1954). 
Although the weight loss after oven-drying soil 
samples taken in the field is still used as a measure of 
moisture content, this method has been generally 
superceded by the development of soil tensiometers 
and electrical resistance apparatus. Where detailed 
studies are contemplated, instruments of these types 
must be adjudged most suitable. 

For the occasional comparative measurement of 
soil moisture relationships in sheltered areas , a 
simple method due to Dimbleby (1954) would 
appear to merit consideration, particularly as no 
expensive equipment is involved. Briefly, this 
method consists of opening new soil pits wherever 
measurements are required and inserting the points 
of porous "pencils" in the newly exposed profile at 
the appropriate depths, the distance the moisture 
travels along these "pencils" within a specified 
period being the measure of the available moisture 
in the soil. Dimbleby used cylinders, 12.5 cm long 
and 8 mm in diameter, with one end tapered 
similar to a pencil, cut from kieselguhr filter candles. 
After being graduated along their length in milli
metres, using a waterproof ink, the "pencils" were 
dipped in a slightly acid solution of cresol red and 

oven-dried. As the water rose by capillarity up the 
"pencil" during use a simple pH change occurred 
from pink to yeUow, thus giving a clear indication to 
the observer of the distance t he water had risen. 
Within the limits of accuracy afforded by this 
method, useful information in ecological studies 
should be able to be obtained comparatively easily. 

SectIon 2. Laboratory In.estIptions 

Owirt& to the fluctuating atmospheric conditions 
encountered in nature and the inability to isolate any 
one feature of shelterbelt design, such as height, 
width and degree of penetrability, in field research, 
the tendency towards systematic model investiga
tions, which can be easily controlled and reproduced. 
is understandable. The reliability of model research 
and the transfer of such results to field conditions has 
been the subject of considerable discussion. How
ever, similar procedure has long been applied in the 
fields of aerodynamics. hydraulics and various 
branches of engineering practice and fundamental 
principles of model experiment, in the applicability 
to full-scale working. clearly established. It is evident 
therefore that experiments conducted with models in 
the laboratory can verify initially several basic 
principles of shelterbelt design and layout and. 
although not intended to replace studies under 
natural conditions, can ~ave considerable time and 
expense in later field-work. 

Laboratory investigations related to the shelter
belt question, particularly from a forestry aspect, are 
likely to be concerned mainly with the pattern of air 
flow and velocity reduction to windward and leeward 
of artificial barriers introduced into the air stream 
provided by a wind tunnel. Ideally. in the relation of 
wind-tunnel studies to field research, besides the 
geometric similarity between model and rull-scale 
tests, the Reynolds number, R, should be of the 
same order of magnitude in both cases. If this 
condition is rulfilled, the laws of inertia and friction 
are altered in transition from model to full-scale 
working in similar proportion. In practice, however, 
it is not easy for similar Reynolds number to be 
provided in laboratory and field . 

According to Reynolds' investigations (Ower 
1949), there is a critical speed ror the transition rrom 
laminar (steamline) to turbulent (eddying) flow in a 
fluid passing through a pipe, dependent on the 
dimensionless ratio, 

R~ vd/v 
where v= mean speed of flow. d = pipe diameter and 
v= kinematic viscosity= ratio of 1.1 (coefficient of 
viscosity) to p (mass density). Applied to an object 
placed. in an air stream, 

R~Ud/v 
where U~undisturbed velocity of the air and d~ 
distance or length of object (Goldstein 1938). 
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The resistance encountered by an object immersed 
in a fluid is dependent partly upon boundary shear 
and partly upon separation and the consequent 
formation of a turbulent wake. The relative extent to 
which each of these will affect the flow varies with 
the Reynolds number characterising the motion and 
with the geometrical form and orientation of the 
body. It is possible to prove that, at a sufficiently 
high Reynolds number of flow, the drag coefficient 
is independent of the Reynolds number as well as the 
discharge coefficient (Woodruff and Zingg 1952). 
From this it may be inferred that similar flow 
patterns will be obtained about a given object if the 
flow is characterised by a sufficiently high value of R. 
This consideration is one of the first principles of 
wind-tunnel research. 

A further complication arises in the comparison of 
model research with full-scale investigations of 
wind conditions. In nature, one is concerned with a 
fully developed boundary layer, the extent of which 
exceeds the height of the hedge or shelterbelt in 
question (Paeschke 1937, Geiger 1950), On the other 
hand, a mostly turbulent boundary layer is present 
in the wind-tunnel also although in the first stages of 
development, so that the barrier height surpasses the 
height of the boundary layer; to overcome this 
difficulty, long test sections are recommended for 
wind-tunnel studies (Blenk 1953). The differences 
between model and full-scale tests may be attributed 
very largely to the different turbulence in both cases 
(N"kkentved 1938, 1940; Blenk 1952). Generally, 
wind-tunnel studies of velocity reduction leeward of 
a barrier have shown a more far·reaching zone of 
shelter than found in nature although exceptionally 
the reverse has been found to apply also Jensen 
(1954), by increasing the degree of roughness in a 
wind-tunnel, has adapted model-scale technique 
to overcome very largely the error due to turbulence 
differences. 

Blenk (1952, 1953), comparing filed and laboratory 
observations of wind velocity reduction in the 
vicinity of shelterbelts as obtained by N"kkentved 
(1938,1940) and field data recorded by Nageli (1943, 
1946), suggests that quantitative conformity may be 
found between model and full-scale experiments 
provided distances measured from the shelterbelt are 
multiplied by the factor 0.5., i.e. the distance scale 
shortened by t. However, he states further that this 
result must be considered as a provisional urule-of· 
thumb" method and the conversion factor may 
depend also on the ratio of the Reynolds number to 
the height of the barrier, so that it may be somewhat 
greater for a hedge of 2 m in height than for a 
shelterbelt of 20 m high. In any case model investiga
tions must be regarded as authentic in their qualita
tive results. 

A possible criticism of much of the previous 

wind-tunnel.research on shelterbelt influences is the 
doubtful · suitability of the models used. It would 
seem unlili:ely, that trees can be simulated successfully 
on a model scale, for example. Woodruff and 
Zingg (1953), in their investigations of shelterbelt 
cross-sectional profile, employed model trees and re
versed several original designs in order to study the 
effect of different profiles on the pattern of air flow. 
In view of the materials used, it would seem probable 
that such alterations affected the degree of penetra
bility of the model belts and in this way introduced a 
further variable other than the one under observa
tion. Any non-rigid material which is liable to change 
its shape under the force of the wind stream~ and 
hence the degree of penetrability, must be considered 
unsuitable for wind-tunnel investigations which are 
to have a practical application in nature. Models 
should be constructed as far as possible s,o that, in an 
abstract form, they are representative of natural 
shelterbelts as regards their effect on air flow, whilst 
at the same time the variables involved can be 
adequately controlled or measured geometrically. 
The model used by Jensen (1954) to study the 
boundary layer over a wood and the restoration of 
the velocity field to leeward, consisting of corrugated 
paper mounted on a block of wood, cannot be 
considered as truly representative of natural condi· 
tions in view of the fact that the model was not 
permeable to wind at any level. Where two or more 
model fences have been put together to represent a 
wide shelterbelt (Blenk 1952), the series of con
tinuous upper edges of the fences would doubtless 
have an effect on the wind pattem somewhat different 
from that produced by the tree crowns in a nonnal 
shelterbelt. These considerations would appear to 
indicate that models of shelterbelts should be pene
trable to the wind in some degree and not complete
ly solid, since the impermeable shelterbelt in the 
sense of a solid wall is not likely to be encountered 
in the field; they should be of uniform rigid cons true
tion throughout in all aspects except theonevariable 
under obServation ; in representing the crown 
surface of a shelterbelt a continuous impenetrable 
model surfaoe should be avoided; as far as possible 
they should be constructed of some simple, standard 
material which lends itself to repetition and con
tinuity of the research. 

Experimental techniques for velocity measurement 
in wind·tunnel investigations have become reason· 
ably standardised. The design and characteristics of 
pitot-static and total-head tubes have been dis
cussed in detail from theoretical and practical 
considerations by Goldstein (1938) and Ower (1949). 
In view of the small scale of models used in wind
tunnel tests and the detail of velocity distribution 
frequently required, it has become customary to use 
very fine total-head tubes made from hypodermic 
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tubing. Such total-head tubes indicate the true total 
head provided that the ratio qa/v is greater than 30, 
where q = air speed, a ~ radius of mouth of tube and 
v~kinematic viscosity of the air (Goldstein 1938). A 
further practical consideration is that, with very 
fine hypodermic tubing, only short lengths should be 
used in order to minimise the lag which results; also 
the tube should be sullicieotly rigid as to avoid 
excessive vibration when exposed to the air stream. 

Pressure measurements, from which velocity 
values are calculated according to the equation, 

p=tpv' 
where p"""pressure, p=density of air and V= 

velocity, are commonly observed by means of 
manometers, various types being available. Probably 
the most suitable form oC manometer is the inclined· 
tube, magnification of the registered pressure being 
available in the ratio l /sinct, where ct=angle of 

inclination of the tube; its sensitivity is recorded as 
0.002 in. of water at an inclination of S' (Goldstein 
1938). 

It is most convenient to express wind-tunnel 
measurements as horizontal velocity ratios, i.e. the 
ratio of the velocity measured at a point in the tunnel 
with the model in position to the velocity measured 
at the same point in a clear tunnel, and not in 
relation to the speed in the tunnel above boundary 
layer inftuences. This prooedure is analogous to that 
generally adopted for velocity measurements in the 
field. 

In conclusion, it would appear that wind-tunnel 
investigations of shelterbelt problems should be 
regarded as a basis for subsequent investigations in 
nature and their practical application to field 
research should be borne in mind when formulating 
a programme of laboratory studies. 



PART THREE 

DESCRIPTION AND RESULTS OF RESEARCH 
UNDERTAKEN 

Chapter 8 

PLAN OF THE WORK UNDERTAKEN 

THE PROVISION of shelter in the fonn of tree belts 
is essentially a practical forestry problem. The 
design, cstabHshm:nt and maintenance of the 
structure of sheherbelts in order that they may 
afford, in their vicinity. an efficient degree ofprotcc
tion appropriate to their particular function. 
whether the latter be in connexion with agriculture. 
honiculture or afforestation, demand a very 
specialised forestry technique. General principles 
relative thereto may be obtained from the study of 
the effects which shelterbelts exert on climatic 
factors and the associated biological influences. 
This conception has formed the basis of the research 
undertaken. 

In this particular research project. under terms of 
reference which provided for the investigation of the 
effects of shelterbelts on microclimate, the available 
scientific evidence concerning such effects and the 
influences of shelterbells. on agricultural yields and 
forestry 'practice has been reviewed and presented in 
the foregoing chapters. The applicability of previous 
research to shelter requitcmenlS in Great Britain and 
the possible development of research from a forestry 
aspect have been considered in the light of such 
evidence. Since development of exposed hill and 
upland areas and intensification of land use in these 
districts suggest the greatest potential extension of 
shelter planting in this country, the ultimate aim of 
the research may be regarded as the determination 
of the site, type, structure and siJvicultural com
position of shelterbelts which would provide the 
most efficient shelter, particularly in connexion 
with stock-rearing and afforestation on such areas. 
The study of shelterbelt design and maintenance on 
lowland and upland arable areas must be included 
since certain basic features are common to all fields 
of shelterbelt employment and also because the 
improvement and treatment of existing belts in 
these regions are matters of immediate importance, 

S9 

The evidence of previous research reveals that the 
positive inftuence of shelterbelts on various micro
climatic factors has been established experimentally. 
As a result of detailed research in other countries 
certain general conclusions regarding shelterbelt 
design and layout have been derived. Therefore, it 
has seemed appropriate to concentrate further 
research on the utilisation and augmentation of 
microclimatological data from the point of view of 
ascertaining the most suitable geometric proportions 
for shelterbelts and also as a means of studying 
structural composition of belts in relation to 
sheltering efficiency. 

The research presented herein has formed the 
preliminary stage ,of a comprehensive research 
programme, formulated in 1953 after completion of 
tbe preparatory work, which involved especially the 
detailed examination of experimental technique and 
instrumentation for the comparative study of various 
elements of microclimate-wind velocity and 
direction, atmospheric temJ?Crafilre and' humidity, 
evapo~tion, -- traflspir.idon, soil moisture and 
terr$Crat\lre. The -proPosed investigitions [neluded 
the s tudy of the influences on microclimate, parti~ 
cularly on wind velocity, of existing shelterbelts of 
different width, structure and composition by 
species and development stages, with a view to 
determining the optimum belt structure; the study Qf 
wind conditions in regions of irregular topography, 
with a view to determining the most suitable 
situation for shelterbelts to ensure maximum 
protective efficiency; the consideration of the 
application of shelterbelts to forestry practice, both 
in the provision of shelter on exposed sites scheduled 
for afforestation and of protective margins and 
internal wind-firm belts in the established forest. 

In the study of shelterbelt structure, it is evident 
that a very large sample of belts would be required to 
give general conclusions, owing to the complexity of 
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the geometric and biological variables involved. In 
addition, long-term investigations would be neces
sary before e"haustive information on the inevitably 
slow process of developing appropriate structures~ by 
means of planting and subsequent treatment, could 
be expected. Although certain conclusions may be 
obtained from a purely physical approach with 
controlled experiments, the majority of information 
of practical forestry value must be derived from field 
studies. In this connexion a means of assessing the 
efficiency of different belt structures has been con
sidered desirable. 

The field investigations have been directed towards 
this end and the efficiency of the selected shelterbelts 
assessed on the basis of their effect on the micro
climates of adjacent regions. Wind velocity reduc
tion, being the primary effect on which other 
microclimatological characteristics of sheltered areas 
are dependent to a greater or lesser extent, has been 
investigated more thoroughly than other physical 
factors. Since evaporation rate integrates wind, 
temperature and atmospheric humidity conditions 
and their continual fluctuations and is adjudged 
particularly suitable for the comparative assessment 
of microclimates within the objects of this research, 
more attention would have been paid to this factor 
than to individual elements such as temperature and 
humidity. However, because of difficulties with 
equipment, insufficiency of data has precluded this 
possibility. Few studies of atmospheric temperature 
and humidity were conducted, owing chiefiy to the 
difficulties of experimental procedure and the antici
pated small value of the results, the latter arising 
from the extreme variability of ground and plant 
cover conditions near the shelterbelts. For these 
reasons, wind abatement must be considered the 
most reliable index to the protective value of belts. 

The shelterbelts examined in this paper are 
located within reach of Edinburgh and have been 
selected mainly for convenience but also because the 
variety of belt types encountered in the Lotbian 
valleys, the Pentland, Moorfoot and Lammermuir 
Hills present a fairly comprehensive range, repre-
sentative of similar types throughout Britain. The 
number of belts studied in detail has been unavoid
ably restricted by the difficulties associated with any 
field research dependent on particular meteorologi
cal conditions and also by the unsuitability of many 
shelterbelts for the comparative evaluation of their 
sheltered environs. Delay in obtaining the required 
equipment and evolving appropriate experimental 
techniques has imposed further limitations. 

Owing to the high cost of field research and the 
difficulty of isolating many of the dimensional 
variables in shelterbelt design under natural con-

ditions, many of these variables have been investi
gated by previous workers with the aid of model 
research in field and laboratory. In this way the 
influence on the pattern of air flow and the extent and 
nature of the shelter effect attributable to the 
length, height and degree of penetrability of wind
breaks have been clarified. In order to support field 
investigations and promote the silvicultural interpre-
tation and analysis of the results, studies of certain 
additional fundamental problems related to shelter
belt design, which were thought to be of particular 
interest to shelterbelt technique in this country, were 
carried out in this programme. In view of the 
probable importance of tbese aspects with regard to 
shelter planting on upland areas and to forest 
margins, wind-tunnel investigations of the effect of 
shelterbelt width and cross-sectional profile in 
determining the leeward extent of the sheltered zone 
were undertaken at the Department of Meteorology 
of the Imperial College of Science, London, where 
facilities were made available. It was intended that 
the wind-tunnel studies should form a basis for 
subsequent research in the field and that, although 
the results of laboratory studies of this nature may 
be considered to have a qualitative application to 
natural conditions, these studies should be sub
stantiated by field experiment. However, suitable 
experimental areas have not yet been located. 

The desirability of intensive study of air flow near 
the ground in regions of varying topography has 
been mentioned earlier from the point of view of 
achieving maximum efficiency of shelterbelts through 
careful siting. It must be accepted that conclusions 
drawn from a few individual studies of wind 
conditions in upland districts would only rarely 
permit a general application to other areas, owing to 
the diversity of meteorological and topographic 
conditions. This question is discussed on the basis of 
observational and recorded evidence in Chapter 12. 

The field studies of shelterbelts and tbe wind
tunnel investigations of cross-sectional profiles in 
model windbreaks are interpreted in relation to the 
application of shelterbelts to forestry practice in 
Chapter 13. 

The experimental results presented in Chapters 
9 and 10 may be sub-divided as follows: 

(i) Laboratory investigations of wind conditions 
in the vicinity of model windbreaks of differ
ent width and cross-sectional profile; 

(ii) Field investigations of microclimatic factors, 
particularly wind velocity. in the vicinity of 
different types of shelterbelt. 

The practical application of these results to 
shelterbelt design and maintenance is examined in 
Chapter II. 
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Cbapter 9 

LABORATORY INVESTIGATIONS OF WIND CONDITIONS 
IN THE VICINITY OF MODEL WINDBREAKS 

WIND-TUNNEL STUDIES of certain fundamental 
problems related to shelterbelt design were carried 
out during January 1955, facilities being provided by 
the Department of Meteorology, Imperial College of 
Science and Technology, London. 

The two main aspects of investigation were the 
relation of shelterbelt width to the extent of the 
sheltered zone on the leeward side of the barrier and, 
similarly, the effect of the cross~sectiona' profile 
through the entire width of the windbreak. In 
addition. observations of wind velocity reduction 
were made in the vicinity of two parallel windbreaks 
set some distance apart, behind a scale model of a 
natural coastal shelterbelt and a further model 
representing a spaced-group arrangement of trees 
throughout the belt instead of the conventional, 
overall, planting pattern. 

The models were introduced into the air stream 
provided by a wind-tunnel and wind velocities 
obtained for individual measurement points by 
recording dynamic and static pressures and sub
sequent calculation employing a recognised formula 
for the pressure/velocity equation. A total of 21 
series of observations was obtained with the 
different models, each series involving measurements 
at three elevations above the tunnel floor and at up 
to 13 horizontal distances down·wind of the models. 

Procedure 
The tunnel used had an overall length of 30 ft. and 
was octagonal in cross·section. The DC motor, 
operating a twin-blade propeller, could be controlled 
by a rheostat and constant wind speeds maintained 
with reasonable accuracy during the investigations. 

The test section of the tunnel, .. tending for only 
66 in., restricted the range of velocity measurements 
down·wind of the models to some extent. The 
octagonal construction allowed a floor width of 15 
in., the section widening to 36 in. in diameter 
through the axis of the tunnel. Because of the 
sloping walls, the models could not be constructed 
to fit the total width of the tunnel exactly with the 
materials used for their manufacture. However, it is 
unlikely that these· limitations affected the qualita
tive value of the results to any significant degree. 

In order to avoid permanent structural alterations 
to the tunnel and in view of the fact that the models 
required to be secured firmly to the tunnel floor and 
also that a simple means of moving and setting the 
measurement apparatus was desirable, a false floor 
was constructed for the test section to incorporate 

the base of each model and the pressure-measuring 
instruments (Plates 6-8). This base-board consisted 
of two I-in. planks, arranged parallel to one another 
but separated by a narrow channel to permit move
ment of the pitot apparatus along a central measure
ment line. The planks were permanently overlaid 
with i-in. plywood at the down-wind end as 
illustrated; the remaining area was reserved. to 
accommodate the individual bases, also of i-in. 
plywood, of the models so that "steps" in the tunnel 
floor were avoided. Since the largest model used 
extended for 30 in. (75 cm) along the test section, an 
equivalent distance along the planks, measured from 
the up-wind edge, was left exposed in this way. For 
smaller models, so as to complete the smooth surface 
of the artificial floor and also to cover the central 
channel before and behind the measurement 
apparatus, plywood "filler pieces" were prepared to 
meet the requirements of each experiment (Plate 6). 
The bevelled outer edges of the base-board fitted the 
sloping walls exactly, thereby increasing the effective 
floor width· to slightly more than 17 in. When 
fitted in the tunnel, a shallow gradient was added at 
the ends to prevent disturbance in the air stream. 

A stiding device was made to facilitate horizontal 
movement of the pitot apparatus along the channel 
provided. With the filler pieces mentioned, the 
apparatus could be fixed at any distance in multiples 
of 2 in. (5 em) along the working section. 

With this equipment a regularly smooth surface 
could be maintained throughout. Any small gaps 
between the plywood sections, caused by shrinkage, 
were carefully sealed with adhesive tape between 
each series of experiments. All screws were counter ... 
sunk and, where necessary, the holes smoothed over 
with moulding clay. 

Uniformly spaced wire nails were used for the 
construction of the models. The reasons for the 
selection of this material were several: with rows of 
nails a uniform decrease in penetrability to the wind 
with increasing width (i.e. number of rows, arranged 
normal to the direction of flow) could be expected; 
the rigidity of the nails would obviate penetrability 
changes due to alteration of form under the wind 
pressure as frequently found with flimsy material; 
the points of the nails, directed upwards, would not 
present a continuous upper surface of the model andy 
in this respect, would represent more nearly the 
permeable tree crowns, producing a series of small 
eddies as occurs above a crown surface in woodlands; 
such material is readily obtainable and inexpensive, 
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