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Dependence of Atmospheric Cooling by Vegetation on Canopy Surface Area
During Radiative Cooling at Night: Physical Model Evaluation Using a
Polyethylene Chamber
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Abstract

The plant canopy surface is cooled by radiative cooling at night. Cooling of the canopy surface results in cooling of the
surrounding air by convective heat exchange between the canopy surface and the air. Convective heat exchange at the
canopy surface is proportional to the convective heat transfer conductance, which depends on the wind speed and the
canopy surface area. We conducted physical model experiments using a polyethylene chamber to examine the depend-
ence of the heat exchange at the canopy surface on the canopy surface area during nocturnal radiative cooling. We intro-
duced three canopy models, each having a canopy surface area equivalent to a Leaf Area Index (LAI) of 1, 2, or 4. The
models were placed in two polyethylene chambers located outdoors and exposed to a nocturnal radiation regime. The
canopy surface temperature of the LAI = 1 model was the lowest among the three models, whereas the convective heat
exchange between the canopy surface and the air traveling into the chamber was the smallest for the LAI = 1 model. The
convective heat exchange did not differ significantly between the LAI = 2 and 4 canopy models. The results showed that
the air traveling through the canopy was cooled more at night, when the canopy LAI was large and the canopy surface
temperature was relatively high. This air-cooling effect tended to approach an asymptotic value as the LAI became large.
We were able to simulate these phenomena with a simple heat balance analysis of the heat exchange between the canopy
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surface and the air.
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1. Introduction

A plant canopy is effective at cooling surrounding air by tran-
spiration in the daytime and by radiative cooling at night. Because
this air-cooling effect is expected to mitigate heat discomfort in an
urban area, many studies have investigated the effects of an urban
green park or roadside trees on the thermal environment of adja-
cent built-up areas. Although the relative coolness of these green
areas has been well known, there is incomplete understanding of
the roles of canopy cover in the processes of air-cooling, and in
particular of the roles associated with radiative cooling at night.
Hence there is still debate about what type of vegetation is most
effective in cooling air.

Previous studies (Kanda and Hino, 1990ab; Honjo and
Takakura, 2000a,b; Huang et al., 2011) have used numerical sim-
ulation approaches to compare an aggregated plant canopy to a
sparsely scattered plant canopy and have concluded that a scat-
tered plant canopy is more effective in cooling the surrounding
urban atmosphere. It is not surprising that a scattered canopy is
more effective than an aggregated canopy in exchanging heat
convectively between the cooled canopy surface and the surround-
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ing air. Although these studies dealt with heat exchange processes
in the daytime, their conclusions may be true for a plant canopy
cooled radiatively at night; namely, the enhancement of air-
cooling is greater when the convective heat exchange at the cano-
py surface is larger.

Assuming steady state conditions and no latent heat transfer,
heat gain by convection from the air and heat loss by radiation are
balanced at the canopy surface. At night, a larger heat exchange
due to convection leads to an increase of canopy surface tempera-
ture as well as to an increase of the rate of radiative dissipation of
heat to the sky and/or surrounding surfaces because of the higher
surface temperature of the canopy. Surfaces with higher tempera-
ture lose more heat through radiation; they therefore gain more
heat from the air and consequently cool the surrounding air more
efficiently. Okada et al. (2014) have experimentally demonstrat-
ed this mechanism with a physical model using a polyethylene
(PE) chamber; namely, air in a PE chamber with a model leaf
was cooled to a greater extent than the air in a chamber without a
model leaf, although the temperature of the model leaf surface
was higher than that of the floor surface of the chamber without
the model leaf.

In contrast, many studies of urban parks have focused on cold
patches in green areas (e.g., Jauregui, 1990-1991; Eliasson and
Upmanis, 2000; Hamada and Ohta, 2010; Hamada et al., 2013).
For example, Narita et al. (2004) observed the temperature of a
vegetation complex that consisted of zones of trees and turf grass
and concluded that the turf grass zone was the source of cooling in
the park at night because the temperatures of the air and surface of
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the turf grass zone were lower than those of the tree zone. With
respect to heat exchange, however, such cold patches usually form
in places more isolated from the surrounding warmer urban at-
mosphere, and hence they probably help to cool the urban atmos-
phere to only a small extent. The objectives of this study were to
evaluate the convective heat exchange at the canopy surface dur-
ing nocturnal radiative cooling and the effects of the canopy sur-
face area on cooling the surrounding air.

The sensible heat flux density due to convection (hereafter
convective heat flux density) at the canopy surface per unit
ground area, H, is described by

H:gc(Tair_Tcanopy)a (D

where Ty, is the air temperature, Tcanopy 18 the canopy surface tem-
perature, and g. is the convective heat transfer conductance. Note
that the density is expressed per unit ground area. According to Eq.
1, as the conductance, g., increases, the canopy surface tempera-
ture increases, because H is in balance with the net radiation loss
from the canopy surface. An increase of the surface temperature
causes an increase of radiation loss and a concomitant increase of
the convective heat flux density.

To explain the effect of the canopy surface area on the heat ex-
change between the plant canopy and air, we may rewrite g, as the
product of the convective heat transfer coefficient at the canopy
surface, Ac.canopy» and the leaf area index of the canopy, LAI, as
follows:

8e = 2he_canopy” LAL (2)

in which the constant 2 accounts for the two sides of the leaf sur-
face, with the coefficient assumed to be identical on both sides. In
Eq. 2 we assumed that the wind-induced heat transfer processes in
canopy boundary was represented by a single coefficient /¢ canopy
and the coefficient did not depend on LAI

Equation 2 shows that both the LAI and /_canopy contribute to
the increase in g, and thus to the increase of the convective heat
flux, which consequently enhances air cooling. Okada et al.
(2014) showed that the convective heat flux inside the PE cham-
ber increased when a leaf model was introduced in the chamber.
In this paper, we introduced three models with different LAI and
conducted physical model experiments using a PE chamber to
experimentally evaluate the dependence of the heat exchange at
the plant canopy surface on the LAI during nocturnal radiative
cooling. We also examined the relationship between the heat ex-
change and the canopy surface area using simple heat balance
equations.

2. Physical Model Experiments

The PE chamber was developed by Okada et al. (2014) to in-
vestigate heat-exchange processes at the surface of a body ex-
posed to shortwave and/or longwave radiation. For a full descrip-
tion of the PE chamber system and performance, see Okada et al.
(2014) ; a brief synopsis follows. The PE chamber is similar to a
wind tunnel covered with a plastic panel that transmits shortwave
radiation (e.g., Hino and Kanda, 1989), but the measurement
section (hereafter PE section) of the PE chamber is covered with
0.02-mm-thick PE film with a transmissivity of both shortwave
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Fig. 1. A plane view (left) and a cross-section view (right) of the chamber with a leaf model for LAI=1 (a,d), LAI=2 (b, e),
and LAI =4 (c, f). Circles indicate the locations of temperature measurements on the model surface. Numbers are linear dimen-

sions in mm.
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and longwave radiation as large as 0.85. Therefore, the PE cham-
ber allows model surfaces installed in the chamber to be exposed
to radiation at levels similar to outdoor levels in the daytime as
well as at night. The PE chamber was ventilated in the longitudi-
nal direction by using an exhaust fan with an airflow speed of
approximately 0.2 m s”. The use of the temperature difference
between the air inlet and outlet and the other heat balance compo-
nents of the PE chamber enabled us to evaluate the convective
heat flux at the inside surface of the chamber.

Our interest lay in the dependence of the heat exchange at the
canopy surface on the canopy surface area at night so that we did
not take transpiration from leaves into consideration in this study.
To simplify the heat exchange processes at the canopy surface, we
introduced a single layer of the model canopy in the chamber so
as to cover the entire surface of the floor of the PE section. In this
way the radiative heat flux exchanged with the sky was intercept-
ed by the canopy surface. To increase the LAI of the model cano-
py, we created inverted V-shape models, because the space for
installing the model canopy was limited in the PE chamber. To
vary the size of the canopy surface area, we prepared three mod-
els: one flat plane model and two inverted V-shape models. The
models had surface areas equal to one, two, and four times the
floor area. In other words, the model surface areas were equiva-
lent to LAIs of 1, 2, and 4. The models for LAI = 1 were made
from two single sheets of black Kent paper, each being 450 mm in
length and 300 mm in width, and suspended at a height of 75 mm
above the floor using thin wire (¢ = 1.0 mm) parallel to the floor
surface (Fig. 1a). The models for LAI = 2 were made from four
inverted V-shape sheets of black Kent paper, each being 450 mm
in length, and folded in a triangular shape with a base width of
150 mm and a ridge height of 130 mm (Fig. 1b). The models for
LAI = 4 were made from eight sheets of black Kent paper, each
being 450 mm in length and folded in a triangular shape, with a
base width of 75 mm and a ridge height of 145 mm (Fig. 1c).

Two PE chambers were placed on the roof of the Graduate

Outlet
section

Inlet section

Fig. 2.
the grass-covered rooftop of the Graduate School of Life

Installation of two sets of the PE chambers placed on

and Environment Sciences building.

School of Life and Environment Sciences building, University of
Tsukuba, Tsukuba, Japan (36.87°N, 141.7°E) (Fig. 2). Each
chamber contained a different size of the model canopy inside.
We conducted three experiments: a comparison of LAIs of 1 and 2
(hereafter LAI 1-2), LAIs of 1 and 4 (hereafter LAI 1-4), and
LAIs of 2 and 4 (hereafter LAI 2-4) . The experiments were con-
ducted during a clear night; for LAI 1-4 from 20:10 to 20:25 JST
on 15 August 2013, for LAI 2-4 from 19:00 to 19:15 JST and for
LAI 1-2 from 19:40 to 19:55 JST on 27 September 2013.

Copper-constantan thermocouples were used to measure the
temperatures of the model canopy surface (Fig. 1). The air and
wall surface temperatures, which were needed to calculate the
heat balance components of the PE chamber, were measured by
thermocouples as described by Okada et al. (2014). All of the
thermocouples were connected to one common reference junction
so as to minimize the errors in measurement of temperature dif-
ference between a pair of sensing thermocouples (Okada, 2010).
The resolution of the temperature difference measurement esti-
mated from the datalogger resolution was an order of 0.01°C. The
net longwave radiation above the PE section of the chamber was
measured with a net radiometer (Q7, Radiation and Energy Bal-
ance Systems, Inc., Seattle, United States). All the sensor signals
as well as the reference temperatures of the thermocouples were
collected by using a datalogger (CR-1000, Campbell Scientific,
Logan, United States) with a sampling interval of 1 s and an aver-
aging interval of 1 min for recording data. All data averaged over
a 15-min sampling period were used for the analysis.

Okada et al. (2014) have proposed two ways to calculate the
convective heat flux from a model surface installed in a PE cham-
ber. The first approach is based on the heat balance of the PE
chamber, and the second is based on the radiation balance at the
surface. We applied the first approach, which is unique to the PE
chamber technique, because it does not require the estimation of
the radiation flux at the surface. The Appendix provides a detailed
description of the equations used to calculate the heat balance
components of the PE chamber.

3. Results of experiments

The 15-min average values of the air temperatures, surface
temperatures, and temperature differences observed in the exper-
iments are listed in Table 1. Each of the three experiments com-
pared two different LAI models. The model surface temperature,
T, was higher for the larger LAI model than for the smaller one
in every experiment. In contrast, the outlet air temperature, Ty,
was smaller for the larger LAI models, whereas the inlet air tem-
perature, Ty, was the same between the two chambers. Conse-
quently, the temperature difference between the model surface and
the air decreased as the LAI increased.

In the LAI 1-2 and LAI 1-4 experiments, the temperature dif-
ference between the inlet and outlet air of the chamber, AT,, was
larger by about 0.2°C in the cases of the LAI = 4 and 2 models
when compared to the AT, of the respective companion LAI = 1
model, whereas the AT, was nearly the same for the LAl =4 and 2
models in the LAI 2-4 experiment. Okada et al. (2014) reported
similar results: AT, was larger by 0.4°C with the LAI = 2 model
than without the model (LAI = 0). Thus AT, increases as the LAI
increases, but it tends to approach an asymptotic value.
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Table 1. Comparison of the air temperatures, surface temperatures, and the temperature differences in the
chamber at night. The letters A and B in parentheses in the LAI row identify which one of the two

chambers was used in the measurements.

Date 27 September 15 August 27 September

LAI 2(A) 1 (B) 4 (A) 1 (B) 4 (B) 2(A)
T 12.5 12.2 27.5 25.8 14.6 13.0
AT, -1.0 0.8 -0.9 -0.7 -1.0 -1.0
Tout 14.9 15.2 27.6 27.8 15.4 153
Tin 15.9 16.0 28.5 28.5 16.4 16.3
T; 13.8 13.9 27.8 27.0 15.2 14.4
AT, -0.4 0.8 0.1 -0.4 0.6 -0.4
AT 2.6 2.2 —0.6 -1.0 -14 2.4

Table 2 shows the heat balance components and the net
longwave radiation below the PE film of the PE chambers calcu-
lated from the equations in the Appendix together with the net
longwave radiation above the PE film of the chamber measured
with the net radiometer.

The magnitude of the convective heat flux at the model surface,
O..m» and that of the net longwave radiation exchange at the upper
and lower surface of the model, R,.,, — R, should be equivalent if
radiation loss and sensible heat gain due to convection from the
air were balanced at the model surface (Okada ez al. 2014) . The
magnitude of those variables was similar but R, — R,f was
slightly larger than Q. _,, in most cases. The disagreement of those
values may be attributed partially to the errors accumulated in
calculation of the heat balance components. It may also be at-
tributed to the occurrence of dew condensation on the model sur-
face, because we found that the paper model was dry at the begin-
ning of the experiment but wetted at the end.

In the LAI 1-2 and LAI 1-4 experiments, the net longwave ra-
diation flux density above the PE film, L, ,, was more negative

with the LAI = 2 and 4 models than with the LAI = 1 model. The
implication is that the radiative heat loss from the chamber was
larger for the larger LAI, a natural consequence of the higher sur-
face temperature of the larger LAI models. The difference of the
observed surface temperatures between the models, however, did
not exactly correspond to the difference of net longwave radiation.
The explanation may be that the limited number of thermocouples
in the experiments did not properly measure the temperature over
the whole model surface.

Radiative heat loss is the force that drives heat exchange by
convection between the inside surfaces and the internal air of the
chamber. Hence an increase of the radiative loss of heat acceler-
ates cooling of the internal air. In the LAI = 2 chamber, the sum of
the convective heat fluxes at the floor surface and the model sur-
face, Q. ¢+ Oc.m, Was in fact 1.2 times the analogous flux for LAI
= 1, and the air temperature at the chamber outlet was approxi-
mately 0.2°C lower for LAI = 2 than for LAI = 1.

In contrast, in the LAI 2-4 experiment, both L,_, and O, in the
chamber did not differ significantly between LAI =2 and 4. As a

Table 2. Comparison of the heat balance components in the chamber. The letters A and B in pa-
rentheses in the LAI row identify which one of two chambers was used in the measurement. As-

terisks denote the values measured with a net radiometer.

Date 27 September 15 August 27 September
LAI 2(A) 1 (B) 4 (A) 1 (B) 4 (B) 2.(A)
Lypa (Wm?) —45.5* —41.2* —37.1* -30.6* —47.9% —47.9%
Loy (Wm™?) —41.9 -37.5 -34.7 -27.7 —44.8 —44.0
Ocm (W) 94 —6.9 —6.9 =55 -10.1 -89
O/ Ar (Wm™?) -34.4 -253 -253 -20.1 -37.0 -32.6
Qe Ap) | Ly 0.82 0.67 0.73 0.73 0.83 0.74
Ocr (W) -1.1 -1.7 -13 -2.1 —0.6 -1.1
0, (W) -9.3 7.4 -75 -6.7 -9.4 -89
0, (W) -0.9 -0.7 —0.8 -0.7 -0.9 -0.9
Opy (W) —0.2 0.4 0.0 -0.2 -0.3 0.2
Oyt (W) -0.9 —0.8 —0.2 -0.4 0.5 -0.9
Rym (W) -11.4 -10.2 -95 -7.6 -12.2 -12.0
Ry.r (W) -2.0 -2.5 -1.5 -2.5 -1.1 -2.0
Ry — Rug (W) 9.4 7.7 -8.0 =5.1 —-11.1 -10.0
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result, the temperature differences between the air inlet and outlet
of the chamber, AT,, were identical (Table 1). Similar to the AT,
results, the convective heat exchange at the model surface and its
resultant effect on air-cooling increased as the LAI increased, but
it tended to approach an asymptotic value.

4. Heat balance analysis

The foregoing experimental results show that the effect of the
canopy on air-cooling approaches an asymptotic value as the can-
opy surface area becomes large. In the following paragraphs, we
try to evaluate the relationship between the canopy effect on air-
cooling and the canopy surface area (LAI) by using simple heat
balance equations.

To simulate the PE chamber, we assumed a segment of an air
layer in which a single-layer canopy model was suspended. We
also assumed that the movement of air in the air layer was unidi-
rectional from one end of the segment to the other, and we as-
sumed that there was no convective heat transfer from the air layer
to the adjacent upper or lower air layers (Fig. 3). This one-
dimensional airflow is consistent with the ventilation of the air in
the PE chamber and thus creates a temperature difference between
the inlet and the outlet of the segment. The convective heat ex-
change between the air and the canopy surface is balanced by the
heat transported by the airflow as follows:

_Tout)a (3)

8c(Thir _Tcanopy) =gy(Tin

where T}, and T, are the incoming and outgoing air temperatures
of the segment of the air layer, respectively. The parameter g, is
the convective heat transfer conductance defined by Eq. 2. The
parameter g, is the heat transfer conductance due to airflow and is
equal to the product of the heat capacity and the airflow rate per
unit area (Eq. 4) ; g, may likewise be defined as the heat transfer
conductance due to ventilation of the PE chamber as follows:

gy = peyV/As. (4)

where p is the air density, ¢, is the specific heat of air at constant
pressure, V is the airflow rate and Ay is the floor surface area.
When no latent heat transfer is assumed at night, the surface

temperature of the canopy depends primarily on convective heat
exchange with the air and longwave radiation exchange with the
sky and with the ground surface beneath the canopy. The experi-
mental results in Table 2 showed that the radiative heat exchange
between the model surface and the floor surface, R, was small
and less variable compared to the analogous exchange between
the model surface and the sky, R, In order to solve the equa-
tions arithmetically we therefore neglected the radiation exchange
with the ground surface beneath the canopy and expressed the
heat balance at the canopy surface as

&ec (Tair - Tcanopy) =8&r (Tcanopy - Tsky )- (%)

where T, is the sky temperature, and g, is the radiative heat
transfer conductance. Although the linear approximation of radi-
ation exchange in Eq. 5 combined with Eq. 6 leads to an error of
5% in calculation of radiation exchange for the temperature dif-
ference (Teanopy — Teky) 0f 10°C, we introduced a linear-form equa-
tion to solve the equations arithmetically. The radiative heat trans-
fer conductance, g, is conventionally approximated by the first
term of the Taylor series expansion of the radiation exchange
equation as follows:

gr =40(Tyy +273.15)°, for LAl >1 ©
g =40(Tyy +273.15) LAI for LAI <1,
where ¢ is Stefan-Boltzmann constant (= 5.67x10° W m2 K ™).
We assumed that the ground surface was entirely covered by the
canopy when LAI was larger than one. In this case, the radiative
heat flux exchanged with the sky is intercepted by the area equiva-
lent to the ground area regardless of the magnitude of LAI In
other words, for heat flux calculation on a ground area basis the
view factor of the canopy cover area to the sky is equal to one.
This is the reason why the first equation in Eq. 6 does not relate to
LAI We also assumed a large single leaf suspended horizontally
in the air layer when LAI was smaller than one. In this case, the
sky view factor of the canopy is equal to one, but the radiation is
intercepted by the leaf surface area, hence LAI. This is the reason
why the second equation in Eq. 6 relates directly to LAI.
Equations 3 and 5 lead to the following heat balance equation

Tsky
% Radiation
I 1
| T, ir . 1
| % @COI‘IVCCUOTH
! TCEinQ '
Tin : - . Tout

: Single Layer Canopy :
1

L

Airflow

A segment of air layer

Fig. 3.
for the variables in the figure.

Illustration of a simple heat balance model for a segment of the air layer and a single-layer canopy surface. Refer to the text
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for airflow, convection and radiation:

&y (Tin —Tou) = 8c (Tair — Tcanopy) = gr(Tcanopy - Tsky)- M

We assumed that the air temperature in the air layer changed line-
arly from the inlet to the outlet. Therefore, Ty, = (T + Touw) / 2.
We obtained the canopy surface temperature by rearranging the
first two terms in Eq. 7:

(8¢ =28 )Tin +(gc +28v ) Tout
2g.

T

canopy —

®)

From the airflow and radiative components of Eq. 7, we also ob-
tained the canopy surface temperature as follows:

T _gv(Tin

canopy —

_Tout)+ngSky
&r

)

The outgoing air temperature of the air layer was obtained by
substituting Eq. 9 into Eq. 8:

 (28v8c —gc8r +28v8:)Tin +28c8: Tsky

e 28,8 +8o8r +2818x
_(2gy —gr +22y81/8)Tin +28: Ty
28y +8: +28,8+/8c

Similarly, the outgoing air temperature was obtained from the
airflow and convective components of Eq. 7:

(10)

(2gy —g )T + 2gcTcanopy
28y +8

T,

out =

(11)

From the radiative and airflow components of Eq. 7, the outgoing
air temperature was also obtained as follows:

_ gvTin +gr(Tsky _Tc

anopy )
out — .

(12)
4%

The canopy surface temperature was thus obtained by substituting
Eq. 12 into Eq. 11:

2g8v8Tin +(28v8: + 8c8&: ) sy

28,8c +8c8: +28\8:
28y Tin +(28v81/8c + 81 ) oky
C O 2g,+8 +28,8/2

Equations 10 and 13 indicate that both the outgoing air tempera-
ture and the canopy surface temperature usually lie midway be-

T,

canopy —

(13)

tween the sky temperature and the incoming air temperature. As
the convective heat transfer conductance, g, increases, the canopy
surface temperature approaches the incoming air temperature,
while the outgoing air temperature approaches the sky tempera-
ture. With an infinitely large g, the outgoing air temperature and
the canopy surface temperature converge to the values determined
by Eqgs. 14 and 15, respectively:

_ (2gv _gr)Tin +2ngsky

T, (14)
ot 2g,+8;
T _ ngTin +ngsky (15)
canopy _W‘
v r

Equations 10 and 13 clearly show that a large g, resulting from a
large LAI raises the canopy surface temperature but lowers the
outgoing air temperature, and both temperatures approach their
respective asymptotic values.

From Egs. 10 and 13, we calculated the dependence of the air-
cooling effect on the LAI by using the data from the experiment
on 27 September 2013, namely the air temperature of 16.3°C and
the apparent sky temperature of 4.3°C estimated from the down-
ward longwave radiation below the PE film, with the sky assumed
to be a black body. In the experiments on 27 September, the con-
vective heat transfer coefficients at the canopy surface, A canopy»
ranged from 3.3 Wm? C' (LAT=2) t0 3.7 Wm? °C" (LAl =
4) . We therefore used the average value 3.5 Wm > “C' for e canopy
in Eq. 2. For the heat transfer conductance due to airflow, g,, we
used the same value as the conductance due to ventilation used in
the PE chamber experiment; 33.2 W m™ “C™.

In the heat balance equations, the net longwave radiation flux
above the canopy surface is balanced with the convective heat

18 ‘
516
< o) |
2 14 S . o= ekl
= T ‘
= ] i ™ —
o P " E e Qutgoing Air (g,)
512 F," ‘’ = = = Canopy Surfacc (g,) —
g‘ ] /’,’ Outgoing Air (0.8g,)
E 10 L &2 | |- Canopy Surface (0.8g,) | |
’ O  Outgoing Air (Obs.)
1 m  Canopy Surfacc (Obs.)
8 1 t i T T T
0 2 4 6 8
LAI

Fig. 4.

Dependence of the outgoing air temperature and canopy surface temperature on the LAI. Thick lines were calculated using

g, defined by Eq. 6 and thin lines using 0.8 g, to compare with the observed temperatures indicated by the symbols.
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Temperature Difference (°C)

Fig. 5.
the lines.

transfer flux, because we did not take the radiation exchange with
the ground surface below the canopy into consideration. As shown
in Table 2, however, the net longwave radiation flux above the
canopy, R, (=4 L,), is not equivalent to the convective heat
transfer flux, Q.,, in the experiment. To compare the tempera-
tures calculated from the heat balance equations with those ob-
served in the experiment, we tried to simulate the experimental
conditions by multiplying the radiative heat conductance, g, by the
ratio, (Qc.m/ Ap) / L. The thick lines in Figs. 4 and 5 were calcu-
lated with g, multiplied by one, and the thin lines with g, multi-
plied by 0.8 obtained from the experiments on 27 September. The
thin lines show agreement between the calculated and observed
temperatures.

As a function of LAI, the outgoing air temperature and the can-
opy surface temperature decreased and increased, respectively, in
a nonlinear manner (Fig. 4). Both temperatures closely ap-
proached their respective asymptotic values. In contrast, the tem-
perature difference between the incoming and outgoing air de-
creased as the LAI increased, and it approached an asymptotic
value of approximately —1.5°C (Fig. 5). Figure 4 indicates that
cooling of the air traveling through the canopy increased at night
as the LAI increased, whereas the canopy surface temperature
increased. Figure 5 indicates that the effect of the canopy on air-
cooling increased as the LAI increased, but the cooling ap-
proached a maximum value only at a very large LAIL

This heat balance analysis simulates the nonlinear responses of
the canopy surface temperature and the changes of the tempera-
ture of the air traveling through the canopy as functions of the
LAIL The results calculated from the equations show relative
trends similar to those observed in the experiments. This suggests
that the asymptotic behavior of air cooling is resulted from the
different responses of convection and radiation to LAI i.e. the
convective heat flux per unit ground area depends on LAI but the
radiative flux does not.

5. Conclusion

In this study, we investigated the relationship between the LAI
and its effect on air-cooling during nocturnal radiative cooling.

LAI

Dependence of the temperature difference between the incoming and outgoing air on the LAI. See Fig. 4 for a description of

We hypothesized that the enhancement of air-cooling was greater
when the LAI of a plant canopy was larger.

In the model experiments, the radiation losses from the experi-
mental chamber increased as the LAI of the model canopy in-
creased. Larger radiation losses resulted from higher surface tem-
peratures that were caused by enhanced heat convection due to
increased LAIs. The enhanced heat convection led to accelerated
air-cooling, although the canopy surface temperature was relative-
ly high. The experimental results revealed the effects of the cano-
py surface area on heat exchange processes and resultant air-
cooling, but the response of the canopy surface and/or air temper-
atures seemed to be nonlinear functions of the LAI and tended to
converge to asymptotic value as the LAI increased.

To elucidate the relationship between the canopy surface tem-
peratures or air temperatures and the LAI, we introduced simple
heat balance equations that described the heat exchanges of a
single-layer canopy model exposed to radiative cooling at night.
These equations simulated the heat fluxes associated with a leaf
model suspended in the PE chamber. Numerical simulations using
these equations clearly revealed that as the LAI increased, the
canopy surface temperature increased, but the temperature of the
air traveling through the canopy decreased. Both temperatures
gradually approached asymptotic values. The effects of the LAI
on these temperatures were due primarily to changes in convec-
tive heat transfer conductance at the canopy surface, as shown in
Eq. 2. Air-cooling may therefore be accelerated by high wind
speeds and/or by vegetation with small leaves, because the con-
vective heat transfer conductance varies according to the factors
that affect the convective heat transfer coefficient, such as wind
speed and/or the size of leaves.

Although the study described here was limited physically in
terms of size and wind regime, both the experimental and numeri-
cal results suggest that air-cooling is accelerated more as the LAI
increases, whereas the canopy surface temperature becomes high-
er as the LAI increases. These results also suggest that warmer
vegetation, such as tall trees compared to short grasses, should be
given consideration as a means of cooling urban air in a green
park at night.
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Appendix

List of symbols

Ap Area of the floor surface (m?)

4, Area of the polyethylene film surface (m?)

A, Surface Area of the sidewalls (m?)

[N Specific heat of air at constant pressure (J K™ kg™)

d Thickness of extruded polystyrene foam panel (= 0.03
m)

g Convective heat transfer conductance (W m™= °C™")

g Radiative heat transfer conductance (W m> °C™")

g Ventilation heat transfer conductance (W m= “C™)

hecanopy ~ Convective heat transfer coefficient at the canopy sur-
face (Wm? ‘C™)

hy Heat transmission coefficient (W m?2 °C™")

H Convective heat flux density at the canopy surface (W
m?)

L, Net longwave radiation flux density above the poly-
ethylene film (W m™)

L.y Net longwave radiation flux density below the poly-
ethylene film (W m™)

LAI Leaf area index

Oct Convective heat flux at the floor surface (W)

Ocm Convective heat flux at the leaf model surface (W)

Oyt Conductive heat flux through the floor (W)

Og-w Conductive heat flux through the sidewall (W)

O Heat transmission flux through the polyethylene film
(W)

0, Heat flux due to ventilation (W)

Fm Reflectivity of the leaf model surface for longwave
radiation (=0.11)

p Reflectivity of the polyethylene film for longwave
radiation (=0.11)

R, ¢ Net longwave radiation flux at the floor surface (W)

Rym Net longwave radiation flux at the upper surface of the
leaf model (W)

t Transmissivity of the polyethylene film for longwave
radiation (= 0.85)

Tair Air temperature near the canopy (‘C)

Teanopy Canopy surface temperature (“C)

Ty Floor surface temperature (“C)

Tin Air temperature at the air inlet of the polyethylene

chamber or incoming air temperature of the segment of
an air layer (°C)

Tinside Air temperature inside the polyethylene chamber (°C)

T Leaf model surface temperature (°C)

Tout Air temperature at the air outlet of the polyethylene
chamber or outgoing air temperature of the segment of
an air layer ("C)

Toutside Air temperature outside the polyethylene chamber
(C)

Ty Sky temperature (°C)

V Ventilation rate of the exhaust fan or airflow rate in the
segment of an air layer (=0.0075 m®s™)

& Emissivity of the floor surface (= 0.89)

€n Emissivity of the leaf model surface (= 0.89)

€ Emissivity of the polyethylene film (= 0.04)

A Heat conductivity of the extruded polystyrene foam (=
0.04 Wm' K™

P Air density (kg m™)

o Stefan-Boltzmann constant (= 5.67x10° W m2 K ™)

AT, Air temperature difference between the inlet and the
outlet of the polyethylene chamber (outlet — inlet)
(C)

AT Temperature difference between the inside and the

outside surface of the floor (inside — outside) (°C)
AT, Temperature difference between the inside and the
outside surface of the sidewall (inside — outside) (°C)

Calculation of the net radiation fluxes and the heat balance
components

The net longwave radiation flux density below the PE film, L,,
is calculated from the following equations derived from the radia-
tion balance of the PE chamber with a measured value for the net
longwave radiation flux density above the PE film, L, and the
model leaf temperature, 7, and an estimate for the PE film tem-
perature, 7, (Okada et al., 2014) .

1- 1, —1
Loy =—— 0 (6,0T3 +1,Lgy) +———ep 0T (A1)
l=ryn, L=rpry

The downward longwave radiation from the sky, Ly, is given by,

4 4
_ (1-ry "y Wy g +(1=1y Tp +lphm )f:pan + tpsmaTm (A2)

2
(A=r)A=rgrp) =ty

Lsky

The net longwave radiation flux at the upper leaf model surface,
Ry, 1s equal to that below the PE film, hence,

Rn_m = Aan—b' (A3)

The net longwave radiation flux at the floor surface, R, is calcu-
lated from the leaf model and the floor surface temperatures as-
suming the two surfaces in parallel as follows:

R, s =———a(T -T). (A4)
T e +1/e,, — 1 (Fn =75

The heat transfer due to ventilation, Q,, is calculated by using the

air temperature difference between the inlet and the outlet of the

chamber, AT, and the ventilation rate, V, as follows:

O, = pc,VAT,. (A5)

The heat transmission through the PE film, Q,, is estimated from
the difference between the inside and outside air temperatures and
the heat transmission coefficient, 4, as follows:

Qp = Apht (Tinside - Toutside ) (A6)

The conductive heat components, O, and Q,. are calculated
from the temperature difference between the inside and the out-
side surface of the sidewall, AT, or of the floor panel, AT}, the
heat conductivity, A, and the thickness, d, of the extruded polysty-
rene foam panel as follows:
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ngw = Ay, — 4T, (A7)

A
ngf :Af EAT{ (AS)

The convective heat flux at the leaf model surface, Q..p,, is calcu-
lated from the heat balance equation (Okada et al., 2014),

Qc—m = Qv +Qp +Qg—w _Qc—f' (A9>

The convective heat flux at the floor, Q. is calculated from the
heat balance at the floor surface,

Ot =Ry ¢ - Qg—f' (A10)
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