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Abstact. The usefulness of the canopy flow index concept is demonstrated for a two-story evergreen tropical
forest. A sample of about 2500 wind profiles was utilized. It encompasses a large range of ambient wind
conditions and spans the whole monsoon cycle in Southeast Asia.

It was found that the use of two canopy flow indices (one for the upper and one for the lower canopy)
would be necessary to simulate the average canopy flow. For the upper canopy, an average value of 4.04 was
obtained; for the lower canopy an index of 1,77 was computed. The indices seem to be independent of the
ambient wind speed (if 2 m s -'is exceeded), yet strongly dependent on wind direction.

1. Introduction

The structure of the turbulent air flow in vegetative canopies is quite complex. The
tilrbulence within the stand is generated by the breakdown of the atmospheric flow into
eddies (externally induced) and by eddies generated by the many inhomogeneous
elements that comprise the canopy (internally induced). Historically, the approach to the
problem of canopy flow proceeded along the following directions:

(a) theoretical - using basic equations of motion and continuity, supplemented by
semi-empirical parameterizations;

(b) semi-empirical - based on wind tunnel studies and field experiments.
Most of the mathematical models assume steady state flow in a horizontally infinite

canopy under neutral thermal stratification. The basic differential equation so derived
is:

v!OU A(z)CUI 1

/z (K(z) + v) - = - (.)
2

C> K(z) = eddy viscosity,
:0 v = molecular viscosity,

LA,.l U = mean horizontal wind speed,

CD = the form drag coefficient,
A(z) = the leaf and branch area per unit volume.
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The left term represents the divergence of the Reynolds stress and the right term is equal
to the fluid drag. This equation can be solved by numerical techniques and the methods
used vary from investigator to investigator. Some use the eddy viscosity hypothesis (Tan
and Ling, 1963) to parameterize the transport of momentum; some prefer the mixing-
length hypothesis (Inoue, 1963; Cowan, 1968; Cionco, 1965); some use the second-
order closure technique (Shaw, 1977) while others use the structured fluids approach
(Silbert, 1970). An example of the empirical treatment is the work of Uchijama and
Wright (1964) who postulated a wind speed function which included a term for the effect
of the plant community on wind.

Considerable understanding of canopy flow was gained from controlled wind-tunnel
studies conducted by various investigators such as Plate and Quraishi (1965), Sadeh
et al. (1971), Seginer et al. (1976). Wind-tunnel studies in contrast to studies at natural
sites allow one to simplify real situations.

The present study utilizes the formulation of Cionco (1965) who derived the following
canopy flow equation:

2 M OU[ (In) + a2U SU 2 (2
h OX Lh2ax X h2ax2_l12 (2)

where

x = z/h,
z = height above surface,

h = canopy height,
I = mixing length in canopy,
S = 1/2 CDA(z).

Using the assumptions of an idealized canopy with a mixing length that is constant with
height, this equation can be solved yielding:

U(z) = U(h) exp -a( - zlh)] (3)
where

a = extinction coefficient,

(l CA(z)(a/h)3 __ 2 Alz
212

i.e., the wind speed falls off exponentially with a depth scale proportional to
2"3 /3(C0 A(Z))- 1/3, where A(z) and CD, or their product, are assumed constant with
height.

2. The site

The experimental site is a tropical dry evergreen forest of about 80 km 2, situated at
14031' N, 101055' E in Thailand at elevations between 300 and 600 m. The region is
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under a monsoonal regime with two distinct seasonal circulations: a dry winter outflow
from a cold continental anticyclone, and a moist summer inflow into a continenfal heat

low. The climate is classified as tropical savannah with annual rainfall of 1S0 mm.

The wind speed data utilized in this study were collected along a 50 m high tower. The
tower was instrumented for temperature, dew point, wind speed and direction, rainfall
and radiation measurements. Figure I illustrates the location of the measurement levels
of the wind speeds along the tower.
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Fig. I. The distribution of the wind speed measurement levels along the forest tower.

The wind speed sensors were Climet three-cup anemometers having a threshold
velocity of 0.3 m s i. A totalizing signal was read every 10 s. The instruments were
calibrated before and after the experiment at the National Bureau of Standards (NB S),
Washington, D.C. in 1968 and 1970. The uncertainty of the wind speed measurements
prior to the experiment was reported as follows:

Air Speed, m s- > 13.4 4.5 2.2 1 0.5

Uncertainty 0.4% 0.8% 1% 5% 14%

The calibration record of 8/22/70 after the experiment reports allowable error of I%.
Based on a detailed inventory of vegetation conducted by the Thai Forestry Depart-

ment (Smitinand etat., 1968) in a I-ha plot centered on the forest tower, a vertical
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Fig. 2. The vertical distribution of the canopy crown radii, after Cionco (1980).

distribution of canopy crown radii (Figure 2) was constructed (Cionco, 1980). The tallest
trees are 20-35 m high with a dense crown canopy ofHopeaferrea; the tops oftIe~econd

TABLE I

Two-week averaged wind velocities at selected levels along the forest (FT) and
clearing (CT) towers (VI - at the 46 m level, V2 - at the 32 m level)

Period Level CT FT

(in 1970) m
V MS-, V1/02  V MS-, Yv/v2

January 46 2.84 1.17 2.200 3.88
32 2.42 0.566

February 46 6.47 1.18 4.84 2.15
32 5.47 2.25

April 46 4.75 1.17 3.63 2.40
32 4.06 1.51

June 46 5.73 1.15 4.17 2.20
32 4.98 1.85

July 46 6.49 1.14 4.70 2.20
32 5.67 2.13

September 46 5.16 1.08 3.93 2.27
32 4.77 1.73
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story canopy are 5-17 m tall. The species here were Hydrocarpus iicifolius, walsura
trichostemon, and Memecyclon ovattm. The undergrowth is composed of seedlings 2-3 m
tall.

3. Data

Wind speed data for January, February, April, June, July, and September were used.
Approximately ten days of observations were available for each month. Each day had
48 wind profiles averaged half hourly; each half-hourly value was based on 180 10-s data
points. The average wind speeds at about 20 m above the forest canopy are presented
in Table I. Similar information obtained along a tower in a nearby clearing is also
included, to illustrate the drag effect of the forest canopy on the ambient wind field. The
average wind direction frequency distribution in the region is illustrated in Figure 3.
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,. Fig. 3. Wind-rose diagram for Nakhon Ratchasima situated 60 km north from experimental site forj 1956-1960, from ASRCT (1967). The number in center re.nesents percentage frequency or calms.
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During the winter monsoon (November-February), the prevailing winds are from the
NE, while during the summer monsoons (May-September) the prevailing winds are from
the SE; the steadiest SE flow occurs in June-July.

4. Procedures and Resdts

Before adopting a unified approach to represent the canopy flow, numerous profiles for
each season were computer plotted. It became evident that the profiles fit into one of
the following categories:

(1) an exponential-type decrease from canopy top to the lowest measurement level,
with lower rate of decrease for z/h < 0.4 (i.e., Figure 5a, July, 1970).

(2) an exponential-type decrease down to z/h - 0.6; an increase in wind speed at
z/h = 0.4; a lower rate of decrease for z/h < 0.4 (i.e., Figure 5b, April, 1970).

a
6.0' 1 F

50-

45
.0 "I"40- x-'

200

.3

I *,

20 !
1.5

.S

.5

0 5 I 5 30 I0 35 40 45 5 1(m)
Fig 4a. Computer printed least-square fit to the computed canopy flow index a for June 1970, using
profiles for which the wind speed at the highest measurement level exceeded 5 m s - 1. The number of cases

with equal a is represented by a numeral X was used when the number of cases exceeded ten.
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Fig. 4b. Computer printed least-square fit to the computed upper canopy flow index a for April 1970. using
profiles for which the wind speed at the highest measurement level was between 3-4 in s - 1.

(3) an exponential-type decrease down to z/h = 0.6; a no-shear layer between
0.4 _5 z/h < 0.6; a lower rate of decrease for z/h < 0.4 (i.e., September 1970, not ilus-
trated).

These differences are also evident from the distribution of the canopy flow index a for
the various cases (Figures 4a-b). For June (Figure 4a), the a values cluster around two
'centers' (namely, 4.0 and 1.77); in April, due to the frequent 'jet' feature in Ol e canopy
flow at z/h - 0.4 level, the a's are less uniform in magnitude, resulting in high standard
deviations. Consequently, the following procedure was adopted.

For each period of study, the data were stratified according to wind speed at the highest
measurement level above the canopy; the attenuation coefficient a was computed for
each such group separately using Equation (3). A least-square fit was obtained for the
computed a values. Table 11 presents summaries of alfthe results, i.e., average a for upper

*6 I
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and lower canopy; correlation coefficients; intercepts and slopes. As evident from
Table 11, the highest frequency of wind speeds in January is in the low range of
0-2.0 m s'. Thompson and Pinker (1975) analyzed the stability conditions for this site
and showed that January was the most unstable period and as such, least suitable to
the application of a canopy model based on neutral stratification. Therefore, no a's are
presented for this period. For all the months treated, there does not seem to be a
dependence of a on ambient wind speed as long as winds of 2 m s- I are exceeded. The
average value of a for the lower canopy seems to be half of that for upper canopy. The
standard deviations seem to be related to the variability of wind direction. As illustrated
in Figure 3, April and September are among the most variable in wind direction and the
standard deviations in a during these periods are 3 times those for the other months.

Strong dependence on wind direction was also reported by Cionco (1978).
The correlation coefficients of the regression equations are above 0.8 except for April

and for the low wind speed range during other months. The average values for all
periods studied are summarized in Table IIl. The range of the standard deviations
during the various periods is indicated. The values of a as compiled by Cionco (1978)
are summarized for comparison.

TABLE Ill

Average canopy flow index a for forest canopies after Cionco (1978) and Shinn
(1971 )and for present study

Forest canopy a
mean ± st. dev.

Gum-maple 4.42 ± 1.05
Maple-fir 4.03 ± 0.65
Jungle 3.84 ± 1.52
Spruce 2.74 ± 1.29
Oak-gum 2.68 ± 0.66
Tropical-evergreen mean ± st. dev. range

upper canopy lower canopy

S5.01 3.98 ± (0.25-1.32) 1.77 ± (0.25-0.40)
4.0-5.0 4.05 ± (0.52-1.95) 1.81 ± (0.30-0.44)
3.0-4.0 4.11 ± (0.47-3.51) 1.72 ± (0.30-0.70)
2.0-3.0 4.06 ± (0.45-3.51) 1.57 ± (0.23-.80)
0.0-2.0 3.4 ± (0.67-3.25) 1.40 ± (0.31-0.60)

Wind speed range 20 m above canopy.

To test the suitability of the computed canopy flow index a to actual conditions,

average profiles for each period investigated were compared to the model profile using
the appropriate canopy index. The results are illustrated for selected cases in Figures 5
and 6.

Figures 5a-b illustrate a normalized daily average profile on a log-log scale for June
and April and the corresponding predicted profiles using the appropriate a value from
Table II. Figure 6 represents an all-season average and the scatter obtained with a ± a..

I

I
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Fig. 6. A seasonal daily average normalized wind profile on a log-log scale (x). the predicted profile (A).
and the scatter around the predicted mean obtained with a., a1, and a,, ± U,. a, ± c (V). (al ) as given

in Table II.

The largest discrepancies were found in the upper canopy in April and September (same
level) and might be related to the large wind direction variability during these two months.

5. Summary

The canopy flow in a two-story evergreen tropical forest was investigated using a large
sample of wind profiles which span the whole monsoon cycle in Southeast Asia. Each
of the wind profiles was an half-hourly average based on 180 data values for each
measurement level. Inspection of the profiles led to the adoption of the canopy flow index
concept as a possible way to model the canopy flow. Numerous experiments were
conducted to identify the most appropriate model for this two-story canopy. It was found
suitable to use two indices; an average value of 4.04 was found for the upper canopy
(0.6 < z/h < 1) and an average value of 1.77 for the lower canopy (0 < z/h < 0.4). The
comparison of the modeled profiles with the measured averaged profiles, seemed in good
agreement. The computed a for the upper canopy is close to the canopy index reported
for Gum-maple (4.42 + 1.05) and Maple-fir (4.03 + 0.65) forests.
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Due to the large number of profiles available, this study could address one of the still

unresolved issues regarding canopy flow, namely, the dependence of a on the ambient

wind speed. No dependence seemed evident if winds of 2 m s I above the canopy were

exceeded. However, dependence on wind directions seems to be a plausible reason for

the large variability in the index as indicated by the increased standard deviation of a

for periods of less steady ambient flow.

Acknowledgments

This work was sponsored by grant DAA G29-80-C--0012 from the Army Research

Office, Durham, N.C., to the University of Maryland. Our thanks are extended to the
granting agency, to R. Kaylor for his effort in the data reduction process and to M. Canale

for technical assistance.

References

ASRCT. 1967: 'Semi-Annual Report No. I', Cooperative Research Programma No. 27. (TREND). ARPA.
Applied Scientific Research Corporation of Thailand. Bangkok.

Cionco. R. M.: 1965. 'A Mathematical Model for Air Flow in a Vegetative Canopy'. Jour. fAppl. Meteorol.
4.517-522.

Cionco, R. M.: 1972, 'A Wind Profile Index for Canopy Flow'. Boundar'-Laver Meteorol, 3. 255-263.
Cionco, R. M.: 1978. 'Analysis of Canopy Index Values for Various Canopy Densities', Boundarl-Laver

Meteorol. 15, 81-93.
Cionco. R. M.: 1980. Private Communication.
Inouc. Eiichi: 1963. 'On the Turbulent Structure of Airflow Within Crop Canopies',Jour. Meteorol. Soc. Japan,

Ser. 2. 41, 317-326.
Plate. E. J. and Quraishi, A. A.: 1965, 'Modeling of Velocity Distribution Inside and Above Tall Crops'. J.

Appl. Meteorol. 4, 400-408.

Sadeh. W. Z..Cermak. J. E.. and Kawatani. T.: 1971 ,'Flow over High Roughness Elements', Boundary-Layer
Meteorol. I. 321-344.

Seginer. I.. Mulhearn, P. J.. Bradley. E. F.. and Finnigan. J. J.: 1976, 'Turbulent Flow in a Model Plant
Canopy'. Boundary-LaYer Meteorol. 10, 423-453.

Shaw, R.: 1977. 'Secondary Wind Speed Maximum Inside Plant Canopies'. J. Appl. Meteorol. 16. 514-521.
Shinn. J. H.: 1971. Steadv State Two Dimensional Flow in Forests and the Disturbance of Surface Layer Flow

by a Forest Wall'. R&D Technical Report ECOM-5583, Atmospheric Sciences Laboratory. White Sands
Missile Range, N.M.

Silbert, M. N.: 1970, A Structured Fluids Approach to Canopy Flow, New York University. School of
Engineering and Science, Department of Meteorology and Oceanography. Geophysical Sciences Labora-
tory TR-70-2.

Smitinand. T.. Chaiyanand, C. H.. Nalamphen. A.. and Santisuk. T.: 1968. Ini'entor o(f Vegetation in One Acre
Centered on Forest Tower ASRCT Sakaerat Experiment Station. Research Project No. 271. ARPA U.S.
Department of Defense, ASRCT. Bangkok.

Tan. H. S. and Ling, S. C.: 1963, Quasi-Seadyv Micro-Meteorological Atmosphere boundary-laer over a wheat

field, The Energy budget at the Earth's Surface: Part II. Studies at Ithaca, N.Y., 1960 Production Research
Report No. 72, Agricultural Research Serville, Ithaca, N.Y.. 7-12.

Thompson. 0. E. and Pinker. R.: 1975. 'Wind and Temperature Profile Characteristics in a Tropical
Evergreen Forest in Thailand'. Tellus 27. 562-573.

Uchijima, Z. and Wright. J. L.: 1964. 'An Experimental Study of Air Flow in a Corn Plant-Air Layer'. Bulletin
of the National Institute of Agricultural Sciences. Ser. A. Vol. II, 19-65.



SECURITY C. A .' ~ (IF p T.IS PAGF )~~ fn., pip'~

REPORT DOCUMENTATION PAGE
I RPORT NUMBEH ~OV ACCESION NU. 3 NtL-1VpNT'N A*. AL O. NOMI, H

16755. 4-GS N/4'A2 :3
14 TITLE (srd Subtitle, S. TYPE OF REPORT II PERIOD COVERED

On the Canopy Flow Index of a Tropical Forest Reprirnt

5P PERF OP-M- -G ORGk E POR T N U M 8E I

7. AUTHOR(e) jS. CONTRACT OR GRANT NUMBER(&)

R. T. Pinker DAAG29 80 C 0012
J. F. MosesII

S. PERFORMING ORZ;ANIZATION NAME AND ADORES$ 10 PP0&PA10 FLEMENT PROjECT TASKC

University of MarylandARA&CR.UT MER

College Park, MD 20742

N /A
11. CONTROLLIJNG OFFICE NAME AND ADDRESS 12. REPORT DATE

U. S. A=,, arc Offi4ce 1982
0. -~x .12211 13 NUMBER OF PAGES

Researc -, ?r- -nnIe 2 7712
14. MONgTORiNG AGENCY NAME 6 ADDRESSfII d~t!*gwnI frmm Conrcoling Office) 15SECURITY CLASS. (of tis ot)

L:- Uclas s if-ed

15s. DECLASSIFICATION,'OMNGRAE~lNG
SCmEDULE

IS. DISTRIBUTION STATEMENT (ol tile Report)

Submitted for annourirpmtrnt only.

17. DISTRIBUTION STATEMENT (of lte obstract entered in Block 20, it different fromt Report)

If#. SUPPLEMENTARY NOTES DI

IV. X Ey WORDS (Continue on re~'er** side If neceaay and Iden tify by block numt)br1bl5ti I(l

0. ABSTR0AC T (Continue on reverseC old* It neciiiieesry Ad identify by 6 Luober 'i

DD FON7 1473 EDITION OF INOV 6%IS OBSOLETE Unclassified
.... 41fCIlITlY CLASSIFICATION OF THIS PAGE (W*t*n Dotel Entered)




